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SUMMARY

Carotenoids are naturally occurring fat-soluble pigments found principally in
bacteria and plants including edible plants. Because of their extensively conjugated
carbon-carbon double bond system, carotenoids are potent antioxidants. The most
abundant carotenoid and best singlet oxygen quencher found in red tomatoes is lycopene.
Many studies have found that consumption of tomatoes or tomato products is associated
with reduced risk of prostate cancer. However, it is inconclusive whether the protection
effects are through lowering oxidative stress and reducing DNA damage in men or due to
other mechanisms. Additional randomized controlled clinical trials may help address this
issue.

Using lycopene as a potential dietary chemopreventive agent, a four-arm
randomized, placebo-controlled, and double-blind phase II clinical intervention trial was
carried out at the University of Illinois at Chicago. Unlike previous studies by our group,
healthy men were recruited. A validated LC-MS-MS assay was used to analyze serum
levels of lycopene for each subject. An intermediate endpoint biomarker for DNA
oxidation (urinary 8-oxo-deoxyguanosine; 8-oxo-dG) and one for lipid peroxidation
(urinary 8-iso-prostaglandin-Fsy; 8-1s0-PGF,,) were measured in the study to evaluate the
change of oxidative stress in men after lycopene intervention. The prostate cancer
biomarkers total prostate specific antigen (PSA) and percent-free PSA were measured in

the study as indicators for prostate cancer risk.
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SUMMARY (continued)

In the investigation, it was found that lycopene supplements at either 30 mg/d or
60 mg/d lycopene for 21 d were well tolerated by healthy men enrolled to the two
lycopene intervention arms. Similar increases in serum levels of lycopene were observed
in both treatment groups during this randomized, placebo controlled intervention study
(1.63-fold vs 1.52-fold for 30 mg/d vs 60 mg/d, respectively). These results suggest that

serum lycopene concentrations may have reached a plateau.

Stronger effects were observed for these two antioxidant biomarkers with the high
dose intervention arm compared with its placebo control. For example, the mean of
urinary 8-0x0-dG concentrations decreased from 2.486 to 2.358 ng/mg creatinine in the
lycopene supplementation group (60 mg/d) with a P value of 0.16 compared with the
placebo control. During this same period, 8-iso-PGF,, concentrations dropped from
152.7 to 148.8 pg/mg creatinine in subjects receiving 60 mg/d lycopene with a P value of
0.07 compared with the placebo control. Although these changes remained statistically
insignificant, the subtle differences may become more discernable with longer
intervention or in trials with a larger sample size. Nevertheless, these results confirmed
that lycopene supplementation did not show pro-oxidant effects. Previously, a significant
decrease in total PSA and no change in percent free PSA were observed in serum of men
on the 30 mg/d lycopene intervention arm. However, the same ELISA kits used are no
longer available. Therefore, serum levels of total PSA and free PSA for the high dose

arms are to be determined as corresponding assays become available.

Xix



SUMMARY (continued)

For several decades, extensive efforts have been devoted to the analysis of
carotenoids using a variety of techniques including high performance liquid
chromatography with UV/vis absorbance or mass spectrometric detection because of their
biological significance in living organisms. Even though significant progress has been
made in analyzing these isoprenoid pigments, there is a continuing demand for more
efficient and more sensitive analytical methods. Technologies that have seldom been
applied to carotenoid analysis including ion mobility spectrometry and photoionization
mass spectrometry were explored for their potential utility in this area.

As the separation of cis and all-trans isomers of carotenoids using HPLC can be
quite time-consuming (up to 90 min), a rapid gas-phase separation (msec) may be
achievable using ion mobility (IM) spectrometry. In this project, the separation of cis and
all-trans isomers of carotenoids, including lycopene, B-carotene, lutein, and zeaxanthin,
was demonstrated using traveling wave ion mobility spectrometry with drift time
separations of 1-4 ms. Because the cis isomers had collision cross-sections that were
smaller than those of the corresponding all-trans isomers, they were detected first
followed at a later drift time by the all-trans isomer. However, the various cis isomers

were not resolved.

