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ABSTRACT 

 

 Carotenoids are lipophilic pigments that provide many of the colors found in nature, 

including the colors found in plants, flowers, and animals. The main interest in carotenoids 

concerns their participation in light harvesting in biological systems and prevention of light-

induced oxidative damage. Another reason for the interest in the redox properties of carotenoids 

is related to their use as antioxidants in medicinal formulations as a result of radical-mediated 

processes that occur frequently in living systems. A specific group of carotenoids, known as 

xanthophylls, are active in photoprotection and radical scavenging. What makes xanthophylls 

differ from other carotenoids is that they contain oxygen. This dissertation focuses on the 

interaction of three xanthophylls, Zeaxanthin, Lutein, and Astaxanthin, with damaging energetic 

species. Chapter 3 is focused on the deprotonation of naturally-occurring zeaxanthin (Zea) 

radical cations (Zea•+) to form neutral radicals (#Zea•) and their involvement in the qE portion of 

non-photochemical quenching (NPQ) in the model organism Arabidopsis thaliana. An H/D 

exchange method was developed to test for the presence of #Zea• and was detected via liquid 

chromatography/mass spectrometry (LC/MS) methods and analyzed using analysis of variance 

(ANOVA) techniques. Chapter 4 examined the characteristics of xanthophyll carotenoids which 

self-assemble in aqueous solution to form J- and H-type aggregates. This aggregation 

significantly changes the photo-physical and optical properties of these xanthophylls, and has an 

impact on solar energy conversion and light induced oxidative damage. This study applied 

electron paramagnetic resonance (EPR) and optical absorption spectroscopy to investigate how 

complexation can affect the aggregation ability of the three xanthophylls mentioned above, their 
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photostability, and antioxidant activity. Chapter 5 demonstrates the different chemistries of 

geometrical isomers of zeaxanthin isolated from various sources in mass spectrometry using 

electrospray ionization sources. Zeaxanthin exhibits antioxidant activity and also plays a role in 

photo-protection in the retina. These properties have led to it being marketed as a dietary 

supplement as it is not formed by the body and must be consumed as part of the diet. 

Understanding the different chemical properties of zeaxanthin isomers is important with regards 

to the nutraceutical and pharmaceutical industries.   
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

 Carotenoids are lipophilic pigments that provide many of the colors found in nature, 

including the colors found in plants, flowers, and animals.1 Examples of this coloration include 

the orange in carrots, the yellow in marigold, and pink in salmon. In plants these molecules also 

participate in light harvesting in biological systems and prevention of light-induced oxidative 

damage. They act as antioxidants in animals. This dissertation will examine some of the 

interactions a specific group of carotenoids which contain oxygen, known as xanthophylls, 

undergo with destructive energetic species. The main focus will be on zeaxanthin (Zea), lutein 

(Lut), and astaxanthin (Asta) (Figure 1.1) and how structure and their environment impacts their 

reactivity.  

 

Figure 1.1: Structures of zeaxanthin, lutein, and astaxanthin. Carotenoids which contain 

oxygen are known as xanthophylls. The numbering system commonly used with 

carotenoids is shown on zeaxanthin and is based on the reference carotenoid lycopene. 
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 The structure of carotenoids consists of a long conjugated chain and various terminal 

groups. The overall structure of the molecules has a direct influence on their properties, such as 

their color. A specific example of how the structure can affect the properties of the molecules is 

shown in Figure 1.2. The carotenoids A – E are listed in increasing order of oxidation potential, 

the potential at which the loss of an electron occurs at an anode in an electrochemical cell. The 

differences in these molecules are changes at the terminal ends.  

 

Figure 1.2: Structures and oxidation potentials of carotenoids with various terminal 

groups. The end groups influence the properties of the molecules, in particular the 

oxidation potentials.2 

 

 Another factor that has a major influence on the oxidation potential is the conjugation 

length of the molecule, the number of consecutive alternating double bonds. Figure 1.3 gives an 

example on how the oxidation potentials of carotenoids change with conjugation length. 
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Carotenoids with the same terminal group but varying conjugation length exhibit significant 

differences in their oxidation potentials.3 Longer conjugation leads to lower oxidation potentials.  

 

Figure 1.3: Oxidation potentials3 of carotenoids with the same terminal groups yet varied 

conjugated polyene chain length. As the chain length increases, the oxidation potentials of 

the molecules decrease.  

 

 The oxidation potential of these molecules is of particular interest as it has been 

demonstrated to impact the scavenging ability of carotenoids towards the hydroperoxy radical, 

•OOH.4,5 Published literature examining carotenoids A – E from Figure1.2 found that a non-

linear increase in reactivity with •OOH correlated with an increase in their oxidation potentials: 

carotenoids with higher oxidation potentials serve as better anti-oxidants.4,5  

 The values for the oxidation potentials of these carotenoids were established utilizing 

cyclic voltammetry electrochemical techniques. During these measurements, it was observed that 
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the carotenoids could undergo a variety of electrochemical and acid/base reactions. Reactions 

that are of particular interest are the formation of radical cations and neutral radicals. Previous 

work3,6-8 has examined the reactions carotenoids undergo during CV measurements, shown in 

Scheme 1.1.  

 

Scheme 1.1: Reactions of carotenoids (Car) during CV measurements. The first oxidation 

(E1
0) forms a radical cation (Car•+) which can undergo a second oxidation (E2

0) to form a 

dication (Car++). These molecules can then undergo additional reactions, including 

deprotonation to form neutral radicals (#Car•).7,8  

 

 An equilibrium exists among the dications, the remaining carotenoid molecules, and 

radical cations. The equilibrium constant Kcom is near 1 for A from Figure 1.1 and approximately 

1000 for E from Figure 1.1. The radical cations are weak acids (pKdp = 4 for A and 7 for E).7,8 

Thus in proton accepting media, neutral radicals form from radical cations. The dications are 

very strong acids (pKdp = 2) and easily deprotonate to form cations which upon reduction 

during the CV cycle, generates additional neutral radicals.  

 Research has been conducted to determine the most likely site for deprotonation on a 

variety of molecules, including Zea,9 Lut,10 and Asta.11 Stable carotenoid radicals were formed 

on solid supports and studied via electron paramagnetic resonance   (EPR).9-14 The radical 

cations, and to a lesser extent neutral radicals, are readily formed on these supports. The 
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formation of neutral radicals increases in some cases when the samples are irradiated.7 The 

formation of these neutral radicals was confirmed on solid supports via pulsed EPR   

techniques,9-11 while density function theory (DFT) calculations were utilized to determine the 

most energetically favorable configurations.9-11,15 The most likely site for deprotonation 

predicted by DFT calculations is dependent on the structure of the molecule. In the case of Zea 

this site is located at the 4(4’) carbon on the terminal rings.9 Zea is a symmetrical molecule and 

the two carbon are identical making the deprotonation equally likely at either end. Lut, an isomer 

of Zea, is not a symmetrical molecule and therefore does not have equivalent terminal rings. It 

was shown that the most likely site for deprotonation on Lut is at the 6’ carbon, followed by the 

4 carbon on the opposite terminal ring.10 In the case of symmetrical Asta, the most likely site for 

deprotonation is at the 3(3’) position of the terminal rings.11  

1.2 Neutral Carotenoid Radicals in Photoprotection of Wild-Type Arabidopsis thaliana 

 Plants use photosynthesis to generate carbohydrates and oxygen from CO2 and water. 

Light energy is necessary for this process, but excessive light is harmful to the plant. Chlorophyll 

(Chl) absorbs light and is transformed into its excited state. When light is absorbed at a higher 

rate than the photosynthetic enzymes can process, that energy must be dissipated in the form of 

heat or fluorescence in order to prevent unwanted reactions of the excited state Chl (Chl*). Chl* 

can generate singlet oxygen, damage proteins, and bleach Chl in a variety of photochemical 

reactions detrimental to the plant.16-18 Controlled dissipation of the excess energy as heat is very 

important for the plant.19,20  

 Plants have several redundant mechanisms for protection from excess light, collectively 

known as non-photochemical quenching (NPQ).21-24 One important form of NPQ is qE which is 

characterized by a decrease in Chl fluorescence. Arabidopsis thaliana mutants show a strong 
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connection between Zea25 and the qE component of NPQ. Femtosecond transient absorption 

spectroscopy detects a charge transfer complex between Zea and Chl* in some light-harvesting 

complexes of proteins in qE proficient plants.26,27  Chl* generated in these proteins is quenched 

by formation of the charge transfer complex with Zea, producing26,27 a radical cation of Zea and 

a Chl radical anion: Zea + Chl*  Zea•+••••Chl•- which has a lifetime of roughly 200 ps.13,14 Free 

radicals and other paramagnetic species such as molecular oxygen are generally potent quenchers 

of excited states by electron exchange-induced-quenching. Quenching by free radicals is 

important in liquids and solids and forms the basis for fluorescence detection of reactive oxygen 

species.28,29  The deprotonation of the Zea•+ in this charge transfer complex would form #Zea•, 

which would become a potent free radical trap for large numbers of Chl*. #Zea• would have a 

relatively long lifetime because Chl* and #Zea• can’t recombine as the original charge transfer 

complex can. The formation of #Zea•, even in a small quantum yield, would potentially make a 

major contribution to qE. Chapter 3 investigates the formation of Zea neutral radicals during the 

qE portion of NPQ in A. thaliana utilizing isotopic labeling and mass spectrometry techniques. 

 

1.3 Chemistry of Geometrical Isomers of Zeaxanthin During Mass Spectrometry with 

Electrospray Ionization Source 

  As stated before, the structure of the carotenoids has an impact on their chemical 

properties. Due to the long polyene chains of these molecules, they can naturally exist in either 

cis or trans forms. The cis isomers can form from trans when the radical cations or dications are 

formed.30 Specific isomers of Zea are regionally dominant in primate eyes.31 An example of 

cis/trans isomers of carotenoids is shown in Figure 1.4 with various geometric isomers of 

lycopene. Lycopene and its cis isomers are naturally found in ketchup.32 These isomers are 

distinguishable via their optical absorption spectra.  
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Figure 1.4: Various cis/trans isomers of lycopene.  

In the case of β-carotene, the (all-trans) isomer has three absorption bands in the 400 – 500 nm 

range, while the various cis isomers have slight blue shifts in these absorption bands. 

Additionally an absorption band in the 300 – 400 nm range appears whose intensity relative to 

the absorption bands in the 400 – 500 nm range again depends on the isomer.33 Other carotenoids 

have similar trends.  

 Since carotenoids are not manufactured by the body and must be consumed as part of the 

diet, they have been marketed and sold as dietary supplements. However, some supplements do 

not isolate specific carotenoid isomers. This is an important detail to consider because of the 

regional dominance of Zea isomers in the eye.31 Much work has demonstrated that subtle 

changes in the structure of the carotenoids lead to changes in their chemical properties as 

discussed earlier in this chapter. Geometric isomers of the same carotenoid may exhibit different 

chemistry and therefore have different roles in cells. Chapter 4 compares the chemistry of (all-

trans)-Zea and (13-cis)-Zea during electrospray ionization mass (ESI) spectrometry as previous 
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work has demonstrated carotenoids undergo multiple chemical and electrochemical reactions 

during ESI.34  

 

1.4 Photochemical and Optical Properties of Water-Soluble Xanthophyll Antioxidants: 

Aggregation vs. Complexation 

 Practical application of carotenoids as nutritional antioxidants or components of 

medicinal preparations has been limited since carotenoids are highly hydrophobic, air- and light-

sensitive compounds. The majority of carotenoids are lipophilic molecules with poor aqueous 

solubility. Moving carotenoids into a pharmaceutical application requires a chemical delivery 

system that overcomes the problems with parenteral administration of a highly lipophilic, low 

molecular weight compound. Many different methods have been developed to make the 

carotenoids "water dispersible", as true water solubility has not been found. Most of the attempts 

to increase the solubility of carotenoids depended on the preparation of cyclodextrin inclusion 

complexes.35-41 However, cyclodextrin complexes demonstrate low solubility and fast 

aggregation in aqueous solution. Moreover, using cyclodextrin complexes does not allow control 

of the antioxidant activity of the carotenoids due to the fast dissociation of these complexes in 

biological media. Thus, identifying complexing agents without these drawbacks continues to be 

of considerable interest.  

 The unique properties of these complexes were demonstrated for two natural carotenoids: 

-carotene and canthaxanthin.1,42-45 An interesting property of xanthophylls which contain 

hydroxyl groups at each end of the molecules is that they form aggregates in aqueous media.46-53 

Two types of carotenoid aggregates can be distinguished according to their absorption spectra. 

The first type, associated with a large blue shift of the absorption spectrum and loss of 
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vibrational structure of the S2 excited state, is suggested to take the form of H-aggregates, in 

which the molecules are stacked with the conjugated chains oriented more or less parallel to each 

other and closely packed. The blue shift of the absorption spectrum is explained in terms of 

excitonic interaction between the closely packed carotenoid chromophores.47-49 The second 

aggregation type, characterized by a red shift of the absorption spectrum also caused by excitonic 

interactions where the resolution of vibrational bands is preserved, is attributed to J-type 

aggregation, in which there is a more head-to-tail organization of the conjugated chains. 

Examples of the aggregates are shown in Figure 1.5. The self-assembly of xanthophyll 

carotenoids leads to new photophysical properties which are not available to the monomer. 

 However no data has been reported in the literature on the chemical properties of 

carotenoid aggregates. This section studies the reactivity of the xanthophylls Zea, Lut, and Asta 

H-aggregates in some practically important processes, namely photodegradation and antioxidant 

activity and to compare these properties to the monomer.  
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Figure 1.5: H- and J-type aggregates of Zea. The H-aggregates are closely packed with the 

polyene chains aligned with each other, while the J-type has a head to tail orientation. The 

aggregates are held in place by hydrogen bonding around the terminal hydroxyl groups 

from the addition of water. H-aggregates can be identified optically by a large blue shift in 

the absorption spectrum, while J-aggregates exhibit a large red shift. 
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CHAPTER 2 

EXPERIMENTAL 

2.1 Role of Zeaxanthin Neutral Radicals in NPQ 

2.1.1 Plant Material 

 Columbia wild-type (Col-0) seeds of A. thaliana were planted in 4” x 4” x 3.75” pots 

(Hummert International) in Pro-Mix HP soil (Premier).  Plants were grown under 16/8 hour 

day/night cycles at approximately 23˚C/21˚C respectively. The average light intensity at the top 

of the pots was approximately 100 µE m-2s-1.  Plants were watered with fertilizer (Petersen’s 20-

20-20) twice a week or as needed.  Leaves were collected from 4-5 week old A. thaliana plants. 

2.1.2 H2O and D2O Infiltration of Leaves 

 A. thaliana leaves were placed into a syringe. Distilled water or D2O was added until the 

leaves were completely submerged. The syringe needles were plugged into a cork and the 

plunger was drawn to create a vacuum which was held for two minutes and then released.  This 

process infiltrated the leaves with either H2O or D2O. 

2.1.3 Light Exposure 

 Infiltrated leaves were exposed to light intensity less than needed to induce qE by placing 

half of the leaves from each syringe outside on a cloudy day for 30 minutes at approximately 150 

µE m-2s-1 light intensity. This intensity is sufficient to initiate the xanthophyll cycle, but not qE. 

These will be referred to as the below qE threshold samples and denoted “BTW” for the water 

infiltrated and “BTD” for the D2O infiltrated. The other half of the leaves from each syringe was 

used as controls (C) and received a sham exposure in a closed styrofoam shipping box.  These 
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will be referred to as the below qE threshold controls or “BTW-C” for the water infiltrated 

control and “BTD-C” for the D2O infiltrated control.  

 Infiltrated leaves were exposed to light intensity greater than needed to induce qE by 

placing half of the leaves from each syringe outside on a sunny day for 30 minutes at 

approximately 370 µE m-2s- 1 light intensity. This intensity is sufficient to initiate both the 

xanthophyll cycle and qE. These will be referred to as the above qE threshold samples and 

denoted “ATW” for the water infiltrated and “ATD” for the D2O infiltrated. The other half of 

the leaves from each syringe was used as controls (C) and received a sham exposure in a closed 

styrofoam shipping box.  These will be referred to as the above qE threshold controls or 

“ATW-C” for the water infiltrated control and “ATD-C” for the D2O infiltrated control. 

2.1.4 Carotenoid Extraction 

The exposed leaves from the A. thaliana plant were placed into eppendorf tubes and 

crushed with a tissue homogenizer. A small amount of anhydrous sodium sulfate was added and 

crushed with the homogenizer again. Then, 0.5 mL of HPLC-grade acetone was added and 

vigorously shaken for 30 seconds. Another 0.5 mL of HPLC-grade acetone was added and 

shaken again for 30 seconds. 0.5 mL of this acetone solution was transferred to a new eppendorf 

tube while the rest was discarded. 0.8 mL of HPLC-grade hexane was then added to the extracted 

acetone solution.1 The tubes were centrifuged until two visible layers formed. The upper green 

layer was placed into a glass storage vial while the rest was discarded. The extract was then dried 

under a stream of N2 gas and capped. The dried extract was dissolved in 2.5 mL of 

dichloromethane for LC/MS analysis. 
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2.1.5 Liquid Chromatography/Mass Spectrometry Analysis 

 Samples were analyzed using liquid chromatography/mass spectrometry with an Agilent 

Technologies 1200 series, with an Agilent Technologies Zorbax SB-C18 5 µm 150x0.5 mm 

column. The mass spectrometer was a Bruker HCTultra PTM Discovery system. The flow rate of 

the chromatography was 18 µL/second. The solvent system was an isocratic mixture of 92% 

methanol diluted with high-purity water (95) and LC/MS grade acetonitrile (5). Both solutions 

contained 0.1% formic acid by volume. The mass spectrum was generated by using electrospray 

ionization (ESI) technique in positive ion mode.2 The chromatograms were analyzed using 

DataAnalysis version 4.0 (Build 234) from Bruker Daltonic. The unprocessed chromatograms 

can be found in Appendix A in Figures A1 – A38.  

2.1.6 Statistical Evaluation 

 The data was subject to statistical analysis by one way analysis of variance (ANOVA) 

using Microsoft Excel 2010 Analysis Toolpak with α set to 0.05. This corresponds to a 

confidence level of 95%. A p value, the probability that differences between samples are due 

entirely to random processes, of less than 0.05 was considered statistically significant. The full 

data sets can be found in Appendix A in Tables A1-A13. 

2.1.7 Chemical Formation of Zea Radicals 

The radicals were generated via addition of Fe(III)3 (from FeCl3) dissolved in either water or 

D2O equal to 10% molar concentration of the carotenoid solution. Five separate samples were 

prepared. One sample was left untouched, two samples had Fe(III) added as well as 1% by 

volume of D2O (one a few hours prior to LC/MS injection and one 10 minutes prior), and the 

other two had Fe(III) added as well as 1% by volume H2O (one a few hours prior to LC/MS 

injection and one 10 minutes prior). These five samples will be referred to as: Normal, Short 
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Term H2O, Long Term H2O, Short Term D2O, and Long Term D2O. The formation of the 

radicals was confirmed via optical spectroscopy by the appearance of a peak in the 800 – 900 nm 

range.3 

2.2 Chemistry of geometrical isomers of zeaxanthin during ESI-MS analysis 

2.2.1 Crude zeaxanthin extract 

This process was undergone as described in section 2.1.4 

2.2.2 Isolation of purified zeaxanthin isomers 

The Zeaxanthin standard used as a reference in our ESI/MS system was isolated from berries of 

Lycium halimifolium L. or Lycium barbarum L.  The berries of L. halimifolium or L. barbarum 

were extracted three times with MeOH and once with Et2O. The ethereal solution was 

evaporated, dried by anhydrous Na2SO4 and the residue was crystallized from toluene:MeOH 

mixture (ca. 1:5 mixture). This process resulted in "rough" physaliene (zeaxanthin-dipalmitate). 

Physaliene was saponified in Et2O with 30% KOH-MeOH in heterogenous phase (overnight). 

After washing alkali-free, the solution was evaporated, dried by anhydrous Na2SO4 and 

crystallized from toluene:hexane (ca. 1:5 mixture). This process resulted in crystalline 

zeaxanthin with the purity of 92-93% (HPLC). This sample contained ca. 3% β-cryptoxanthin 

and other impurities; (Z)-isomers of zeaxanthin and β-cryptoxanthin, furanoids e.g. 

mutatoxanthin- and auroxanthin-epimers and β-citraurin) in traces (3-4%). The final purification 

was carried out by column liquid chromatography (CLC) using CaCO3 (Ph. Hg. VI.; Biogal, 

Hungary; precipitated pharmaceutical) as adsorbent and toluene:hexane (ca. 1:1 mixture) as 

eluent. After removing of the zone of β-cryptoxanthin and of the zones of other impurities, the 

main zone (zone of zeaxanthin) was eluted and after the usual work-up it was crystallized from 

toluene:hexane (ca. 1:5 mixture) resulting in pure (<95%; HPLC) Zeaxanthin. 
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2.2.3 Liquid chromatography/mass spectrometry analysis 

This process was undergone as described in section 2.1.5. 

2.3 Photochemical and Optical Properties of Water Soluble Xanthophyll Antioxidants: 

Aggregation vs. Complexation 

2.3.1 Complexation Methods 

Astaxanthin was purchased from Sigma (97%), lutein (90%) from Kemin and zeaxanthin 

(90%) is from Kalsec. All carotenoids were stored at -14°C in a desiccator. Synthesis and 

properties of n-octanoic acid diester of astaxanthin is described in.4 The purity was checked by 

1H NMR spectroscopy (360 MHz, CDCl3) and TLC. Glycyrrhizic acid is extracted from the Ural 

licorice root. For the methods of GA purification see.5 AG is extracted from Larix sibirica.6-8 All 

complexes were prepared by standard liquid phase method, although a mechanico-chemical 

method9 has been used when high (~5 mM) concentrations of carotenoids are required in AG. 

Complexes with GA were prepared by dissolving carotenoids and GA in ethanol or DMSO, and 

then water was added in required proportion. Complexes with AG were prepared by mixing 

ethanol solution of carotenoid with water solution of polysaccharide in the required proportion 

resulting in the xanthophyll being located in the polymer matrix as part of a supramolecule.  

The stoichiometry and stability of complexes were measured by conventional methods10,11 and 

were detected by changes in the absorption spectra of carotenoids as a function of GA 

concentration. Absorption spectra were recorded using a Shimadzu UV-visible 1601 

spectrophotometer. All measurements were performed in a 10 mm path length quartz cuvette at 

293 K. 
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2.3.2 Radical scavenging in organic solution 

The competitive spin trapping reaction was carried out in DMSO solution. The solution 

contained 500 mM H2O2, 5 mM PBN spin trap, varying concentrations of xanthophylls, and the 

radical generation via Fenton chemistry was triggered via addition of 1 mM FeCl2. The spectra 

were recorded using a Bruker ELEXYS E540 CW X-band (9.7 GHz) EPR spectrometer at room 

temperature. The signal intensity was determined using Bruker’s X-EPR spinfit software. Spin 

adducts with hyperfine splittings (A) of AN = 13.96 G and AH = 2.33 G were observed in the spin 

trapping system.  

2.3.3 Radical scavenging in aqueous solution 

The competitive spin trapping mechanism was carried out in 80% DMSO/water solution. The 

solution contained 500 mM H2O2, 5 mM PBN spin trap, varying concentrations of xanthophylls 

or dimer complexed xanthophylls, and the radical generation via Fenton chemistry was triggered 

by addition of 1 mM FeCl2. The EPR spectra were recorded using a Bruker ELEXYS E540 CW 

X-band (9.7 GHz) EPR spectrometer at room temperature. The signal intensity was fit using 

Bruker’s X-EPR spinfit software. Spin adducts with hyperfine splittings (A) of AN = 13.96 G and 

AH = 2.33 G were observed in the spin trapping system.  
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CHAPTER 3 

NEUTRAL CAROTENOID RADICALS IN PHOTOPROTECTION OF WILD-TYPE 

Arabidopsis thaliana 

 

Adapted with permission from: 1Magyar, A.; Bowman, M. K.; Molnár, P.; Kispert, L. Neutral 

Carotenoid Radicals in Photoprotection of Wild-Type Arabidopsis thaliana, The Journal of 

Physical Chemistry B 2013, 117, 2239-2246 

 

3.1 Introduction 

 Plants use photosynthesis to generate carbohydrates and oxygen from CO2 and water. 

Light energy is necessary for this process, but excessive light is harmful to the plant. Chlorophyll 

(Chl) absorbs light and is transformed into its excited state. When light is absorbed at a higher 

rate than the photosynthetic enzymes can process, that energy must be dissipated in the form of 

heat or fluorescence in order to prevent unwanted reactions of the excited state Chl which can 

generate singlet oxygen, damage proteins, and bleach Chl in a variety of photochemical reactions 

detrimental to the plant.2-4 Controlled dissipation of the excess energy as heat is very important 

for the plant.5,6 Previous studies7 have pointed out that the favorable formation of carotenoid 

neutral radicals at the terminal end groups for zeaxanthin (Zea) and lutein (Lut) radical cations 

correlates with their ability to quench excess energy in addition to their role as antennae. 

However, neutral radicals do not form at the terminal end groups of carotenoid radical cations 

that are not involved in quenching, such as violaxanthin (Viol) and 9-cis-neoxanthin.7 

 Plants have several redundant mechanisms for protection from excess light, collectively 

known as non-photochemical quenching (NPQ).8-11 One important form of NPQ is qE which is 

characterized by a decrease in fluorescence. Arabidopsis thaliana mutants show a strong 
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connection between Zea12 and the qE component of NPQ. Femtosecond transient absorption 

spectroscopy detects a charge transfer complex between Zea and Chl in light-harvesting complex 

proteins CP24, CP26, and CP29 in qE proficient plants.13,14  Excited Chl generated in these 

proteins are quenched by formation of a charge transfer complex with Zea producing13,14 a 

radical cation of Zea and a Chl radical anion: Zea + Chl + hv  Zea•+••••Chl•.  

 At low light levels, the photosynthetic apparatus needs every light photon available and 

qE becomes detrimental to the plant. So at low light, Zea is converted into Viol which does not 

support qE. The light-intensity-dependent interconversion of Zea and Viol is known as the 

xanthophyll cycle (Scheme 3.1). Zea is formed from Viol by violaxanthin deepoxidase (VDE) 

which is triggered by excess protons and low pH.15 The epoxide groups of Viol are removed by 

VDE to form Zea. At low light VDE is no longer activated and Zea is epoxidized by zeaxanthin 

epoxidase (ZE) to reform Viol. The Zea made by the xanthophyll cycle replaces Viol. The A. 

thaliana npq1 mutant which is inhibited in its ability to convert Viol to Zea shows very little 

qE,16 while the mutant npq2 which accumulates Zea yet lacks Viol showed unimpaired qE.12 It 

was also found that the nearly maximal level (80%) of qE and maximum concentration of Zea 

was already observed after preillumination at 300 µE m-2s-1 of A. thaliana.17  
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Scheme 3.1: Illustration of the xanthophyll cycle. In the presence of as little as room light (4 

µE m-2s-1), violaxanthin deepoxidase (VDE) is triggered by excess protons in the lumen 

lowering the pH. VDE deepoxidizes Viol to form Zea. In the absence of light zeaxanthin 

epoxidase (ZE) is generated which epoxidizes Zea to form Viol. 

 

 These results indicate a vital role for Zea in qE and the femtosecond absorption 

spectroscopy was interpreted as showing formation of a charge transfer complex from excited 

Chl and ground state Zea to form Chl• and Zea•+, which then recombined to the ground state in 

200 ps.13 Although this recombination is fast, other chemical reactions can compete with it, 

notably deprotonation of Zea•+. The timescale for proton transfer is measured in   

femtoseconds18-20 when proton donors and acceptors are pre-assembled. For instance, proton 

transfer from an amine to an oxygen takes place with a time constant21 of 35 fs in photo-excited 

2-(2’-hydroxyphenyl)benzothiazole with the donor/acceptor groups separated by a distance of 

2.8 Å.22 Similarly, proton-coupled electron transfer reactions can be quite fast.23-25 It is not 

possible to dismiss the possibility of deprotonation competing with collapse of the charge 

transfer state. 
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 Electrochemistry studies26-28  show that carotenoid radical cations are weak acids (pKa 4-

7). The most acidic protons are at carbon atoms where their loss results in the largest conjugation 

length and depends on the donor/acceptor substituents of a carotenoid.26-28 In the case of Zea•+, 

proton loss occurs from the terminal rings at the C4(4’) methylene or from the methyl groups at 

the C5(5’) carbon with the C4(4’) being the most favorable.7 On the other hand, the epoxide 

groups on the terminal rings of Viol prevent proton loss from the rings and proton loss occurs 

only from the methyl protons located in the center of the polyene chain. Proton loss to form 

neutral radicals occurs in the electrochemical solutions for both Viol and Zea.7  In the solid 

state, #Zea• forms from Zea•+ very efficiently even at 77 K after photo-oxidation29 of Zea on 

silica alumina solid supports at λ ~350 nm. In electrochemical solutions and in the solid supports, 

all protons on the carotenoid radical cations have similar access to proton acceptors so that 

deprotonation is determined mainly by the acidity of the radical cation. However in proteins, this 

is not the case because the carotenoids are typically in a highly-ordered environment and the 

long chain typically is embedded in a very non-polar region, lacking proton acceptors, while the 

rings are in more polar environments. 

 The crystal structure of the CP29 minor antenna component (Protein Data Bank 3PL9) 

where qE was found shows that in one terminal ring the C4(4’) of Viol XAT662, is in close 

proximity (< 4 Å) to an axial water ligand HOH307 on Chl CLA604 and another water HOH244 

which could act as proton acceptors. A network of water molecules lies within hydrogen bonding 

distance of each other, as well as the hydroxyl at C3(3’) and another oxygen on Chl CLA604. 

This network suggests that the water plays a functional or structural role in the protein and would 

remain in place after the Viol XAT662 is replaced by Zea during light stress. Any Zea•+ that is 

formed has proton-accepting groups nearby the acidic C4(4’) positions so that deprotonation is 
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possible. These conditions could allow formation of #Zea•. On the other hand, any Viol•+ would 

be unable to lose protons from the ring and proton loss from the chain is prevented because no 

proton acceptors are available in the non-polar protein region holding the chain.7,29  

 If #Zea• is formed, what is its relevance to qE? Deprotonation would leave Chl•- and 

#Zea• in the protein. Recombination is prevented because deprotonation drastically shifts the 

redox potential of Zea.26 The radical ions of Chl undergo facile electron transfer with Chl in 

photosystem I and II as well as in light harvesting complexes.30-37 The Chl radical is likely to 

jump to other Chls in the protein complex to separate the #Zea• and Chl• This extends their 

lifetimes because they would need to come together again, transfer a proton back to Zea to form 

the charge transfer complex, before they could recombine. However, in the time before they 

recombine, both radicals can encounter many Chl excited states. 