The use of LC-IM-tandem mass spectrometry (LC-IM-MS-MS) helped confirm
that in-source isomerization of lycopene, f-carotene, lutein, and zeaxanthin occurred
during positive ion electrospray. This in-source isomerization was found to be

temperature dependent. Although cis/trans isomerization could not be eliminated during

XX



SUMMARY (continued)

electrospray, this temperature dependence suggests that softer ionization conditions might
minimize cis/trans isomerization in the ion source. After separation using IM, the cis and
all-trans isomers of lycopene, -carotene, lutein, and zeaxanthin were shown by MS-MS
with CID to produce unique fragmentation patterns that could be used to distinguish
them.

Atmospheric pressure photoionization (APPI) is a mass spectrometric ionization
technique that is new in carotenoid analysis. Unlike electrospray and atmospheric
pressure chemical ionization (APCI), APPI often depends on dopants to achieve good
sensitivity. Since APPI can produce unique ion species, which may be used for
compound characterization, the potential of APPI was explored as a complementary
ionization technique to previously used techniques such as electronic impact, APCI and
electrospray.

In the study, we first reported that carotenoids can be ionized during negative ion
APPI, and this study was the first to report the formation of negative ions of carotenes
using APPI. Dopants were essential for the formation of positive carotenoid ions as well
as negative ions during APPI. Positive ion APPI produced more unique fragment ions
than did negative ion mode, which can be used to distinguish carotenoid structural

1somers.

Methyl-zert-butyl ether (MTBE) was found to be particularly effective as a dopant
evaluated towards the photoionization of carotenoids during negative ion APPI. As for

positive ion APPI, the dopants anisole and chlorobenzene were the most effective.
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SUMMARY (continued)

Overall, the compositions of mobile phases, dopants, diluents, and their flow rates

were found to have a critical impact on the overall ionization efficiency of APPI.

xxii



1. INTRODUCTION

1.1 Prostate cancer

Prostate cancer is the second leading cause of cancer death among males in the
United States and is second only to skin cancer as the most common type of cancer
diagnosed in men in developed countries."” *' The American Cancer Society estimates
that approximately 238,590 new prostate cancer cases will be diagnosed among the
United States population during 2013, while ~29,720 men will die due to this disease.”
Many prostate cancer patients actually die from other causes, since the progression of this
disease is relatively slow. However, a decrease in the quality of life is common among
prostate cancer patients due to symptoms like urinary retention and sexual dysfunction."

Treatment recommendations for prostate cancer differ by life expectancy of
patients and the severity of their diseases. Active surveillance, radical prostatectomy and
radiation therapy (external beam or brachytherapy) are major options for localized
prostate cancer patients. In the case of metastatic or locally advanced prostate cancer,
androgen deprivation therapy (ADT) ' such as surgical or chemical castration may also
be recommended.” However, prostate cancer cells can eventually become resistant to
ADT and progress to a state known as castration-resistant prostate cancer (CRPC).* 7!
Furthermore, ADT can potentially lead to higher cardiovascular morbidity and

mortality.”®!



1.1.1 Risk factors for prostate cancer

The established risk factors for prostate cancer are older age, race and family
history.'" ol Among these, age is the most important risk factor in prostate cancer."'”’
According to epidemiology data during 2002-2006, half of men diagnosed with prostate
cancer were over 68 years of age, and men aged from 70 to 74 had the highest
incidence.”

Other than age, genetic factors play a role in prostate cancer. For instance, men
with BRCA-2 mutations have up to 20 times greater risk for the disease compared with
the general population.""®! Furthermore, African American men have the highest
incidence of prostate cancer, followed by white men and other racial and ethnic groups."’
Recent genome-wide association studies have identified multiple novel loci which
account for the increased risk in prostate cancer, such as loci at chromosomal locations
8q24 and 17q21."*""! Elevated risk of clinical prostate cancer in men with affected
relatives was observed as early as 1956.1'%" It is believed that genetic factors may
account for up to 10% of all prostate cancer cases with significantly more in younger men
(age <55).2"-%2! Although no preventable risk factors for prostate cancer have yet been
established,!"! epidemiologic studies suggest that the development of prostate cancer can
[10]

be affected by environmental factors like diet and lifestyle.

1.1.2 Chemoprevention of prostate cancer

The term “chemoprevention” was coined by Sporn ef al. ' in 1976 and then
widely adopted when referring to the use of dietary or pharmaceutical agents to prevent
cancer. Since then, numerous studies have been carried out in this active area. As prostate

cancer generally progresses slowly, it might be a good target for intervention and



chemoprevention.[24] Given current unsatisfactory treatment options for prostate cancer
and its non-modifiable major risk factors (age, race, family history), prevention appears
to be a promising option for the majority of men.*> !

Diets containing tomatoes, green tea, cruciferous vegetables, soy, and/or red wine,
might reduce prostate cancer risk, while consumption of meat, fat and dairy products
might increase susceptibility.” 102720 11y addition, dietary chemoprevention is an
attractive approach because dietary supplements can be taken orally with good
compliance. Many epidemiological studies have supported the hypothesis that dietary
antioxidants might be used as a relatively inexpensive means of chemoprevention of

cancer.”"*! In this dissertation, chemoprevention by the most abundant carotenoid found

in tomatoes, lycopene, will be explored for its potential effects on prostate cancer.

1.1.3 Molecular mechanisms of lvcopene

One well known mechanism of cancer initiation involves mutations and
alterations of nucleic acids caused by free radical or singlet oxygen attack.”?! Besides
DNA, lipids and proteins can also be damaged by reactive oxygen species (ROS) through

uncontrolled oxidation.””!

Reducing exposure to ROS generating systems and
environmental carcinogens reduces the risk of oxidative stress related carcinogenesis.
Such protection might be achieved through the action of antioxidants in the diet."*”
Lycopene (W¥,¥-carotene) is a lipophilic red pigment mainly found in plant fruits,
such as tomatoes (Lycopersicon esculentum), watermelon, pink grapefruit, papaya, and

guava.”>*! Lycopene has no pro-vitamin A activity due to lacking of B-ionone ring in its

chemical structure (Figure 1). However, with 11 conjugated C=C and two



non-conjugated C=C in the system, lycopene is an excellent antioxidant and has been
reported to be the most effective singlet oxygen quencher among carotenoids.?®*"!
Although the role of ROS in prostate carcinogenesis is not fully understood,

1. ¥% 3% and Park and co-workers " reported that lycopene could reduce

Muzandu et a
DNA damage in vitro. In a different study, Liu " in our laboratory found that the nuclei
of the prostate cancer cells LNCaP contained approximately 81% of cellular lycopene
after being treated with lycopene beadlets containing 10% lycopene in vitro.
Consequently, a significant decrease in DNA oxidation product (8-oxo-dG) levels (P <
0.001) was observed in lycopene-treated LNCaP cells (at concentrations of > 0.58
uM).*?1 All these findings suggest that lycopene, as an antioxidant, can reduce oxidative
stress and protect DNA.

Besides reducing oxidative stress as a ROS scavenger, a number of other
molecular mechanisms have been suggested for lycopene in prostate cancer
chemoprevention. These mechanisms include up-regulation of the antioxidant response

g 24 41

elemen induction of cancer cell apoptosis and cell cycle arrest, inhibition of

signaling pathways of growth factors as well as the metastasis of cancer cells.l*!

1.1.4 Clinical trials

In a review by Giovannucci,*" 57 of 72 epidemiological studies showed that
tomato-based foods and lycopene intake could reduce the risk of multiple types of cancer,
including prostate cancer, breast cancer, lung cancer, stomach cancer, colorectal cancer,
and so on. Tomato-rich diets and higher blood lycopene levels have been inversely
related to prostate cancer risk. For example, a cohort study of 14,000 Seventh Day

Adventist men found that the consumption of tomato products was significantly related to



lower prostate cancer risk, while the consumption of -carotene rich foods was not."! In
a larger prospective cohort study conducted among 47,894 male health professionals
including dentists, optometrists, osteopaths, podiatrists, pharmacists, and veterinarians, a
relative risk in prostate cancer of 0.79 (95% confidence interval) between the high and
low quintiles of lycopene intake was achieved. However, no such association was
observed for intakes of other carotenoids such as B-carotene, a-carotene, lutein, and

B-cryptoxanthin for the study population.*’

In 1999, Gann and colleagues 471

published a nested case-control study of 578
prostate cancer patients and 1,294 matched controls using plasma samples from the
Physicians’ Health Study. They demonstrated an inverse association between plasma
lycopene levels and prostate cancer risk, particularly in the most aggressive cancer cases.
HPLC analysis was used to measure serum lycopene levels in two other case control
studies, however, no significant correlation between lycopene levels and prostate cancer
risk was observed.[** %!