 Free radicals and other paramagnetic species such as molecular oxygen are generally 

potent quenchers of excited states by electron exchange-induced-quenching. Quenching by free 

radicals38,39 is important in liquids and solids and forms the basis for fluorescence detection of 

reactive oxygen species. Quenching of fluorescence by J exchange for either an excited single or 

triplet state has been accomplished by attaching a stable nitroxide neutral radical as far away as 9 

Å from a fluorescing molecule. This is demonstrated by Hideg39 via fluorescence quenching in 

two reactive oxygen species sensors; singlet oxygen specific DanePy and OH-1889NH which 

reacts with both singlet oxygen and superoxide radicals. A similar situation would occur if #Zea• 

is near an excited Chl in CP29 or similar proteins. Each #Zea• would become a potent free 

radical trap for large numbers of excited Chl, potentially making a major contribution to qE even 

if its quantum yield is small. Yet, possible impact of #Zea• in qE seems to have been overlooked. 
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 Evidence is sought for #Zea• formation during qE in the form of H/D exchange in Zea. 

To accomplish this, wild-type A. thaliana leaves were infiltrated with D2O and examined the 

relative isotopic distribution of Zea via liquid chromatography/mass spectrometry (LC/MS). If 

deprotonation of Zea•+ occurs, the #Zea• could re-protonate with a deuterium to d1Zea•+ and 

subsequently could be reduced to d1Zea. This would shift the relative distribution of the different 

isotopic species: Zea, d1Zea, and d2Zea. Zea has a molecular mass of 568.9 g/mol, denoted as 

“M” while d1Zea and d2Zea have masses of M+1 and M+2 respectively. Zea has an OH group on 

each terminal ring which readily exchange with H or D in the solvent. To prevent exchange of 

OH groups from affecting the mass distributions, all extracted carotenoid samples were 

equilibrated with protonated solvents before and during LC/MS. This ensured that all OH groups 

had the natural isotopic abundance and that the mass distribution reflected primarily the H/D 

distribution of the C-H groups. The theoretical distribution of the M, M+1, and M+2 mass peaks 

should be approximately 100, 44, and 10 due to the natural abundance of 13C. Zea is readily 

protonated during electrospray ionization40 forming a mixture of [Zea+H]+ and [Zea•]+ ions 

which skews our isotopic distribution from the theoretical distribution. To compensate for this, it 

was important to compare consecutive sets of experiments measured under identical conditions 

using single factor analysis of variance (ANOVA). This analysis determines if any there are 

statistically significant differences in the amount of d1Zea and d2Zea between the various 

samples. 

 H/D exchange can be caused by processes other than qE and it is necessary to determine 

whether non-qE processes are involved. One approach is to use mutants deficient in qE as in the 

femtosecond absorption measurements. This approach has the major drawback that exposing the 
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mutants to high light levels will cause photochemical damage that is not present in leaves 

protected by qE, making it problematic to attribute results to qE or photodamage. We therefore 

used the light level in wild-type A. thaliana to modulate qE and other physiological processes 

that might lead to H/D exchange. 

 Leaves were infiltrated with either D2O or H2O and exposed to varying levels of light 

intensity; both above and below that needed to induce NPQ in A. thaliana (300 µE m-2s-1).41 

Leaves exposed to light intensity less than needed to induce NPQ but high enough to trigger the 

xanthophyll cycle were measured to determine if any H/D exchange occurred during 

interconversion of Zea and Viol in the xanthophyll cycle. Control samples were kept in the dark 

to check if other physiological processes or Zea isolation caused H/D exchange. We expected 

that only a fraction of Zea would undergo H/D exchange since only a fraction of the Zea 

participates in qE. Avenson et al14 demonstrated that a majority of Zea binding proteins do not 

undergo charge transfer quenching and thus could not undergo H/D exchange. The amount of 

H/D exchange is also limited because not all water molecules can be replaced by D2O. Following 

infiltration of wild type A. thaliana leaves with D2O or H2O and exposure to light intensity less 

than or greater than that needed to induce NPQ, the carotenoids were extracted and analyzed via 

LC/MS. The relative mass distribution of Zea was measured to check for formation of #Zea• 

during qE.  

 The ability to form neutral radicals depends on the local environment of the carotenoid in 

its complex with the protein, the terminal groups, and the presence of nearby proton acceptors. 

All of these conditions are satisfied by Zea in the CP29 minor antennae component where qE 

seems to occur. It is not known if they do in the other antenna proteins, CP24 and CP26, that also 

support Zea•+ formation during qE because there is no structure of those complexes in the 
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structural databases. Although we suggested that #Zea• may be present during qE, based on the 

known chemistry of Zea•+, there has been no experimental evidence of its presence during qE 

until the H/D exchange measurements reported by our group.1 

3.2 Results and Discussion 

3.2.1  Confirmation of Zea/Viol Extraction 

Confirmation of the extraction of Zea and Viol was done by comparing the LC/MS peaks with 

purified samples42,43 used as standards. The extracted ion chromatograms (EIC) at m/z 568.9 of 

both the Zea standard (Figure 3.1a) and ATW-C extract (Figure 3.1b) showed similar retention 

times. The same technique was used to identify Viol peaks in the EICs at m/z 601.9 (Figure 

3.1c,d). Viol has a molecular weight of 600.9 g/mol, but is readily protonated during the ESI 

process40 leading to the analysis of the Viol EIC at m/z 601.9.  

 The chromatograms showed different patterns of multiple peaks for both Zea and Viol 

due to the cis/trans isomers of the carotenoids in the extract44. The standards were originally 

produced from the all-trans isomer, but it converts into a mixture over time. Also, previous work 

has demonstrated that radical cations readily form cis isomers from the all trans isomer as 

illustrated in Scheme 3.2.45 Due to this chemistry, the H/D exchange should be most noticeable 

in the cis isomers. In the Zea samples, the earliest peak is the trans isomer and the later are 

various cis isomers. 
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Figure 3.1a,b,c,d: EIC at m/z 568.9 of extract from the Zea standard (a) and ATD-C (b). 

EIC at m/z 601.9 of Viol standard (c) and ATD-C (d). The differences in peak shapes result 

from the distribution of the cis/trans isomers. 
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Scheme 3.2: Possible routes the carotenoids undergo by electron transfer to form various 

isomers. 

 

3.2.2 Xanthophyll Cycle Activity 

Demonstrating that the xanthophyll cycle is active in the leaves after they have been harvested is 

essential to the current study. This was shown by comparing the relative mass peak areas of Viol 

and Zea (V/Z) in the different samples (Figure 3.2). The V/Z ratio of the BTW sample was 0.51 

while the V/Z ratio from the BTW-C was 0.78 (figure not shown). The V/Z ratio of the ATW 

sample was 0.54 while the V/Z ratio from the ATW-C was 1.27 (figure not shown). The decrease 

in the amount of Viol relative to Zea in the samples exposed to light demonstrates the 

xanthophyll cycle is active under the experimental conditions. 
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Figure 3.2a,b: Extracted ion chromatograms (EIC) from ATW-C (a) and ATW (b). The 

shifts in the relative intensities from the control samples placed in the box (a) and the 

samples exposed to light (b) demonstrate xanthophyll cycle activity. 

 

3.2.3 H/D Exchange in Chemically-Generated Zea Radicals 

 The EIC at m/z 568.9 has two distinct peaks (Figure 3.3) due to cis/trans isomers as 

discussed above. The first peak is identified as the all trans isomer and shows no significant H/D 

exchange in the chemically generated radical samples.  

 The second EIC peak was identified as the cis isomers. Mass peak M was normalized to 

100, and the relative intensity of the M+1 peak compared to Normal and Short Term D2O 

increased from 55 to 65 with p < 10-5 reported from ANOVA. This translates to a < 0.01% 

chance the difference is due to random errors in the measurement process. The M+2 mass peak 

increased from 14 to 22 (p < 10-6) relative to M as seen in Figure 3.4. A statistically significant 

increase of both the M+1 and M+2 peaks from Long Term D2O compared to Normal (both p = 

.004) is also observed. 
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Figure 3.3: EIC at 568.9 m/z of short term D2O Fe(III) added sample with mass spectrum 

inlay. Two distinct peaks can be seen. The first is from the all trans configuration of Zea. 

The second is from the cis configurations caused by naturally occurring isomers and from 

the isomerization of Zea during the chemical formation of the radical cations. 

 

Figure 3.4: Relative intensities of the M+1 mass peak (a) and M+2 mass peak (b) of the 

chemically formed cis isomer where; A = Normal, B = Short H2O, C = Long H2O, D = 

Short D2O, and E = Long D2O. The D2O samples showed an increase in relative intensity 

compared to the normal and H2O treated samples. This indicates that H/D exchange is 

occurring and is detectable via LC/MS. *Denotes statistically significant differences from 

all other samples. (p < 0.05) 

 This isotopic shift is also be seen in comparisons of the M+1 and M+2 peak intensities of 

long term D2O samples and long term H2O samples (both p = .001). No statistically significant 

differences were found in comparisons of the Normal and Short Term H2O samples. These 
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results indicated H/D exchange readily occurs when chemically formed Zea radical cations are in 

the presence of D2O and is detectable via LC/MS.  

3.2.4 Zea H/D Exchange in Leaves 

 It was demonstrated that H/D exchange is detectable via LC/MS in the case of chemically 

formed radicals, the deprotonation of Zea•+ during qE is now examined. The xanthophyll cycle 

was shown to be active in the below qE-inducing light intensity samples shown in Figure 3.2. 

Figure 3.5 shows the relative mass peak intensities of these samples. 

  

Figure 3.5: Relative intensities of the M+1 mass peak (a) and M+2 mass peak (b) of the cis 

isomer with; A = BTD, B = BTW, C = BTW-C, and D = BTD-C. No statistically significant 

differences were found when comparing all of the samples. 

  

 No statistically significant difference in mass distribution for both the M+1 and M+2 data 

sets (p = 0.20 and 0.60, respectively) between leaves infiltrated with H2O vs. D2O was found 

using ANOVA. Although the xanthophyll cycle is active in these leaves, no statistically 

significant differences in the mass distribution between any of the sample sets were observed. 

This demonstrates neither the presence of H2O or D2O during the xanthophyll cycle nor does the 

extraction/measurement cause a detectable difference in isotopic composition of the Zea. This 

indicates that there is no H/D exchange from the xanthophyll cycle or the analysis. 
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Above qE-inducing light samples  

 Comparing the M+1 data sets of the above qE inducing light samples demonstrated a 

statistically significant difference (p < 10-3) among all the groups (Figure 3.6). More 

comparisons were done to determine what was causing the variation. 

 

Figure 3.6: Relative intensities of the M+1 mass peak (a) and M+2 mass peak (b) of the cis 

isomer with; A = ATD, B = ATW, C = ATW-C, and D = ATD-C. There is an increase in the 

size of A in the M+1 mass peak compared to the other samples though not M+2. This is an 

indication that #Zea• underwent H/D exchange according to the proposed mechanism. 
*Denotes statistically significant differences from all other samples. (p <  0.05) 

 

 No statistically significant differences were found in comparisons of the ATW, ATW-C, 

and ATD-C samples (p = 0.12 – 0.63). Therefore neither the light exposure by itself nor D2O 

infiltration by itself affected the relative M+1 peak intensity. This is consistent with the BTW 

and BTD results. Intense light exposure coupled with D2O infiltration in the ATD samples 

demonstrates a statistically significant increase in the M+1 relative peak intensity vs ATW (p = 

.011), ATD-C (p = .002), and ATW-C (p = .002). The ANOVA of the mass profile indicates H/D 

exchange did occur only when there is D2O infiltration coupled with light intensity that induces 

qE.  
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 No statistically significant differences were observed in the M+2 mass peaks. This can be 

explained due to the orientation of Viol/Zea in the crystal structure of CP29. Only one terminal 

ring of Viol (and presumably Zea) within close range to potential proton acceptors. The two CH2 

protons of the terminal rings at C4(4’) are “inequivelant” as they exist in different protein 

environments. This may cause each end to have substantial differences in their ability to undergo 

proton transfer in the protein complex. Charge transfer quenching in CP29 most likely involves 

two Chl (CLA 602 and CLA609) as suggested by Ahn et al.13 These two Chl are located on the 

opposite terminal ring from the potential proton acceptors. This configuration suggests that the 

initial charge transfer complex between Zea and Chl occurs via electron transfer at one end while 

#Zea• is formed by proton loss at the other. Zea’s extensive delocalization of electrons allows the 

protein to carry out electron and proton transfer at different ends of Zea, making it feasible to 

repeatedly optimize and control these reactions. 

 

3.2.5 Possible Mechanisms for H/D Exchange 

 The statistically significant difference in the relative M+1 mass peak was shown only in 

our results when D2O is present during qE. The origin of this H/D exchange can now be 

answered by process of elimination. The exchange did not occur during the conversion of Viol to 

Zea during the xanthophyll cycle in presence of D2O in light conditions less than needed to 

trigger qE. These results show that the xanthophyll cycle by itself cannot be the source of the 

detected H/D exchange. They also indicate that the de novo synthesis of Viol and Zea, and 

similar metabolic processes, is too slow to have an impact on the isotopic composition of the 

bulk Zea in the leaves under our experimental conditions. 
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 The only statistically significant difference in the relative M+1 mass peaks was in the 

leaves with D2O infiltration and exposed to qE-inducing light intensity. These results are 

consistent with the predicted formation of #Zea• via deprotonation of Zea•+ during qE. We are 

unaware of other routes to produce isotopically-altered Zea that operates only at light intensity 

above the threshold for qE. This work was the first to explore the role of #Zea• in qE.1 

3.3 Conclusion 

 The formation of energy quenching #Zea• from the charge-transfer complex Zea•+••••Chl- 

during qE was examined.  The acidic Zea•+ may form #Zea• via deprotonation which would act 

as a long-lived and efficient quencher of excited state Chl. For the #Zea• to form, several 

conditions must be met. It is imperative that the charge transfer complex has a long enough 

lifetime for the deprotonation to occur. Examples in the literature show proton transfer can occur 

in the ~30 femtosecond time range, while Fleming’s group found the charge transfer complex to 

last ~200 picoseconds. The Zea•+ must be able to undergo deprotonation, which is evident from 

previous electrochemical, EPR, and DFT studies. These experiments demonstrate that the Zea•+ 

are weak acids and form neutral radicals on solid supports with the most likely site for 

deprotonation being the C4(4’) position of the terminal rings. Finally the protein environment 

must be favorable for this deprotonation to occur. The crystal structure of the qE active protein 

CP29 (Protein Data Bank 3PL9) shows the C4(4’) of Zea is within 4 Å of potential proton 

acceptors. 

 H/D exchange is detectable via LC/MS and ANOVA when #Zea• is formed in the 

presence of D2O in solution. H/D exchange was observed in leaves from wild-type A. thaliana 

which were infiltrated with D2O and exposed to light intensity above the threshold needed to 

induce qE (> 300 µE m-2s-1). These results are consistent with the deprotonation of Zea•+ to form 
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#Zea• during qE. #Zea• is more difficult to reduce than the Zea•+ and should have a much longer 

lifetime in the leaf and act as a potent quencher of excited state Chl.  
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CHAPTER 4 

 

CHEMISTRY OF GEOMETRICAL ISOMERS OF ZEAXANTHIN DURING MASS 

SPECTROMETRY WITH ELECTROSPRAY IONIZATION SOURCE 

 

Adapted with permission from: Magyar, A.; Focsan, A. L.; Molnar, P.; Kispert, L. D.; Bowman, 

M. K. Chemistry of Geometrical Isomers of Zeaxanthin During Mass Spectrometry with 

Electrospray Ionization Source, Carotenoid Science. (In Press) 

 

4.1 Introduction 

Due to their polyene structure, carotenoids exist in both cis (Z)- and trans (E)-isomers and are 

naturally occurring. An example of geometrical isomers of Zea is shown in Figure 4.1. A review 

of the (E/Z)-isomerization has been published by Péter Molnár1 as well as other work on 

isolating geometrical isomers of carotenoids.2,3 Several other examples of naturally occurring 

carotenoid (Z)-isomers include (5Z)-, (9Z)-, (13Z)-isomers of lycopene in ketchup,4 (9’Z)-, 

(13Z)-, (13’Z)-isomers of fucoxanthin in Isochrysis sp.,5 and (9Z)-, (13Z)-, (15Z)-isomers of 

violaxanthin in orange juice.6  
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Figure 4.1: Structures of (all-E)-zeaxanthin and of (13Z)-zeaxanthin. 

 

 Despite their natural occurrence, the reasons for utilizing these different isomers are not 

well understood. (All-E)-zeaxanthin has been shown to participate in non-photochemical 

quenching in plants, specifically qE, by forming a charge transfer complex with Chl to help 

quench excess energy from light.7-9 The crystal structure of the minor antenna component CP29 

(Protein Data Bank 3PL9), where the Zea – Chl charge transfer complex was observed during 

qE, shows (all-E)-violaxanthin XAT622 (which is converted to Zea by the xanthophyll cycle10) 

in the protein in close proximity to Chl CLA602 which is suggested to be the site of the 

formation of the charge transfer complex.8 The other end of the (all-E)-violaxanthin lies in very 

close proximity to an axial water ligand HOH307 on Chl CLA604, where recent work has 

suggested deprotonation occurs to form a carotenoid neutral radical which would aid in the 

energy quenching mechanism.11 The orientation of the xanthophyll with regards to Chls in CP29 

is illustrated in Figure 4.2. If various (Z)-isomers were in this position instead of the (all-E)-

isomer, the energy quenching mechanism would not be able to proceed as previously described. 
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The orientation of the (all-E)-violaxanthin/(all-E)-zeaxanthin suggests the geometrical isomers 

may have different biological roles. 

 
Figure 4.2: Orientation of (all-E)-violaxanthin/(all-E)-zeaxanthin XAT622 in qE active 

protein CP29 (Protein Data Bank 3PL9). A charge transfer complex is formed with Zea 

XAT622 and Chl CLA602 at one end, while proton transfer from Zea XAT622 to Chl 

CLA604 occurs on the other. The structure inside the protein is crucial for this energy 

quenching mechanism to occur, and is not likely to happen with a (Z)-isomer of Zea present 

instead of the (all-E)-zeaxanthin. 

 

 

 The formation of the cis (Z)-isomers from the all-trans [(all-E)]-isomers can be triggered 

by a variety of external factors, such as light exposure or thermal processing. The study of these 

various isomers has attracted great interest since their properties have been observed to differ 

from that of the (all-E)-isomers.12,13 The various isomers are identifiable via changes in their 

optical absorption spectra.14 Electrochemistry work15-17 has demonstrated that carotenoids 

undergo a variety of chemical and electrochemical reactions, which can be seen in Figure 4.3 

This behavior has also been demonstrated to occur during electrospray ionization.18  

 Upon oxidation (Equation 1), the carotenoid radical cation is formed. This species is 

further oxidized to form a dication (Equation 2) that is a strong acid (pKa ~ 1) and rapidly loses 
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a proton to form a cation (Equation 5). This cation can be reduced to form a carotenoid neutral 

radical (Equation 3) that is missing a proton. The carotenoid radical cations being weak acids 

(pKa ~ 4 – 7) can deprotonate to form a neutral radical: (Equation 6). These various ions react 

chemically to form unknown products shown in Equations 7-10. The formation of carotenoid 

radical cations also facilitates the formation of (Z)-isomers from the (all-E)-isomers.11,19 

Electrochemistry work has also demonstrated carotenoid (Z)-isomers possess different redox 

potentials than their (all-E) counterparts. Cyclic voltammetry (CV) measurements at low 

temperatures (-25°C) where the (Z)-isomers are more stable show a drastic change in the CV 

compared to electrochemistry measurements undertaken at room temperature where the (Z)-

isomers are less stable and therefore less abundant.20  
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Figure 4.3: Chemical reactions carotenoids can undergo. 

 

 

 Zea is found in high concentrations in the macula of human eyes.21 It has been suggested 

that the role of Zea in the eye is to filter out high energy blue light from reaching the underlying 

structures of the human retina.22 It can also act as an antioxidant with free radicals and reactive 

oxygen species to prevent peroxidation and photodamage to the retina.23-27 The biological 

chemistry of Zea has led to it being marketed as a health food supplement as it is not produced 

naturally by the body and must be consumed as part of the diet. Therefore, it is crucial to 

examine the different chemical properties the geometrical isomers of Zea.  
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 The aim of this work was to examine the chemistry of geometrical isomers of Zea during 

analysis utilizing mass spectrometry with electrospray ionization techniques. Mass spectrometry 

is a powerful tool for both quantitative and qualitative analysis of the xanthophyll carotenoids.28  

Zea was crudely extracted from wild-type A. thaliana leaves, and more carefully extracted from 

berries of Lycium halimifolium L. or L. barbarum L. The purified extracts were separated into 

(all-E)-zeaxanthin and (13Z)-zeaxanthin. Differences in the mass spectra from the Zea samples 

are highlighted and discussed. This work is important to consider when utilizing Zea as a health 

food supplement in the nutraceutical industry. 

4.2 Results and Discussion 

 

4.2.1 Identification of Isomers via HPLC and Optical Absorption Methods 

Due to the long polyene chain of carotenoids, many different geometrical isomers are possible. 

The majority of these isomers are not observed in practice though, due to steric hindrance that 

some conformations would cause. This study utilized various isolated geometrical isomers of 

Zea. The identification of the isomers was carried out based on their spectroscopic features 

measured by an inline DAD on the LC/MS system. The chromatograms produced from the 

various Zea samples can be seen in Figure 4.4. The (13Z)-zeaxanthin extract produced a broad 

peak, beginning at a similar retention time to the (all-E)-zeaxanthin and ending much later. 
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Figure 4.4: Extracted Ion Chromatograms (EIC) at m/z 568.5, which is the Zea radical 

cation. (A) Crude Zea extract; (B) (13Z)-zeaxanthin; (C) (all-E)-zeaxanthin. 

 

 The optical absorption spectra of (13Z)-zeaxanthin from 6.1 - 6.9 mins (Figure 4.5A) 

showed a small absorption band in near 325 nm, suggesting the presence of some (Z)-isomers.14 

The optical absorption spectra of (all-E)-zeaxanthin from 6.1 - 6.9 mins (Figure 4.5B) did not 

show the band at 325 nm, suggesting only the (all-E)-zeaxanthin was present. The optical 

absorption spectra of (13Z)-zeaxanthin from 8.8 - 9.4 mins (Figure 4.5C) has a strong band at 

325 nm, and also a slight blue shift of the absorption bands in the 400 - 500 nm bands to show 

the presence of (13Z)-zeaxanthin. The optical absorption spectra for the crude Zea extract were 

not strong enough to identify the peaks, though comparing retention times to the (13Z)- and (all-

E)-extracts can be used in identifying them.  
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Figure 4.5: Optical absorption spectra of zeaxanthin (13Z)-isomer (A) and (all-E)-isomer 

(B) from 6.1 - 6.9 mins and (C) (13Z)-zeaxanthin from 8.8 - 9.4 mins. The small absorption 

band around 325 nm in A demonstrates the presence of (Z)-isomers although the main 

bands in the 400 - 500 nm range are consistent with the (all-E)-zeaxanthin. This suggests 

that a mixure of the (E)- and (Z)-isomers are present. The absence of the 325 nm band in B 

demonstrates that only the (all-E)-isomer is present. The larger absorption band in C 

around 325 nm as well as the slight blue shift from the bands in the 400-500 nm range 

shows the presence of only (13Z)-zeaxanthin. (D) Difference of Zea isomers optical 

absorption bands. The (all-E)-zeaxanthin absorption maxima are marked with solid red 

lines and the (13Z)-zeaxanthin is marked with dotted blue lines. The appearance of an 

absorption band at ~325 nm is characteristic of the (Z)-isomer.  

 

4.2.2 Analyses of Mass Spectra 

With the peaks identified, the mass spectra of the isomers can be examined. The mass 

spectrometry raw data is found in Table B1 and Table B2 in Appendix B. The discrepancy 

between the times the mass spectra are examined with the times the optical absorption spectra 

are examined is due to compensation for the travel time from the optical detector to the MS inlet. 

Signals were ignored if less than 2% of main ion peak intensity. Zea has a molecular formula of 

C40H56O2 and a molar mass of 568.88 g/mol. The theoretical peak distribution due to naturally 
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occurring C13 isotopes is approximately 100/44/10 for m/z 568/569/570. Variation of this peak 

distribution will be examined to determine if the molecules have undergone any 

protonation/deprotonation during the analysis. The first mass spectra examined will be from the 

crude plant extract, Figure 4.6A, from 6.8 - 7.7 mins.  

 
Figure 4.6: Mass spectra of (A) crude zeaxanthin, (B) (13Z)-zeaxanthin, and (C) (all-E)-

zeaxanthin from 6.8-7.7 mins. 

 

 The Zea radical cation peak can be seen at m/z 568 with an isotopic profile of 100/45/11, 

closely matching the theoretical distribution expected for Zea. There is also the presence of the 

[Zea – H]+ ion at m/z 567 which was approximately 7% the intensity of the main ion at m/z 568. 

This peak is consistent with Equation 5, where an acidic dication Zea++ is formed which 

deprotonates to give the [Zea – H]+ ion. There is a strong peak at m/z 551 which is a commonly 

reported fragment for Zea [Zea + H – H2O]+ during ESI MS analysis.18,29 There is a small set of 

peaks at m/z 585 which is approx. 5% the intensity of m/z 568. This is indicative of [Zea + H + 
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O]+, the addition of an oxygen and a proton, possibly as an epoxide group forming on one 

terminal ring of Zea. This could be the formation of antheraxanthin which has a molar mass of 

584.87 g/mol. Antheraxanthin is naturally formed from Zea as an intermediate during the inter-

conversion Zea and violaxanthin during the xanthophyll cycle, a photo-protection mechanism in 

plants.  

 There are three more sets of significant peaks at m/z 546, 590, and 595 which appear only 

in the crude plant extract samples. These peaks are not consistent with reported data from ESI 

mass spectrometry analysis of Zea.29 These values are similar to fragments reportedly associated 

with Chl, pheophytin, and pheophorbide,30 which is reasonable considering the crude extract was 

green.  

 The extract (13Z)-zeaxanthin mass spectra is analyzed next from 6.8 - 7.7 mins, Figure 

4.6B. The optical spectrum showed that there was a mixture of both the (all-E)-zeaxanthin and 

(Z)-isomers. The distribution of the set of peaks at m/z 568 is 100/54/15. This distribution differs 

from the theoretical value, suggesting that there is some chemistry occurring. Zea is known to 

protonate to form [Zea + H]+ during ESI mass spectrometry18 which is consistent with this 

measurement. There is also a peak at m/z 567, 11% relative to m/z 568, which again is consistent 

with Equation 5. The peak at m/z 585 is 38% the intensity of m/z 568 consistent with 

antheraxanthin. There is also a set of peaks at m/z 599 at approx. 5% the intensity of m/z 568. 

The m/z 599 peak is indicative of [Zea + 2O – H]+ the addition of two oxygen and loss of one 

proton, possibly as epoxide groups forming at both ends of Zea. This could be another 

xanthophyll, violaxanthin, which has a molar mass of 600.85 g/mol. 
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 Moving on to the (all-E)-zeaxanthin, Figure 4.6C, there is a different story altogether. 

The optical spectrum demonstrated that only the (all-E)-zeaxanthin was present. The mass 

spectrum shows only a distribution of peaks at m/z 568. The ratio of these peaks (starting at m/z 

568) is 100/46/12, closely matching the theoretical distribution. The (all-E)-zeaxanthin isomer 

does not appear to undergo the same protonation/deprotonation or epoxidation demonstrated by 

the crude Zea extract and the (13Z)-zeaxanthin.  

 The next set of data to examine is the set of chromatographic peaks from 9.9 mins – 11.8 

mins, which is most prominent in the (13Z)-zeaxanthin measurement. The crude plant extract 

will be analyzed first, Figure 4.7A. The same sets of peaks as the 6.8 - 7.7 mins analysis still 

appear, though they differ in relative intensity. In this case, the most intense peak is the [Zea + H 

- H2O]+ ion at m/z 551, approximately 200% the intensity of the m/z 568. The peak distribution 

for the m/z 568 (starting at m/z 567) is 48/100/52/21/18 signifying substantial chemical reactions 

occurring from proton loss consistent with Equation 5 as well as protonation. The peak at m/z 

585 is 63% the intensity of m/z 568. The other sets of peaks at m/z 546, 590, and 595 are again 

attributed to chlorophyll, pheophytin, and pheophorbide. 

 

 Figure 4.7B shows the mass spectra of the (13Z)-zeaxanthin from 9.9 - 11.8 mins. The 

most intense peak is at m/z 568, and the peak distribution (starting at m/z 567) is 14/100/73/23. In 

this case, the effects of Equation 5 as well as the formation of [Zea + H]+ ions is very prevalent. 

The peak at m/z 551 from the [Zea + H - H2O]+ ion is approx. 8% as intense as the m/z 568 peak. 

There is also the presence of peaks at m/z 585 which is 6% the intensity of m/z 568 and the m/z 

599 peak is 24% as intense as m/z 568. 
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Figure 4.7: Mass spectra of (A) crude zeaxanthin, (B) (13Z)-zeaxanthin, and (C) (all-E)-

zeaxanthin from 9.9 – 11.1 mins. 

 

 For the (all-E)-zeaxanthin from 9.9 - 11.1 mins, Figure 4.7C, the mass spectra shows 

only a set of peaks at m/z 568. The ratio of the peaks (starting at m/z 567) is 11/100/48/14. The 

only notable difference in this spectra compared to the (all-E)-zeaxanthin spectra from 6.8 - 7.7 

mins is the rise in the m/z 567 peak relative to the m/z 568, indicating that proton loss is 

occurring via Equation 5. It is reasonable to assume the deprotonation is due to the presence of 

(Z)-isomers at this point in the chromatogram based on the retention time of the (13Z)-zeaxanthin 

standard.  