Because of some common limitations of epidemiological studies and inconsistent
results in the literature, well-designed clinical intervention trials are needed to better
understand the prevention of this disease. In 2001, Chen et al. 1501 reported a preliminary
21-day whole-foods intervention of 32 prostate cancer patients using tomato sauce at a
dose equivalent to 30 mg lycopene per day. As the serum lycopene levels and prostate
lycopene levels increased by 1.97-fold and 2.92-fold respectively, total serum prostate

specific antigen levels™"

and 8-o0x0-dG levels in leukocytes of these men both deceased
compared with their baseline concentrations. These results indicated a potential benefit of

consuming tomato sauce for prostate cancer patients. Since this was a whole-foods based



study, no blinding or placebo control group was used. In a recent randomized, placebo

controlled, double blind phase II clinical trial published by van Breemen et al.",

a
1.93-fold increase of plasma lycopene levels was observed for 54 BPH and prostate
cancer patients randomized for 21-day 30 mg/d lycopene supplementation. Although no
significant changes in 8-0x0-dG or malondialdehyde were found in prostate tissue and
plasma of those patients, a declining trend for both oxidation biomarkers following
lycopene intervention suggests that lycopene did not function as a pro-oxidant. In 2011,
Kiristal et al. reported a nested case-control study, which was a follow-up investigation of
the Prostate Cancer Prevention Trial (PCPT). Originally, PCPT was a National Cancer
Institute (NCI) funded placebo-controlled trial of finasteride for prostate cancer
prevention, which began in 1993 and ended in 2003. Later, a large cohort (n=1,809) was
selected among the PCPT participants to examine the associations of serum lycopene
with prostate cancer risk. Although the outcomes do not support a role for lycopene in
prostate cancer prevention,[53] a fairly plausible argument made by Giovannucci [54]
suggests that the results suffered from selection bias in the study design.

In summary, due to the complexity of prostate cancer and variations in study
designs, mixed results have been obtained regarding lycopene and prostate cancer risk.
Although many risk factors were controlled in at least some of the clinical intervention
trials, few of them involved healthy men who would benefit the most by lycopene
chemoprevention. Therefore, there might be some difficulties in generalizing these
findings to the general population. To address this issue, a new randomized, placebo

controlled, double blind phase II clinical trial of lycopene was carried out in healthy men

as a part of this dissertation. Details of this study are described in Chapter 2.



1.1.5 PSA

Prostate specific antigen (PSA) i1s a 33 kDa single chain glycoprotein produced by
the epithelial cells of prostate. Since its discovery in the 1970s, PSA has been one of the
most widely used early detection biomarkers for prostate cancer.”> ™ The only known
physiological function of PSA is to liquefy the seminal fluid. Since only low levels of
PSA can be found in the blood of healthy men, elevated blood levels of PSA is often an
indication of abnormalities in the prostate due to trauma or disease."””’

Serum PSA circulates in both noncomplexed (free PSA) and complexed forms.
PSA forms complexes predominantly with o;-antichymotrypsin, o;-protease inhibitor,
and op-macroglobulin in serum. %" Generally, serum levels of total PSA (both forms)
greater than 10 ng/mL or percent free PSA less than 10% indicates an increased risk of
prostate cancer.”® ®!- %% Although men with serum total PSA levels greater than 4 ng/mL
and other risk factors such as family history and enlarged prostate are often
recommended by clinicians for prostate biopsy and pathological examination for possible
diagnosis of prostate cancer, false positive analyses are very common. Along with serum
total PSA, percent free PSA has also been widely used for prostate cancer screening or
active surveillance because of its improved specificity in men with total serum PSA
levels between 4 and 10 ng/mL."*** Since it is not practical or cost-effective to use true
clinical endpoints in most clinical prevention trials,®> %! total PSA and percent free PSA

in serum were used as the intermediate endpoint biomarkers for the lycopene intervention

study described in this dissertation.