4.3 Conclusion 

 Unique chemistry from geometrical isomers of Zea from different sources during mass 

spectrometry electrospray ionization has been shown. (All-E)-zeaxanthin was the most stable 

sample, showing little or no chemistry with the analytical environment with respect to proton 

loss, protonation, fragmentation, or epoxidation. (13Z)-zeaxanthin and crude Zea extract 

experience various chemistry during the analysis that was not observed in (all-E)-zeaxanthin. 
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The crude extract experience more fragmentation in the form of [Zea + H – H2O]+ than (13Z)-

Zea, though this may be due to interference from other species that were present during the 

analysis. (13Z)-zeaxanthin samples experienced significantly more protonation/proton loss than 

the other Zea samples. This is consistent with previous work that demonstrated carotenoid (Z)-

isomers have different redox properties than their (all-E) counterparts.20 

 To the best of our knowledge, this is the first report comparing the different behavior of 

geometrical isomers of Zea in mass spectrometry using electrospray ionization sources. The 

antioxidant properties of geometrical isomers of Zea have been shown to vary.13 (All-E)-Zea has 

been observed in energy dissipating mechanisms in photosynthetic systems.8 This work along 

with previous publications demonstrates that proper extraction and isolation techniques of the 

geometrical isomers of Zea are needed due to their unique chemistry. (All-E)- and (Z)-isomers 

do not undergo the same chemistry, suggesting certain isomers are required for a specific 

biological process. It behooves the processor to select the correct isomer to achieve the 

maximum desired result. 
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CHAPTER 5 

 

PHOTOCHEMICAL AND OPTICAL PROPERTIES OF WATER-SOLUBLE 

XANTHOPHYLL ANTIOXIDANTS: AGGREGATION VS COMPLEXATION 

 

Adapted with permission from: 1 Polyakov, N. E.; Magyar, A.; Kispert, L. D. Photochemical and 

Optical Properties of Water-Soluble Xanthophyll Antioxidants: Aggregation Vs Complexation, 

The Journal of Physical Chemistry B 2013, 117, 10173-10182. 

 

5.1 Introduction 

Practical application of carotenoids as nutritional antioxidants or components of medicinal 

preparations has been limited since carotenoids are highly hydrophobic, air and light-sensitive 

compounds. The majority of carotenoids are lipophilic molecules with near zero inherent 

aqueous solubility. Moving carotenoids into a pharmaceutical application requires a chemical 

delivery system that overcomes the problems with parenteral administration of a highly 

lipophilic, low molecular weight compound. Many different methods have been developed to 

make the carotenoids "water dispersible", as true water solubility has not been found. Most of the 

attempts to increase the solubility of carotenoids depended on the preparation of cyclodextrin 

inclusion complexes2-8 However, cyclodextrin complexes demonstrate low solubility and fast 

aggregation in aqueous solution. Moreover, using cyclodextrin complexes does not allow control 

of the antioxidant activity of the carotenoids due to the fast dissociation of these complexes in 

biological media. Thus, identifying complexing agents without these drawbacks continues to be 

of considerable interest. Recently the synthesis of novel carotenoid complexes with unique 

physicochemical properties have been described.9-13 In these studies two natural complexants 

derived from the plant: the triterpene glycoside glycyrrhizic acid (GA), a natural compound 

extracted from the licorice root,14,15 and arabinogalactan (AG), a natural water soluble 
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polysaccharide extracted from Siberian larch.16-18 (See Figure 5.1) β-Glycyrrhizic acid forms a 

head to tail dimer containing a hydrophobic and hydrophilic component in a donut like shape.9 

The polyene chains of the xanthophylls can reside within the hydrophobic area while allowing 

the hydrophilic terminal rings to stick out on each end. Arabinogalactan is a highly branched 

polysaccharide polymer composed of galactose and arabinose molecules in a 6:1 ratio previously 

reported as a complexing agent to make carotenoids water dispersible resulting in increased 

photostability11 and photocatalytic activity.12 Larch arabinogalactan is approved by the U.S. 

Food and Drug Administration (FDA) as a source of dietary fiber, but it also has potential 

therapeutic benefits as an immune stimulating agent and cancer protocol adjunct.18 The unique 

properties of these complexes were demonstrated for two natural carotenoids: -carotene and 

canthaxanthin.9-13 

 

Figure 5.1: Molecular structures arabinogalactan and β-glycyrrhizic acid. 

 

 This study investigated the xanthophylls and their aggregates. Hydroxyl groups at each 

end of the molecules provide their unique biochemical properties. These hydroxyl groups are 

responsible for the xanthophylls characteristics which allow them to orient within cell 
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membranes in ways other carotenoids cannot.19-22 This study is devoted to three representatives 

of xanthophyll carotenoids, Lut, Zea, and astaxanthin (Asta), which play a special role in the 

prevention and treatment of visual diseases. These carotenoids are not produced by the human 

body and must be consumed in the diet. 

 Lut and Zea – dipolar, terminally dihydroxylated carotenoids – selectively accumulate at 

an extremely high concentration in the macula of the primate eye retina through the action of 

specific high-affinity binding proteins23 from blood plasma, where more than 20 other 

carotenoids are available.24,25 These two carotenoids can impede the onset of age-related macular 

degeneration26,27 and have been recently added to the list of potentially beneficial nutrients 

provided by leafy greens. The role of Lut and Zea is suggested to be blue light filtration and 

antioxidant function.28,29 Data has shown that the high-energy, blue wavelengths of visible light 

are 100 times more effective at inducing free radical formation in the cells of the retina than the 

low-energy, red wavelengths of visible light.30 Reacting as antioxidants with free radicals and 

reactive oxygen species, macular xanthophylls protect the retina against peroxidation and photo-

damage.31-35 The ability of macular xanthophylls to quench singlet oxygen and triplet states of 

photoactive molecules is especially significant. 

 Asta, a carotenoid similar to Zea with a keto group in addition to the OH on the terminal 

cyclohexene rings, has the highest antioxidant activity among natural carotenoids. Asta is 10 

times more effective an antioxidant than β-carotene, and >100 times more effective than vitamin 

E.36-38 The two adjacent oxygen atoms on the cyclohexene ring permit formation of stable 

complexes with metal ions such as Ca2+, Fe2+ and Zn2+.39 The unusual metal complexing ability 

may be an important feature of Asta in some organisms. For example, in some unicellular green 

algae, Asta accumulates in huge amount (up to 30 mg/g) under high light conditions, often in the 
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presence of excess metal ions. This accumulation is generally thought to be a survival strategy of 

the algae under photooxidative and salt stress.40 Some studies indicate also the benefit of Asta for 

vision. In particular, it is capable in vitro of protecting porcine lens proteins from oxidative insult 

and degradation by calcium-induced calpain.41 Also, it is known that UVB exposure induces cell 

death and thinning of the corneal epithelium. However, the epithelium was morphologically well 

preserved after irradiation in Asta-treated corneas.42 Irradiated corneal epithelium was 

significantly thicker in eyes treated with Asta eye drops, in a doses dependent manner. So, 

topical Asta administration may be a candidate treatment to limit the damages by UV irradiation 

with wide clinical applications. 

 The important feature of xanthophyll carotenoids is their ability to form self-assemblies 

in aqueous media and even in lipid membrane.22,43-46 Molecular self-assembly in biological 

systems attracts considerable attention, since it is important for the functioning of living 

organisms. It is well known that carotenoids form aggregates when dissolved in hydrated polar 

solvents and that this aggregation is characterized by dramatic changes in their absorption 

spectra and photophysical properties. Two types of carotenoid aggregates can be distinguished 

according to their absorption spectra. The first type, associated with a large blue shift of the 

absorption spectrum and loss of vibrational structure of the S2 excited state, is suggested to take 

the form of H-aggregates, in which the molecules are stacked with the conjugated chains 

oriented more or less parallel to each other and closely packed. The blue shift of the absorption 

spectrum is explained in terms of excitonic interaction between the closely packed carotenoid 

chromophores.44-46 The second aggregation type, characterized by a red shift of the absorption 

spectrum where the resolution of vibrational bands is preserved, is attributed to J-type 

aggregation, in which there is a more head-to-tail organization of the conjugated chains. 
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Examples of the aggregates are shown in Figure 5.2. The self-assembly of xanthophyll 

carotenoids leads to new photo-physical properties that are not available to the monomer. The 

photo-physics that emerge upon coupling of carotenoid chromophores have an impact on various 

applications, in particular, to solar energy conversion.47 One photo-physical mechanism that 

generally requires the proximity of two chromophores is singlet fission. In this mechanism, a 

chromophore is photoexcited to its singlet excited state and subsequently partitions its energy 

over two neighboring chromophores both remaining in triplet excited states. The chromophore of 

Zea is favorable for the production of triplet excited states via fission, and a high yield of triplet 

excited states via singlet fission was found for its aggregate.48 

 
Figure 5.2: H- and J-type aggregates of Zea. The H-aggregates are closely packed with the 

polyene chains aligned with each other, while the J-type has a head to tail orientation. The 

aggregates are held in place by hydrogen bonding around the terminal hydroxyl groups 

from the addition of water. H-aggregates can be identified optically by a large blue shift in 

the absorption spectrum, while J-aggregates exhibit a large red shift. 
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5.2 Results and Discussion 

5.2.1 Evidence of Complex Formation Of Xanthophyll Carotenoids With the Triterpene 

Glycoside Glycyrrhizic Acid 

Earlier it was found that the inclusion complexes of lipophilic carotenoid molecules formed from 

water soluble oligosaccharides or polysaccharides result in significant changes in the optical 

(absorption wavelength and fluorescence intensity) and chemical properties of carotenoids.8,11-13 

This chapter used the sensitivity of the absorption wavelength of carotenoids to the surrounding 

environment to prove formation of the inclusion complex in a water-ethanol mixture and to 

measure its stoichiometry and stability constant. However it was found that even at micromolar 

(0.5-10 µM) concentrations the aggregation of Lut and Zea is very fast and occurs immediately 

after addition of water into ethanol solutions of the carotenoids. Note that these concentrations 

correspond to real Lut and Zea concentrations in serum and macular tissue (0.4-0.7 µM).56 Only 

Asta supramolecular complexes were measured, as they show slow aggregation over several 

minutes with a gradual decrease of the monomer peak at 460 nm and growth of H-aggregate at 

380 nm in the absorption spectrum. It was demonstrated also that the ability to form molecular 

aggregates is the specific feature of OH containing xanthophylls. The substitution of OH groups 

of Asta to ester groups inhibits aggregation completely (Figure 5.3). 



63 

 

 
Figure 5.3: Optical absorption spectra of Asta (7.5 µM) and its n-octanoic acid ester (10 

µM) in 33% ethanol/water mixture immediately after mixing and after 5 minutes delay. 

 

An interesting feature of the water-ethanol mixture is the dependence of the aggregation 

rate on the water/ethanol ratio. In 25% ethanol, aggregation of Asta occurs much slower than in 

33%. Figure 5.4 shows the Benesi-Hildebrand plot of the shift of absorption maximum of Asta 

as a function of GA concentration in 25% ethanol where the monomer is stable for at least 10 

minutes. The linear dependence of 1/Δλ vs. 1/[GA]n was observed only for n = 2. This means 

that Asta forms a non-covalent supramolecular complex with the dimer of GA. It is evident also 

that the structure of the complex is different for low (< 1 mM) and high (> 1 mM) GA 

concentrations. The same result was obtained earlier for GA complexes of the carotenoid 

canthaxanthin and some drug molecules.9,57,58 From the slope of the concentration dependence, 

the stability constant of this complex for low concentration was calculated as k2 = 1.7×107± 

5×105 M-2. 
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Figure 5.4: Benesi-Hildebrand diagram of the shift of absorption maximum of Asta as a 

function of GA concentration in 25% ethanol. 

 

 Figure 5.4 also confirms the previous conclusion that the complex stability decreases 

with the growth of GA concentration. It was demonstrated by various physical methods that at 

concentrations higher than 1 mM, GA forms micelle like aggregates.58,59 

 For Zea and Lut, the absorption spectrum also changes in the presence of GA in a 

concentration and time dependent manner. Figure 5.5 shows an example of the change in the 

absorption spectrum of Lut in the presence of GA at 2.5 and 5 mM in a 25% ethanol solution. 

Increasing the GA concentration shifts the equilibrium from the H-aggregate (λmax= 380 nm) to 

the monomer (λmax= 460 nm). Note, that similar to the Asta complex, complexation of Lut with 

GA results in a red shift of the monomer absorption maximum relative to a pure ethanol solution 

(addition of water to ethanol results in small blue shift). 

 



65 

 

 
Figure 5.5: Optical absorption spectra of Lut (≈6 µM)in 25% ethanol/water mixture at 

different GA concentrations. 

  

Figure 5.6 shows the molecular structure (a) and optical spectrum (c) of the Zea H-aggregate in 

aqueous solution and the structure of the Zea monomer (b) as it resides in the hydrophobic 

environment of the GA dimer along with its optical spectrum (d). The large shift from 380 nm 

with the loss of vibrational structure of the S2 excited state to 450 nm and the appearance of the 

vibrational bands indicates the presence of the Zea monomers. From these experiments we can 

conclude that xanthophyll aggregation is a reversible process, and complexation with GA 

prevents aggregation. 
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Figure 5.6: The structure of the H-aggregate (a) and monomer complexed with GA (b) of 

Zea. Also shown is the absorption spectrum of the H-aggregate (c) in aqueous solution and 

the Zea monomer (d) in the hydrophobic environment of the triterpene glycoside 

glycyrrhizic acid dimer. GA forms a head to tail donut hole dimer into which the Zea 

monomer can reside. 

 

5.2.2 Complexation with AG Increases Photostability of Both Xanthophyll Monomers and 

Their H-aggregates. 

Although carotenoids are known as effective photoprotectors of living cells, in aerated 

aqueous solution they are unstable under light irradiation, and would be unacceptable as 

colorants and antioxidants in foods. The reason for this is that the UV irradiation of carotenoid 

solutions results in a decrease of the absorption intensity with formation of reaction products 

which absorb light at a lower wavelength. This effect can be explained by a decrease in the 
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length of the conjugated chain due to the addition of oxygen to the double bonds. It is known that 

under irradiation carotenoids can form radical cations in various media by electron transfer to the 

solvent molecules or to the appropriate electron acceptor. These radical cations can be reduced 

by back electron transfer. However this reversible process is disrupted in the presence of water 

molecules which act as a proton acceptor. It results in the formation of a carotenoid neutral 

radical which is stabilized by the nearby proton acceptor, so a reversible electron transfer is 

prevented. Earlier it was demonstrated that carotenoid neutral radicals are formed from the 

corresponding radical cations generated electrochemically or photochemically by proton loss.60 

Although photoexcitation accelerates deprotonation of the radical cation, electrochemical 

measurements showed that the radical cations of a majority of carotenoids have pK values 

ranging between 4 and 7 and, therefore, can deprotonate spontaneously.52,61 For symmetrical Zea 

radical cation,62 proton loss occurs most favorably at the C4(4’) carbon position with loss at C5, 

C9, and C13 methyl less favored to form a neutral radical. For the unsymmetrical isomer Lut, the 

proton loss is greatly favored only at the 4 carbon position over any other position.63 For the Asta 

radical cation, deprotonation occurred at the C3(3’) carbon position resulting in the lowest 

energy neutral radical, while proton loss at the C5, C9 of C13 methyl groups were less favored.39 

It has been shown that incorporation of carotenoids into the hydrophobic polymer environment 

of a GA micelle will reduce their interaction with water molecules.11 Also, the decrease of 

electron transfer rate with electron acceptors was established.9,11 During irradiation of an 

aqueous solution of Zea, Lut, and Asta monomers by the full light of a xenon lamp, bleaching of 

the solutions occurs in a few seconds. On the other hand, H-aggregates demonstrate a reduced 

degradation rate by about a factor of 10. This chapter investigates how complexation with GA 

and AG affects monomer and H-aggregate stability.  
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It was found that GA does not affect the photostability of Zea, Lut, or Asta. However, a 

significant increase (5-10 times for full light irradiation and 2 times for λirr > 380 nm) in 

photostability was detected for AG complexes of these xanthophylls. Moreover, the increase in 

photostability was detected for both the monomers and H-aggregates. This means that AG can 

form inclusion complexes with monomers as well as with aggregates of these xanthophylls. As 

an example, Figure 5.7 demonstrates the difference in the photodegradation rate of Asta 

monomers in the absence (a) and in the presence (b) of 0.4 mM AG. Zea, Lut, and Asta all 

exhibited an increase in the photostability of H-aggregates. As an example, Figure 5.8 shows the 

difference in photodegradation rate of Lut H-aggregates in the absence (a) and in the presence 

(b) of 0.4 mM AG. 