1.2 Analysis of carotenoids

1.2.1 Carotenoids

Carotenoids provide important physiological functions such as protecting plants

from photodamage and providing precursors for vitamin A biosynthesis in humans.'®”!

There are over 600 known carotenoids in nature,[GS]

and carotenes comprise which
represent the unsaturated hydrocarbon subclass. The other major subclass is the
xanthophylls which are oxygenated carotenoids. The three most abundant dietary
carotenes are o-carotene, f-carotene and lycopene. B-Carotene and a-carotene can be
converted to retinol (vitamin A) during intestinal absorption. Although not a provitamin
A carotenoid, lycopene is the most potent antioxidant among the carotenes.”””! Lutein and
zeaxanthin are major dietary xanthophylls occurring in plants and micro-organisms.
Dietary intake of lutein and zeaxanthin helps prevent age-related macular
degeneration.[69]

Biosynthesized in plants as the all-trans isomers, dietary carotenoids can form
multiple cis isomers when exposed to heat or light, and these cis isomers have been
reported to have different bioavailabilities.”*"* The planar chemical structures of

all-trans-lycopene, all-trans-a-carotene, all-trans-B-carotene, all-trans-lutein, and

all-trans-zeaxanthin are shown in Figure 1.
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Figure 1. Chemical structures of selected carotenes and xanthophylls

1.2.2 Traditional methods for carotenoid analysis

The open-column chromatography used during the early years of carotenoid
analysis haven been replaced by more efficient HPLC techniques, and reversed-phase
HPLC has become the most often used type of chromatography for the separation of
carotenoids extracted from biological samples.”" The detection and quantitation of

751 or their

carotenoids during HPLC is usually based on their UV/vis spectral properties
masses during LC-MS.""® Electrochemical detection (ECD) is another type of detection

method available for HPLC analysis of carotenoids.””"! Even though it is more sensitive

than most common absorption spectrophotometric techniques, HPLC-ECD is less
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commonly used due to very limited structure information provided and relatively narrow

application range."*”

Although LC-MS provides good liquid based separation, sensitive detection as
well as elemental composition information of carotenoids, mass spectrometry has not
been able to distinguish cis/trans isomers of carotenoids. Futhermore, the time required
for fully optimized reversed-phase HPLC separations of carotenoid isomers can be up to
90 min in the case of lycopene.® Undoubtedly, rapidly resolving and quantifying
carotenoid geometrical isomers in biological specimens with good sensitivity would
facilitate research efforts directed toward the understanding of their physiological
functions. Toward this goal, we hypothesized that ion mobility mass spectrometry
(IM-MS) and ion mobility tandem mass spectrometry (IM-MS-MS) due to its
non-chromatographic separation could overcome the issue of speed and the simultaneous
application of tandem mass spectrometry could be used to distinguish geometric
carotenoid isomers for the first time. Separately, we investigated the utility of atmospheric
pressure photoionization (APPI) as an alternative to other atmospheric pressure ionization
techniques such as electrospray and atmospheric pressure chemical ionization (APCI) for

carotenoid analysis using mass spectrometry.

1.2.3 Ion mobility mass spectrometry (IM-MS)

[82]

Ion mobility spectrometry (IMS)"™” is the gas-phase separation of ions on the

basis of size and shape in an electric field. When coupled with mass spectrometry, a
[83-86] )

dimension of high speed separation can be added to mass spectrometric analysis.

be concise, the hyphenation of IMS and MS can be abbreviated as IM-MS."#"! Figure 2
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shows a schematic diagram of a conventional IMS drift cell. Ions of different sizes (based
on mass and shape) are separated in the drift cell as smaller ones travel faster through the
drift gas due to their smaller collision cross section (CCS). Since a weak and uniform
static electric field is used as the driving force in during conventional IMS, the mobility
or CCS of an ion can be calculated directly without further calibration. Although
excellent resolution has been achieved with conventional IMS, it suffers for low

sensitivity due to severe ion loss.**!