 
Figure 5.7: Photodegradation of Asta monomers in 25% ethanol/water solution which 

forms H-aggregates. Optical absorption spectra of Asta (≈4 µM) in the absence (a) and in 

the presence (b) of 0.4 mM arabinogalactan before and after irradiation by the full light of 

a xenon lamp. 
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Figure 5.8: Photodegradation of Lut H-aggregates in 25% ethanol/water solution. Optical 

absorption spectra of Lut (≈8 µM) in the absence (a) and in the presence (b) of 0.4 mM 

arabinogalactan before and after irradiation by the full light of a xenon lamp. 

  

5.2.3 EPR Spin Trapping Measurements of the Scavenging Rate Towards Peroxyl Radicals  

Earlier EPR spin-trapping measurements compared the relative scavenging rates towards 

peroxyl radicals by different carotenoids.49,50 This method involves measuring the yield of stable 

spin adduct (SA) of OOH radicals with the spin trap PBN in the presence of carotenoids. It was 

found that as the oxidation potential of the carotenoids increased, the radical scavenging by 

proton abstraction from the C4 position of the cyclohexene terminal ring increased. This is 

consistent with the increasing acidity of the C4 proton with increasing electron accepting 

character of the substituents. As an example, Figure 5.9 shows EPR spectra of PBN-OOH 

radicals in the absence of Asta and in the presence of 1 mM of Asta.  
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Figure 5.9: EPR signal of PBN-OOH radical spin adduct measured in the absence (blue) of 

Asta and the presence (red) of 1 mM Asta. The competing reactions of the carotenoid and 

the spin trap PBN lead to a decrease in the PBN-OOH radical spin adduct signal with 

increasing concentrations of carotenoids. 
 

Because of the two competing processes, i.e., reactions of the radical with carotenoid and 

the spin trap, the yield of the spin adduct is proportional to the carotenoid concentration. Thus, 

from the experimental dependence of the spin adduct yield on carotenoid concentration, the 

relative rate of radical scavenging (kCar/kST) by carotenoid can be assessed. 
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Here, kST is the rate constant of radical scavenging by the spin trap (ST), А andA0 are the values 

of the spin adduct signal intensity with and without carotenoid. For kcar ≥ kST only an increase in 

radical scavenging by the carotenoid occurs (antioxidant effect). The available kinetic database 

(Spin Trap Data Base: http://epr.niehs.nih.gov) provides the value of the rate constant kST 

measured in water (kST   106 M-1s-1for the PBN spin trap). The identification of the PBN-OOH 
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radical spin adduct was made in previous work49,50 using available literature data of the a(H) and 

a(N) splitting for the OOH, CH3 and OCH3 radicals.  In addition to this assignment, some test 

experiments were carried out to prove our conclusion.  In anaerobic condition the peroxyl 

radicals were generated in DMSO via the well-known Fenton reaction.64 

 
 

At low H2O2 concentration ([H2O2] ~ [FeCl2] = 1 mM) only one spin adduct PBN-CH3 was 

detected with ESR parameters a(H) = 3.4 G and a(N) = 14.9 G.49 However, at higher H2O2 

concentration ([H2O2] = 500 mM) the reaction of CH3 radicals with H2O2 becomes important and 

this results in the disappearance of the PBN-CH3 adduct, and the appearance of another adduct 

with higher yield which was assigned to the PBN-OOH spin adduct a(H) = 2.3 G and a(N) = 

13.9 G).49  It is known that the •OOR spin adducts are relatively unstable especially in the 

presence of transition metal ions which can reduce •OOR radicals yielding the •OR spin 

adduct.65,66 However, these facts are mainly related to alkyl peroxyl radicals. Under these 

experimental conditions, as H2O2 concentration increases the Fe2+ ions react primarily with the 

initial H2O2. Consequently, the stability of the •OOH spin adduct will increase. Note that there 

are several examples in the literature of the observation of the PBN-OOH adducts at normal 

conditions.67-69 For additional confirmation of the PBN-OOH adduct formation the superoxide 

dismutase (SOD) test has been made.9 The formation of all these radical species (OOH, CH3 and 

OH radicals) was also confirmed by using DMPO spin trap,49 however the measurements of 

radical scavenging rates by carotenoids with this spin trap have shown significant problems. 

First, DMPO-OOH adduct is unstable and transforms to DMPO-OH adduct via reaction with 
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Fe2+.70 Second, due to higher spin trapping rates of DMPO compared with some carotenoids, we 

have detected pro-oxidant behavior instead of an antioxidant effect.50 This is why PBN was 

chosen for kinetic measurements in the previous and present studies. 

Using the same approach, the reaction rates of the OOH radical with Zea and Lut 

monomers in DMSO solution and H-aggregates in an aqueous DMSO solution were compared. 

The formation of aggregates under these experimental conditions was confirmed by optical 

absorption measurements. It was found that Asta does not form aggregates in aqueous DMSO. In 

addition, the influence of GA on the scavenging ability of Lut and Zea has been investigated in 

an aqueous DMSO solution. Figure 5.10 shows the time dependence of the PBN-OOH spin 

adduct EPR intensity in the absence and in the presence of 1 mM Lut and Zea. 

 
Figure 5.10: PBN-OOH SA yield in EPR spin trapping experiment at different times after 

the start of the reaction in DMSO solution: PBN = 5 mM, Fe2+= 1 mM, H2O2= 500 mM, Car 

= 1 mM. 

 

 The initial yield of spin adduct corresponds to the free radicals produced in the Fenton 

reaction (k = 76 M-1s-1), but the further slow growth is due to reaction of excess of hydrogen 

peroxide with the reaction product, Fe3+ (k ~ 0.02 M-1s-1).71,72 
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The significant decrease of SA yield in the presence of carotenoids is due to the reaction of these 

carotenoids with •OOH. As it was shown earlier, at equal concentrations, [H2O2] = [FeCl2] = 1 

mM, only the spin adduct PBN-CH3 was detected by EPR.49 In these experimental conditions, 

the SA signal was stable over 5 minutes, and no growth was observed as in the case of excess of 

H2O2. However, the SA yield decreases in the presence Zea and Lut in a concentration dependent 

manner. 

 
 

Figure 5.11: PBN-OOH SA yield in EPR spin trapping experiment at different moments 

after start of the reaction in 80% DMSO/water solution: PBN = 2 mM, Fe2+= 0.5 mM, 

H2O2= 500 mM; (a) in the absence of GA; (b) with 1 mM GA. 

 

Figure 5.11a shows that the formation of H-aggregates in 80% DMSO/water solution 

significantly reduces the scavenging ability of these xanthophylls. Moreover, the increase of SA 

yield (pro-oxidant effect!) was observed in the presence of Zea. Earlier50 it was demonstrated 

that a pro-oxidant effect of carotenoids (an increase in the amount of free radicals formed) arises 

from the reduction of Fe3+ to Fe2+ by the carotenoids according to the following reactions:50 
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This effect increases with decreasing oxidation potential of the carotenoids, with increasing 

H2O2 concentration, or with a decrease in the scavenging rate of the carotenoid. Another 

condition is that if kcar ≥ kST; then no pro-oxidant effect occurs. However if there occurs any 

decay channel for free radicals, this enhances the pro-oxidant effect of carotenoids, such as 

reactions with lipids. For β-carotene,50 kcar/kST = 0.65 which is a condition where the pro-oxidant 

effect is possible. β-carotene exhibits a low oxidation potential, measured to be the same as Zea. 

52 This then explains the reason for observing a pro-oxidant effect for Zea. 

 We can conclude from the EPR experiments that H-aggregates demonstrate much lower 

spin trapping ability. The reaction of Zea with Fe3+ results in additional radical production at the 

beginning of the reaction (pro-oxidant effect), but then this reaction reduces the efficiency of 

Fe(III) + H2O2  Fe(II) + OOH reaction, which becomes the major way for free radical 

formation. GA does not affect the yield of spin adduct in the absence of xanthophylls, but 

increases significantly their spin trapping ability (Figure 5.11b). We suppose that the effect of 

the GA dimer is due to the reduced aggregation rate of the xanthophylls, as well as the reduction 

of carotenoids by Fe(III) ions and by increasing the available location of the C4 proton of the 

carotenoid for H abstraction by •OOH. The GA dimer also shields the xanthophylls’ polyene 

chain from reaction with Fe(III) ions. The latter process was investigated by optical absorption 

methods in this study. 
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5.2.4 Optical Absorption Study of the Reaction Kinetics of Monomers and H-aggregates 

with Fe3
+ Ions and OOH Radical. 

 

In order to explore the mechanism of antioxidant vs. pro-oxidant activity of the 

xanthophyll carotenoids in more detail, the decay kinetics of carotenoids Lut and Zea in the 

presence of Fe3+ ions and H2O2 were analyzed using optical absorption spectroscopy.  

In this study we consider two main reaction ways which results in decrease of carotenoid 

absorption intensity, namely reaction of carotenoid with Fe3+ ion and with OOH radical. 

 

As it was shown in our previous study, the first reaction can play a key role in pro-oxidant 

activity of some carotenoids.50 Hydroperoxyl radicals in this reaction system are formed via 

interaction of hydrogen peroxide with Fe3+ and Fe2+ ions, as described earlier. The measurements 

were made with Fe(ClO4)3 in the absence and in the presence of hydrogen peroxide in DMSO 

aqueous solutions: with 5% water to measure monomers (470 nm) and with 25% of water to 

form H-aggregates (380 nm). The decay kinetics were measured over 10 minutes, and the decay 

rates were calculated from the initial slopes (see Figure 5.12 as an example). The values k1 and 

k2 are related to the reaction of H-aggregates with Fe3+ ion and OOH radical, and the values k1a 

and k2a are related to the reactions of carotenoid monomer with these species. Note that the 

calculated decay rates of absorption intensity are not equal to the corresponding reaction rates 

k1* and k2* of carotenoid with Fe3+ ions and OOH radicals, since the reaction products can 

absorb light at the same wavelength as the initial carotenoid. These decay rates might be 

considered as the lower limit of the reaction rates. 
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Figure 5.12: Decay kinetics of Zea detected at absorption maximum of the monomer at 470 

nm and the H-aggregate at 380 nm in 5% and 25% water/DMSO solutions respectively: 

Fe3+=0.25 mM, H2O2=125 mM. 
 

One can see a threefold decrease of the Zea decay rate with Fe3+ ions (k1 and k1a), and complete 

inhibition of the reaction with OOH radical for H-aggregates (k2) as compared with carotenoid 

monomers (k2a). Decay rates were estimated using stationary radical concentration [OOH] ≈ 1 

nM calculated from known reaction rates of the main reaction processes71,72: k(Fe3+ + H2O2) = 

0.02 M-1s-1; k(Fe3+ + OOH) = 2×105 M-1s-1. We can conclude from these measurements that the 

pro-oxidant effect of Zea H-aggregates can arise from the reaction with Fe3+ ions under 

suppression of its ability to trap free radicals. 

We have obtained the same decay rate values for the Lut monomer (k2a≥ 2.5×106 M-1s-1), 

but only a factor of 5 times decrease in the decay rate with •OOH for H-aggregates. This may be 

a result of the unsymmetrical Lut forming a different and more open H-aggregate structure than 

the symmetrical Zea. 
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5.3 Conclusion 

Formation of H-aggregates is an exclusive property of carotenoids which contain OH 

groups in a cyclohexene ring, as substitution of an OH with an OR group prevents the 

aggregation. Formation of H-aggregates significantly changes the optical and chemical 

properties of these carotenoids, in particular its light harvesting ability and antioxidant activity. 

Complexes of these xanthophylls with GA demonstrate higher antioxidant activity in aqueous 

solution. Reactions of the xanthophyll carotenoid inclusion complexes with OOH radicals occurs 

by proton loss from the most acidic proton of the carotenoid which is exposed to the environment 

when complexed with the donut hole GA complex. In the presence of water, Lut shows much 

lower antioxidant activity due to formation of H-aggregates, demonstrated by EPR spin trapping 

experiments using the model Fenton reaction. Zea shows pro-oxidant effect in the same 

conditions. Taking into account important role of these carotenoids in eye and skin health, 

glycyrrhizin and arabinogalactan can be considered as perspective delivery systems which 

provide enhanced stability and solubility of xanthophyll carotenoids. 
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CHAPTER 6 

 

CONCLUSIONS 

 

6.1 Conclusions 
 

 This dissertation examined some of the properties and roles of a specific group of oxygen 

containing carotenoids known as xanthophylls. The xanthophylls Zea, Lut, and Asta were 

studied with regards to their reactivity with destructive energetic species and how the 

environment and structures of the xanthophylls affected their reactivity.  

 The deprotonation of naturally-occurring Zea•+ to form #Zea• and their involvement in the 

qE portion of NPQ was examined in Chapter 3. Zea•+ are weak acids, and readily deprotonate to 

a long-lived #Zea• that could serve as long-lived quenching sites. When #Zea• is eventually 

neutralized and Zea is reformed in the presence of D2O, the Zea has an opportunity to undergo 

H/D exchange. This chapter examined evidence for H/D exchange specific to qE activity in 

Arabidopsis thaliana. It was demonstrated that Zea•+, formed chemically via oxidation of Zea by 

Fe(III) in the presence of D2O, undergoes H/D exchange with a significant intensity increase of 

the M+1 (d1Zea) and M+2 (d2Zea) mass peaks in the mass spectrum compared to samples which 

had Zea•+ formed in the presence of H2O or unaltered samples. Leaves were infiltrated with 

either D2O or H2O and exposed to varying levels of light intensity both above and below that 

needed to induce NPQ in A. thaliana (300 µE m-2s-1). Leaves exposed to light intensity less than 

needed to induce NPQ but high enough to trigger the xanthophyll cycle were measured to 

determine if any H/D exchange occurred during interconversion of Zea and Viol in the 

xanthophyll cycle. Control samples were kept in the dark to check if other physiological 
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processes or Zea isolation caused H/D exchange. We expected that only a fraction of Zea would 

undergo H/D exchange since only a fraction of the Zea participates in qE. Avenson et al 

demonstrated that a majority of Zea binding proteins do not undergo charge transfer quenching 

and thus could not undergo H/D exchange. The amount of H/D exchange is also limited because 

not all water molecules can be replaced by D2O. Following infiltration of wild type A. thaliana 

leaves with D2O or H2O and exposure to light intensity less than or greater than that needed to 

induce NPQ, the carotenoids were extracted and analyzed via LC/MS. The relative mass 

distribution of Zea was measured to check for formation of #Zea• during qE. It was found that 

only samples which were infiltrated with D2O and exposed to qE inducing light intensity had a 

statistically significant increase in the M + 1 peak.  

 The proposed quenching mechanism requires a very specific set of conditions to be 

satisfied. It is imperative that the charge transfer complex has a long enough lifetime for the 

deprotonation to occur. Examples in the literature show proton transfer can occur in the ~30 

femtosecond time range,1-3 while Fleming’s group found the charge transfer complex to last 

~200 picoseconds.4 The Zea•+ must be able to undergo deprotonation, which is evident from 

previous electrochemical, EPR, and DFT studies. The DFT calculations determined that the 

Zea•+ are weak acids and form neutral radicals on solid supports with the most likely site for 

deprotonation being the C4(4’) position of the terminal rings. Finally the protein environment 

must be favorable for this deprotonation to occur. The crystal structure of the qE active protein 

CP29 (Protein Data Bank 3PL9) shows the C4(4’) of Zea is within 4 Å of potential proton 

acceptors. All of these conditions are satisfied by Zea in the CP29 minor antennae component 

where qE occurs. It is not known if they do in the other antenna proteins, CP24 and CP26, that 

also support Zea•+ formation during qE because there is no structure of those complexes in the 
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structural databases. Although we suggested that #Zea• may be present during qE, based on the 

known chemistry of Zea•+, there has been little experimental evidence of its presence during qE. 

 To expand upon this work, this H/D exchange method can be applied to A. thaliana 

mutants which have varying ability to carry out qE. Mutants which would be examined are the A. 

thaliana npq1, npq2, and npq4 mutants, whose seeds are available from the Arabidopsis 

Biological Resource Center. The experiments would be carried out in a similar manner as in 

Chapter 3: leaves from the mutants will be harvested and infiltrated with H2O or D2O and 

exposed to light intensity less than or greater than that needed to trigger qE and Zea will be 

extracted from the leaves and be analyzed via liquid chromatography/mass spectrometry to 

detect H/D exchange caused by the formation of the neutral radical Zea. The npq1 mutant is 

inhibited in its ability to convert violaxanthin to Zea in the xanthophyll cycle.5 The npq1 mutant 

undergoes very little qE and therefore is not expected to demonstrate H/D exchange under the 

experimental methods. The npq2 mutant accumulates Zea and lacks violaxanthin and shows 

unimpaired qE.6 Therefore, H/D exchange is expected to be observed under the experimental 

methods utilized in Chapter 3. The npq4 mutant is defective in the qE portion of NPQ, although 

it exhibited no difference in synthesis of Zea in high light conditions compared to the wild-type.7 

H/D exchange is not expected to occur under the experimental methods utilized in Chapter 3 as 

we predict the formation of #Zea• occurs during qE. Continuing work on the various A. thaliana 

mutants will provide further evidence for the formation of potent energy quenching neutral 

carotenoid radicals during qE. The H/D exchange detection could be improved with the use of 

ultra-high resolution mass spectrometry which would be able to distinguish a d1Zea molecule 

from the C13 or protonated variants in the sample. This would eliminate the need for the 
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statistical analysis. These types of instruments are available at the National High Magnetic Field 

Laboratory in Tallahassee, Florida.  

 Chapter 4 demonstrated differences in the chemistry of geometrical isomers of Zea 

isolated from various sources in mass spectrometry using electrospray ionization source. Zea 

exhibits antioxidant activity and also plays a role in photo-protection in the retina. The long 

polyene structure of carotenes allow them to naturally occur in both cis (Z)- and trans (E)-

isomers. Several examples of naturally occurring isomers that have been identified include 5Z)-, 

(9Z)-, (13Z)-isomers of lycopene in ketchup, 84 (9’Z)-, (13Z)-, (13’Z)-isomers of fucoxanthin in 

Isochrysis sp., 9 5 and (9Z)-, (13Z)-, (15Z)-isomers of violaxanthin in orange juice. The reasons 

for these naturally occurring isomers are not well understood despite their natural occurrence. As 

we described in Chapter 3, the protein environment is crucial in the functionality of carotenes. 

Much work has been done to describe the role of Zea in qE of photosynthetic systems, and the 

position of Zea in the crystal structure of the minor antenna component CP29 (Protein Data Bank 

3PL9) suggests that the (all-E)-Zea configuration is necessary for the charge transfer complex to 

occur. The proposed quenching mechanism involving #Zea• would not be possible with a cis-Zea 

configuration due to the position of any potential proton acceptors. Further evidence of the 

importance of structure on functionality is the distribution of Zea isomers in the human eyes. It 

has been suggested that the role of Zea in the eye is to filter out high energy blue light from 

reaching the underlying structures of the human retina. It can also act as an antioxidant with free 

radicals and reactive oxygen species to prevent peroxidation and photodamage to the retina. 

Isomers of Zea are regionally dominant in the eye, suggesting they play different roles. 

Therefore, it is crucial to examine the different chemical properties the geometrical isomers of 

Zea. 
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 This study highlighted that various chemistry occurs among different geometrical isomers 

of Zea undergo during mass spectrometry analyses due to their unique electrochemical 

properties. Far more fragmentation, protonation, deprotonation, and epoxidation was observed in 

the mass spectra of crude Zea extracts and isolated (13Z)-Zea compared to the (all-E)-Zea in the 

analytical conditions described. This work demonstrates the geometrical isomers of Zea exhibit 

unique chemistry. 

 Additional work on the geometrical isomers of carotenoids which could be done would 

be to compare the scavenging ability of isomers towards the hydroperoxy radical utilizing EPR 

spin trapping techniques. It was shown that electrochemical properties play a significant role in 

the ability of carotenoids to react with the hydroperoxy radical10 and that geometrical isomers 

undergo different reactions in ESI–MS. Therefore, it would be expected that geometrical isomers 

would have differing radical scavenging capabilities. This technique could be applied to multiple 

species if pure isomers are available. However care must be taken as cis/trans isomerization 

readily occurs when carotenoid radical cations are formed as noted in Scheme 3.2 of Chapter 3.  

 Chapter 5 focuses on the xanthophyll carotenoids ability to self-assemble in aqueous 

solutions to form J- and H-type aggregates. This feature significantly changes the photo-physical 

and optical properties of these carotenoids. These aggregates are easily identified through optical 

measurements, with J-type aggregates being associated with a large red shift while H-type 

aggregates result in a large blue shift. The H-aggregate blue shift is caused by a loss of 

vibrational structure of the S2 excited state of the monomer as a result of the molecular clumping. 

The monomers are arranged with the conjugated pi bonds stacking and becoming closely packed 

together, causing excitonic interaction between the closely packed xanthophyll chromophores. 
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The red shift of the J-type aggregation is caused by a head to tail organization of the monomers, 

which preserves the vibrational bands.  

 Practical application of carotenoids as nutritional antioxidants or components of 

medicinal preparations has been limited since carotenoids are highly hydrophobic, air and light-

sensitive compounds. The majority of carotenoids are lipophilic molecules with near zero 

inherent aqueous solubility. Moving carotenoids into a pharmaceutical application requires a 

chemical delivery system that overcomes the problems with parenteral administration of a highly 

lipophilic, low molecular weight compound. Previous work has been attempted to make these 

compounds water dispersible, mainly focusing on the use of cyclodextrin to form inclusion 

complexes with the molecules. However these complexes have demonstrated low solubility and 

fast aggregation in the presence of water. These inclusion complexes also did not maintain the 

antioxidant ability of the carotenes. Identifying complexing agents that can overcome these 

obstacles is critical in the application of carotenes as supplements. The applicability of 

glycyrrhizic acid (GA) and arabinogalactan (AG) were examined in this chapter. GA is a natural 

compound extracted from licorice root and AG is a natural water soluble polysaccharide 

extracted from Siberian larch. AG has been shown in previous work to increase the 

photostability and photocatalytic activity of the carotenoids β-carotene and canthaxanthin.  

 In this study we have applied EPR and optical absorption spectroscopy to investigate how 

complexation can affect the aggregation ability of the xanthophyll carotenoids Zea, Lut, and 

Asta, their photostability, and antioxidant activity. It was shown that complexation with the 

polysaccharide arabinogalactan (AG) polymer matrix and the triterpene glycoside glycyrrhizin 

(GA) dimer reduced the aggregation rate but do not inhibit aggregation completely. Moreover, 

these complexants form inclusion complexes with both monomer and H-aggregates of 
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carotenoids. H-aggregates of carotenoids exhibit higher photostability in aqueous solutions as 

compared with monomers, but much lower antioxidant activity. It was found that complexation 

increases the photostability of both monomers and the aggregates of xanthophyll carotenoids. 

Also their ability to trap hydroperoxyl radicals increases in the presence of GA as the GA forms 

a donut like dimer in which the hydrophobic polyene chain of the xanthophylls and their H-

aggregates lies protected within the donut hole permitting the hydrophilic ends to be exposed to 

the surroundings. 

  An interesting feature to examine in the future is the behavior of structural isomers in 

similar conditions. The formation of the aggregates is known to be a property of xanthophylls 

with terminal hydroxyl groups, but our work was done on purified all-trans isomers. Does this 

aggregation occur with cis-isomers? In continuation with the previous section, the complexation 

techniques could be applied to study the effect on photostability and radical scavenging of these 

geometrical isomers. Once again, this would require a supply of purified isomers. 

 To gain a better understanding of the chemistry occurring in the EPR spin trapping 

system, a mathematical model. Having a reliable model can produce rate constant estimates for 

free radical scavenging ability of compounds in our system. Preliminary work has been done on 

this topic, and some of the most interesting results are highlighted below. The first step is to 

calibrate the data acquired from the EPR measurements to determine the concentration of spin 

adducts formed in the system. This can be done by measuring the EPR signal of a stable radical 

of known concentrations to form a calibration curve. The acquired spectra can be simulated 

using Bruker’s Xepr SpinFit software, and the signal can then be translated into concentration. A 

candidate for the stable radical to be used for the concentration calibration is (2,2,6,6-

tetramethylpiperidin-1-yl)oxidanyl, commonly known as TEMPO. Once the calibration is 
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completed, the next step would be to acquire data from the spin trapping system and translate the 

EPR spectra into spin adduct concentration. From here, the simulation can begin. Scheme 6.1 is 

a tentative list of the reactions which are occurring in the spin trapping system. Several reactions 

have estimated rate constants which were acquired from the NIST database 

(http://kinetics.nist.gov/solution/). Most of these rate constants were reported in different 

circumstances, such as different solvents, and may not be exact for our system. However, they do 

serve as good starting points in our simulation. The reactions with asterisks are those whose rate 

constants were found to have the greatest influence on the overall spin adduct yield in the 

simulations.  

 

Scheme 6.1: A list of the equations which play a role in our spin trapping system. Our 

spectroscopic data is the total spin adduct yield, or the sum of reactions 5, 6, and 7. The 

total yield is used due to difficulty in resolving the signal from the individual spin adducts. 

*Denotes reaction that has great influence on the overall spin adduct yield. 
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APPENDIX A 

SUPPLEMENTARY INFORMATION FOR CHAPTER 3: NEUTRAL CAROTENOID 

RADICALS IN PHOTOPROTECTION OF WILD-TYPE Arabidopsis thaliana 

 

This appendix contains all the unsmoothed total ion chromatograms (TIC) and extracted ion 

chromatograms (EIC) gathered during the research described in Chapter 3 as well as all the data 

sets that were used in ANOVA comparisons. The trans peaks mentioned in the EIC figures refer 

to the larger and earlier peak while the cis peaks mentioned refer to the smaller and later peak. 

The TIC’s are Figures: A1, A3, A5, A7, A9, A11, A14, A17, A20, A23, A26, A29, A32, A35, 

and A37. 

The EIC’s at m/z 568.9 are Figures: A2, A4, A6, A8, A10, A12, A15, A18, A21, A24, A27, 

A30, A33, and A36. 

The EIC’s at m/z 601.9 are Figures: A13, A16, A19, A22, A25, A28, A31, A34, A38. 

The data sets are Tables: A1-A13. 

The ANOVA tables are Tables: A14-A29. 
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A.1 Chemically-Generated Zea Radicals 

Figure A1: TIC from Normal  
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Figure A2: EIC m/z 568.9 from Normal 
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Table A1: Peak Intensities from cis peak of Figure A2 

Normal 

m/z ratio 568 569 570 

Intensity 1 640989 362724 87094 

Intensity 2 736219 401538 99547 

Intensity 3 758200 396416 95662 

Intensity 4 717242 426165 97071 

Intensity 5 700351 387126 97486 

Intensity 6 659643 355469 95879 

Intensity 7 595248 312168 95218 

Intensity 8 520212 291685 69876 
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Figure A3: TIC from Short Term H2O 
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Figure A4: EIC m/z 568.9 from Short Term H2O 
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Table A2: Peak Intensities from cis peak of Figure A4 

Short Term H2O 

m/z ratio 568 569 570 

Intensity 1 517736 324506 75389 

Intensity 2 720684 354937 106315 

Intensity 3 686598 388648 87504 

Intensity 4 714072 411351 96604 

Intensity 5 715520 369423 115318 

Intensity 6 745165 384091 105511 

Intensity 7 687273 377479 83044 

Intensity 8 612531 335228 85189 
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Figure A5: TIC from Long Term H2O 
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Figure A6: EIC m/z 568.9 from Long Term H2O  
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Table A3: Peak Intensities from cis peak of Figure A6 

Long Term H2O 

m/z ratio 568 569 570 

Intensity 

1 
891684 469300 110798 

Intensity 

2 
953173 561602 137907 

Intensity 

3 
1054774 566443 129691 

Intensity 

4 
1110002 576832 133082 

Intensity 

5 
1076497 600643 139093 

Intensity 

6 
968660 500512 137356 

Intensity 

7 
969479 472607 137006 

Intensity 

8 
801916 441198 111488 
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Figure A7: TIC of Short Term D2O 
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Figure A8: EIC m/z 568.9 from Short Term D2O 
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Table A4: Peak Intensities from cis peak of Figure A8 

Short Term D2O 

m/z ratio 568 569 570 

Intensity 1 215533 152303 52767 

Intensity 2 267523 172273 63460 

Intensity 3 269313 174982 64077 

Intensity 4 285391 186420 61758 

Intensity 5 342285 213603 62828 

Intensity 6 313570 210138 67230 

Intensity 7 319844 210142 69252 

Intensity 8 302535 181293 58246 

 

  



 

104 
 

Figure A9: TIC of Long Term D2O 
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Figure A10: EIC m/z 568.9 of Long Term D2O 
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Table A5: Peak Intensities from cis peak of Figure A10 

Long Term D2O 

m/z ratio 568 569 570 

Intensity 1 314294 194252 35453 

Intensity 2 370023 210068 74256 

Intensity 3 378100 241186 66020 

Intensity 4 381459 235467 67921 

Intensity 5 393149 226645 63494 

Intensity 6 346979 205779 64832 

Intensity 7 343680 191813 64484 

Intensity 8 289629 169687 58907 
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A.2 Zea H/D Exchange in Leaves 

Figure A11: TIC of BTD 
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Figure A12: EIC m/z 568.9 BTD 
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Figure A13: EIC m/z 601.9 BTD 
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Table A6: Peak intensities from cis peak in Figure A12 

BTD 

m/z ratio 568 569 570 

Intensity 1 650829 273335 91974 

Intensity 2 672163 285061 105771 

Intensity 3 747193 317732 113112 

Intensity 4 866889 396626 91284 

Intensity 5 791162 384555 98710 

Intensity 6 826385 395955 114872 

Intensity 7 754752 316327 94005 

Intensity 8 607869 335806 93932 
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Figure A14: TIC of BTW 

 

  

0 5 10 15 20 25 Time [min]

1

2

3

4

8x10

Intens.