Drift Gas (He or N,, Ar, CO,, etc.)

lon Source ¢ % :J'_' Lo sf e Y ve ¢l Detector

Figure 2. Schematic of conventional ion mobility separation. Larger ions are delayed due
to their more extensive interaction with the drift gas compared with ions of smaller
collision cross sections.

1.2.4 Traveling wave ion mobility spectrometry

In addition to conventional IMS, three other major IMS techniques have been
developed including differential mobility IMS or field asymmetric IMS, traveling wave

ion mobility spectrometry (TWIMS), and differential mobility analyzer. Compared with
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conventional IMS (also known as drift time IMS), these alternative techniques normally
have better sensitivity but lower resolution.™ Although all four IMS techniques are
commercially available, TWIMS was selected for investigation in this dissertation as the
only type of ion mobility instrument available in our laboratory, on campus or in
Chicago.

The ion trajectory in a TWIMS drift cell is different from its path in a
conventional IMS drift cell because a non-uniform electric field is used to drive ions
through. In addition, a calibration is also required to obtain the CCS values of separated
ions. A schematic diagram for the first generation of a TWIMS based hybrid Q-ToF mass

spectrometer, the Synapt system made by Waters Corp., is shown in Figure 3.
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Figure 3. A schematic diagram of the Synapt ion mobility ToF mass spectrometer system
used during this investigation. Reprinted with permission from Steven D. Pringle et al., An
investigation of the mobility separation of some peptide and protein ions using a new
hybrid quadrupole/travelling wave IMS/oa-ToF instrument, Int J Mass Spectrom, 261(1):
1-12. Copyright (2007) Elsevier.

The traveling wave cell of the Synapt ion mobility ToF mass spectrometer is a
combination of three stacked ring ion guides (labeled as TRAP, IMS, and TRANSFER in
Figure 3). The function of the trap ion guide is to accumulate ions while previous ion
packet is undergoing ion mobility separation within the IMS ion guide. Separated ions are
sent to the ToF analyzer by the transfer ion guide for mass determination.'®”

Alternatively, the entire traveling wave unit can also serve as a collision cell for

collision-induced dissociation tandem mass spectrometry.
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Historically, IM-MS is more commonly used in studies of large molecules such as

[87. 89. 901 The utility of IM-MS for small natural product studies,

proteins and peptides.
such as investigation of geometrical isomers of carotenoids, has not been investigated
previously. Theoretical estimation suggests that a typical commercial IMS instrument
could provide ~100,000 times faster separation speed than a typical HPLC separation in
terms of carotenoid isomer analysis (e.g., 20 ms IMS separation vs 40 min
chromatographic separation). In this dissertation, travelling wave IM-MS technology was

applied for the first time to the measurement and characterization of carotenoids

including lycopene, -carotene, lutein, and zeaxanthin.

1.2.5 APPI interface

APPI is the latest atmospheric pressure ionization technique widely adopted for
LC-MS.”"¥ The most common mechanism in positive ion APPI is the absorption of a
high-energy photon by the analyte molecule and subsequent ejection of an electron. APPI
can also produce negative ions. The process probably is that analytes capture thermal
electrons generated from solvent ions, or produced by photons striking metal surfaces in
the ionization source.” *>! More detailed mechanisms are described in Chapter 4 of this

dissertation.

The APPI source can be operated with or without a dopant. Frequently,
dopant-assisted photoionization increases the ionization efficiency compared with direct
photoionization by enhancing ion-molecule reactions.”**! An extended conjugated

polyene chain with few functional groups makes carotenoids more hydrophobic and
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probably more suitable for APPI than many other natural products. Nevertheless, the use
of dopants might still enhance the limits of detection and quantitation of carotenoids.

Although numerous mass spectrometry related studies of carotenoids have been
published by the van Breemen lab as well as other researchers, APCI and electrospray
have been the most often used ionization techniques. To date, the APPI source has not
been widely applied to the analysis of carotenoids. In 2011, Rivera et al. published the
first comprehensive evaluation of dopant-assisted positive ion APPI of 16 carotenoids,
but negative ion APPI was not included."'®! Therefore, in this dissertation, both positive
ion and negative ion APPI and the utility of a variety of dopants were explored for
carotenoids mass spectrometry.