Light H2O acn_1-B,1_01_1778.d: TIC +All MS



 

112 
 

Figure A15: EIC m/z 568.9 BTW 
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Figure A16: EIC m/z 601.9 BTW 
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Table A7: Peak intensities from cis peak in Figure A15 

BTW 

m/z ratio 568 569 570 

Intensity 

1 586667 302342 86020 

Intensity 

2 677951 324225 80429 

Intensity 

3 729339 304423 80662 

Intensity 

4 661067 324826 83217 

Intensity 

5 666619 305180 82317 

Intensity 

6 562181 307914 101349 

Intensity 

7 496845 314425 90876 

Intensity 

8 453779 265036 89254 
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Figure A17: TIC of BTD-C 
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Figure A18: EIC m/z 568.9 BTD-C 
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Figure A19: EIC m/z 601.9 BTD-C 
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Table A8: Peak intensities from cis peak in Figure A18 

BTD-C 

m/z ratio 568 569 570 

Intensity 1 584890 263225 81661 

Intensity 2 736633 342653 98059 

Intensity 3 758739 356699 102576 

Intensity 4 830453 355390 89740 

Intensity 5 769471 379814 112574 

Intensity 6 767518 387960 82837 

Intensity 7 617723 311814 84960 

Intensity 8 541270 288019 85531 
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Figure A20: TIC of BTW-C 
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Figure A21: EIC m/z 568.9 BTW-C 

 

  

0 5 10 15 20 25 Time [min]
0

2

4

6

8

6x10

Intens.

Dark H2O acn_1-D,1_01_1780.d: EIC 568.5 +All MS



 

121 
 

Figure A22: EIC m/z 601.9 BTW-C 
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Table A9: Peak Intensities for cis peak in Figure A21 

BTW-C 

m/z ratio 568 569 570 

Intensity 1 472218 181408 61827 

Intensity 2 506983 230066 65488 

Intensity 3 533487 284839 62879 

Intensity 4 488827 228852 78350 

Intensity 5 482890 267882 78516 

Intensity 6 462243 215951 60202 

Intensity 7 381817 178367 56496 

Intensity 8 316205 162450 48042 
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Figure A23: TIC of ATD 
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Figure A24: EIC m/z 568.9 ATD 
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Figure A25: EIC m/z 601.9 ATD 
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Table A10: Peak Intensities from cis peak in Figure A24 

ATD 

m/z ratio 568 569 570 

Intensity 

1 
919528 729228 221947 

Intensity 

2 
1106002 755798 215951 

Intensity 

3 
1197428 823970 226003 

Intensity 

4 
1096679 813470 205753 

Intensity 

5 
1204444 706466 261585 

Intensity 

6 
1013959 748752 295286 

Intensity 

7 
966176 732083 219543 

Intensity 

8 
960030 644572 235215 

 

  



 

127 
 

Figure A26: TIC of ATW 
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Figure A27: EIC m/z 568.9 ATW 
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Figure A28: EIC m/z 601.9 ATW 
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Table A11: Peak Intensities from cis peak of Figure A27 

ATW 

m/z ratio 568 569 570 

Intensity 1 625378 425953 140781 

Intensity 2 786303 495532 175973 

Intensity 3 885387 536160 168957 

Intensity 4 915933 553186 152611 

Intensity 5 916970 576487 168964 

Intensity 6 865028 582236 173914 

Intensity 7 811174 524882 205147 

Intensity 8 817426 495505 138671 
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Figure A29: TIC of ATD-C 
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Figure A30: EIC m/z 568.9 ATD-C 
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Figure A31: EIC m/z 601.9 ATD-C 
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Table A12: Peak Intensities of cis peak in Figure A30 

ATD-C 

m/z ratio 568 569 570 

Intensity 

1 
919523 524004 195604 

Intensity 

2 
1111534 582725 183906 

Intensity 

3 
1203742 690477 192069 

Intensity 

4 
1076777 698934 199874 

Intensity 

5 
1173184 680951 210503 

Intensity 

6 
1033511 669695 208933 

Intensity 

7 
1060701 631689 175885 

Intensity 

8 
888685 591807 150678 
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Figure A32: TIC of ATW-C 
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Figure A33: EIC m/z 568.9 ATW-C 
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Figure A34: EIC m/z 601.9 ATW-C 
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Table A13: Peak Intensities from cis peak in Figure A33 

ATW-C 

m/z ratio 568 569 570 

Intensity 1 1075169 708116 276152 

Intensity 2 1395946 769533 227759 

Intensity 3 1435096 848740 269273 

Intensity 4 1457460 890915 306839 

Intensity 5 1425688 831794 270028 

Intensity 6 1326465 859095 232481 

Intensity 7 1269435 828232 262357 

Intensity 8 1193397 709941 199378 
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A.3 Confirmation of Zea/Viol Extraction 

Figure A35: TIC of Zea Standard 
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Figure A36: EIC m/z 568.9 Zea Standard 
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Figure A37: TIC of Viol Standard 
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Figure A38: EIC m/z 601.9 Viol Standard 
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A.4 ANOVA Tables used in Manuscript 

Below are the ANOVA tables used in preparation of the manuscript. The data sets were 

normalized to  

M = 100 or M = 1 for the analyses. 

Table A14: ANOVA for Normal and Short Term D2O (M+1) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

Normal M+1 8 440.50760 55.063450 5.5121473     

Short Term D2O 

M+1 8 520.39914 65.049893 9.9382474     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 398.91615 1 398.91615 51.638312 

4.66E-

06 4.6001099 

Within Groups 108.15276 14 7.7251974       

              

Total 507.06892 15         
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Table A15: ANOVA for Normal and Short Term D2O (M+2) 

Anova: 

Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

Normal 

M+2 8 111.1428873 13.89286091 1.005413167     

Short Term 

D2O M+2 8 174.3360763 21.79200954 4.769521262     

              

              

ANOVA             

Source of 

Variation SS df MS F 

P-

value F crit 

Between 

Groups 249.586195 1 249.586195 86.43775924 

2.28E-

07 4.60010 

Within 

Groups 40.424541 14 2.88746721       

              

Total 290.010736 15         
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Table A16: ANOVA for Normal and Long Term D2O (M+1) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

Normal M+1 8 440.50760 55.063450 5.5121473     

Long Term 

D2O M+1 8 475.44811 59.431014 7.7120561     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between 

Groups 76.3024595 1 76.302459 11.539819 0.004338 4.6001099 

Within Groups 92.5694242 14 6.6121017       

              

Total 168.871883 15         
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Table A17: ANOVA for Normal and Long Term D2O (M+2) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

Normal M+2 8 111.14288 13.892860 1.0054131     

Long Term D2O 

M+2 8 140.55111 17.568889 8.3165997     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 54.05273 1 54.05273 11.596794 0.00426 4.600109 

Within Groups 65.25409 14 4.661006       

              

Total 119.3068 15         
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Table A18: ANOVA for Long Term D2O and Long Term H2O (M+1) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

Long Term D2O 

M+1 8 475.44811 59.431014 7.7120561     

Long Term H2O 

M+1 8 428.45265 53.556582 9.4270114     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 138.03580 1 138.03580 16.107738 0.001281 4.6001099 

Within Groups 119.97347 14 8.5695338       

              

Total 258.00927 15         
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Table A19: ANOVA for Long Term D2O and Long Term H2O (M+2) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

Long Term D2O 

M+2 8 140.55111 17.568889 8.3165997     

Long Term H2O 

M+2 8 106.31438 13.289298 0.9754621     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 73.259584 1 73.259584 15.768208 0.001393 4.6001099 

Within Groups 65.044433 14 4.6460309       

              

Total 138.30401 15         
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Table A20: ANOVA for Normal D2O and Short Term H2O (M+1) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

Normal M+1 8 440.50760 55.063450 5.5121473     

Short Term H2O 

M+1 8 438.96609 54.870762 17.803565     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 0.1485151 1 0.1485151 0.0127394 0.911736 4.6001099 

Within Groups 163.20998 14 11.657856       

              

Total 163.35850 15         
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Table A21: ANOVA for BTW, BTW-C, BTD, BTD-C (M+1) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

BTW 8 4.1247832 0.5155979 0.0049188     

BTW-C 8 3.8428710 0.4803588 0.0028533     

BTD 8 3.6635869 0.4579483 0.0021904     

BTD-C 8 3.8492451 0.4811556 0.0011540     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 0.0135859 3 0.0045286 1.6294947 0.204926 2.9466852 

Within Groups 0.0778168 28 0.0027791       

              

Total 0.0914027 31         
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Table A22: ANOVA for BTW, BTW-C, BTD, BTD-C (M+2) 

Anova: Single 

Factor M+2             

              

SUMMARY             

Groups Count Sum Average Variance     

BTW 8 1.1850983 0.1481372 0.0011406     

BTW-C 8 1.1309808 0.1413726 0.0002710     

BTD 8 1.0982094 0.1372761 0.0003228     

BTD-C 8 1.0657751 0.1332218 0.0003031     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 0.0009716 3 0.0003238 0.6357986 0.598211 2.9466852 

Within Groups 0.0142641 28 0.0005094       

              

Total 0.0152358 31         
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Table A23: ANOVA for ATW, ATW-C, ATD, ATD-C (M+1) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

ATD 8 5.6103 0.7012875 0.0032148     

ATW 8 5.076 0.6345 0.0009198     

ATD-C 8 4.8067 0.6008375 0.0023985     

ATW-C 8 4.891 0.611375 0.0014706     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 0.0488279 3 0.0162759 8.1339845 0.000474 2.9466852 

Within Groups 0.0560276 28 0.0020009       

              

Total 0.1048556 31         
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Table A24: ANOVA for ATD-C and ATW-C (M+1) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

ATD-C 8 4.8067 0.600838 0.002399     

ATW-C 8 4.891 0.611375 0.001471     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 0.000444 1 0.000444 0.229583 0.639231 4.60011 

Within Groups 0.027085 14 0.001935       

              

Total 0.027529 15         
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Table A25: ANOVA for ATW and ATD-C (M+1) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

ATW 8 5.076 0.6345 0.00092     

ATD-C 8 4.8067 0.600838 0.002399     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 0.004533 1 0.004533 2.731851 0.120606 4.60011 

Within Groups 0.023229 14 0.001659       

              

Total 0.027761 15         
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Table A26: ANOVA for ATW-C and ATW (M+1) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

ATW-C 8 4.891 0.611375 0.001471     

ATW 8 5.076 0.6345 0.00092     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 0.002139 1 0.002139 1.78963 0.202298 4.60011 

Within Groups 0.016734 14 0.001195       

              

Total 0.018873 15         
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Table A27: ANOVA for ATD and ATW (M+1) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

ATD 8 5.6103 0.701288 0.003215     

ATW 8 5.076 0.6345 0.00092     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 0.017842 1 0.017842 8.630487 0.010804 4.60011 

Within Groups 0.028943 14 0.002067       

              

Total 0.046785 15         
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Table A28: ANOVA for ATD-C and ATD (M+1) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

ATD-C 8 4.8067 0.600838 0.002399     

ATD 8 5.6103 0.701288 0.003215     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 0.040361 1 0.040361 14.38006 0.001981 4.60011 

Within Groups 0.039294 14 0.002807       

              

Total 0.079655 15         
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Table A29: ANOVA for ATW-C and ATD (M+1) 

Anova: Single 

Factor             

              

SUMMARY             

Groups Count Sum Average Variance     

ATW-C 8 4.891 0.611375 0.001471     

ATD 8 5.6103 0.701288 0.003215     

              

              

ANOVA             

Source of 

Variation SS df MS F P-value F crit 

Between Groups 0.032337 1 0.032337 13.80281 0.002307 4.60011 

Within Groups 0.032799 14 0.002343       

              

Total 0.065136 15         
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APPENDIX B 

 

SUPPLEMENTAL INFORMATION FOR CHAPTER 4: CHEMISTRY OF 

GEOMETRICAL ISOMERS OF ZEAXANTHIN DURING MASS SPECTROMETRY 

WITH ELECTROSPRAY IONIZATION SOURCE  

 

This appendix contains the unsmoothed total ion chromatograms (TIC) and unsmoothed 

extracted ion chromatograms (EIC) gathered during the experiment as well as tables with the 

mass spectrometry peak data that was used to determine the relative intensities of the ions. 

The TICs are Figures: B1, B2, B3. 

 

The EICs are Figures: B4, B5, B6. 

 

The data sets are Tables: B1, B2. 
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B.1 Unprocessed Total Ion Chromatograms 
 

Figure B1: TIC from crude plant extract 
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Figure B2: TIC from (13Z)-zeaxanthin extract

 
 

 

  

0 2 4 6 8 10 12 14 16 18 Time [min]
0.5

1.0

1.5

2.0

2.5

8x10

Intens.

13cis-Zea_1-C,1_01_4578.d: TIC +All MS



 

162 

 

Figure B3: TIC from (all-E)-zeaxanthin extract 
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Figure B4: EIC at 568.5 m/z from crude plant extract 
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Figure B5: EIC at 568.5 m/z from (13Z)-zeaxanthin extract 
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Figure B6: EIC at 568.5 m/z from (all-E)-zeaxanthin extract 
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B.2 Tables with the mass peak intensities that were used to determine the relative intensity 

of the ions  
Table B1: Mass Peak Intensities Raw Data for peaks at 6.8 - 7.7 mins 

  

Zea - 

17  

(loss 

water)       

trans peak  

6.8-7.7 551 552 553     

Plant extract  324515 132468 45033     

Trans extract  noise         

cis extract noise         

        

    Zea       

trans peak  

6.8-7.7 567 568 569 570 571 

Plant extract    921295 414414 104653   

trans extract    4656498 2152696 542283 95179 

cis extract 531408 5129702 2756662 73771 144045 

        

      Zea+17 

Plus 

oxygen     

trans peak  

6.8-7.7 583 584 585 586 587   

Plant extract      noise       

trans extract  33265 47389 61717 27056     

cis extract 522267 498392 1910602 777065 181208   

        

        Zea + 32 

Plus 2 

Oxygen     

trans peak  

6.8-7.7 597 598 599 600 601 602 603 

Plant extract        noise       

trans extract    17678 57691 32699 31516     

cis extract 35569 30287 250577 123301 89732 40826 18895 
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Table B2: Mass Peak Intensities Raw Data for peaks at 9.9 - 11.8 mins 

  Zea - 17  (loss water)     

cis peak  

9.9 - 11.8 551 552 553   

Plant extract  243353 94514 35088   

trans extract noise       

cis extract 534428 283519 77402   

      

    Zea       

cis peak  

9.9 - 11.8 567 568 569 570 571 

Plant extract  58119 120760 63146 25241 21355 

trans extract   461570 220531 65235   

cis extract 904538 6285355 4590114 1470055 295774 

      

      Zea+17 

Plus 

oxygen   

cis peak 

9.9 - 11.8 583 584 585 586 587 

Plant extract      75664 32115 20895 

trans extract     noise     

cis extract 412025 248030 390035 159332 43273 

      

    Zea + 32 Plus 2O     

cis peak  

9.9 - 11.8 599 600 601 602 603 

Plant extract    noise       

trans extract   noise       

cis extract 1510276 675933 357442 122644   

 