Two distinct types of APPI sources have become commercially available including
that described by Syage ez al. "°! and that of Bruins and co-workers''** (see Figures 4 and
5). The orthogonal APPI source of Syage is equipped with a radio frequency induced
krypton UV lamp, which has greater radiant output and potentially higher ionization
efficiency than conventional krypton UV lamps as used in the Bruins APPI source.
However, when a dopant is used for the ionization, both APPI designs have shown
comparable performance.[103 I'A Syage APPI source was used in this dissertation mounted

onto an Agilent 6410 triple quadrupole mass spectrometer (Figure 4).
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Figure 4. Schematic of the Syage APPI source used on an Agilent triple quadrupole mass
spectrometer during this investigation. Reprinted with permission from Damon B. Robb &
Michael W. Blades, State-of-the-art in atmospheric pressure photoionization for LC/MS,
Analytica Chimica Acta, 627(1): 34-49. Copyright (2008) Elsevier.



17

UV Lamp
B
—_—
- ": Curtain Plate
[
B2 []
Nebulizer Gas \
(Gas1) y
Quartz Tube Orifice
Llele) - /
LC Effluent —— ST
LI L2 11
Primary
Dopant lonization
PhotoSpray™ Region
Source Block

Curtain Gas™ |Interface

Figure 5. A Bruins-type APPI source used by Applied Biosystems/MDS SCIEX. Reprinted
with permission from Damon B. Robb & Michael W. Blades, State-of-the-art in
atmospheric pressure photoionization for LC/MS, Analytica Chimica Acta, 627(1): 34-49.
Copyright (2008) Elsevier.



2. QUANTITATIVE ANALYSIS OF LYCOPENE IN HUMAN SERUM AND ITS

EFFECTS
2.1 Introduction

Lycopene, the most abundant carotenoid in red tomatoes, is under investigation as
a chemopreventive agent against prostate cancer.”>***?! The consumption of tomatoes
and tomato sauce has been associated with reduced risk of prostate cancer.!"®! In 1999,
Gann and colleagues™”! reported an inverse association of plasma lycopene levels and
prostate cancer risk, particularly in aggressive cases of prostate cancer. Therefore, it has
been hypothesized that lycopene is responsible for these protective effects. Since dietary
recalls may not accurately reflect the lycopene intake of subjects and are subject to recall
bias, here we used a validated LC-MS-MS assay developed in the van Breemen
laboratory'*> '®! to measure serum levels of lycopene in a randomized, placebo

controlled, double-blind phase II clinical trial of lycopene in healthy men.

As discussed briefly in Chapter I, intermediate endpoint biomarkers are often used
in clinical trials when the clinically meaningful endpoint (e.g., survival rates and deaths)

are not accessible.'®!

Hypothesizing that lycopene functions as an antioxidant to
prevent prostate cancer , intermediate endpoint biomarkers for DNA oxidation and lipid
peroxidation were measured during this study to evaluate the effects of lycopene on
oxidative stress in men. Urinary 8-oxo-dG was selected as a DNA oxidation marker,

while urinary 8-iso-PGF,a was used as a marker of lipid peroxidation. Detailed

information about these biomarkers is available elsewhere.!'%® %7 In addition, total PSA
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and percent free PSA in the serum, which are used as indicators of prostate health, were

determined.

2.2 Lycopene dietary intervention study

2.2.1 Study design

Directed by principal investigator Dr. Richard van Breemen, a four-arm
randomized, placebo-controlled, and double-blind phase II clinical intervention study of
lycopene dietary supplement was carried out at the University of Illinois at Chicago.!"®
The latest version of the study protocol (ID #: 2004-0217) was approved for the period
May 4, 2012 - May 3, 2013 by Institutional Review Board %! at UIC. Both lycopene and
placebo capsules used for the intervention study were provided by LycoRed (Beer-Sheva,
Israel). The lycopene capsules were standardized to contain 15 mg lycopene per capsule
while the placebo capsules contained only soybean oil.!"*!

In summary, 150 healthy men from the local community who met with the criteria
(i.e. research subject candidates must be at least 18 years old and cannot be hospital
inpatients, or allergic to tomatoes or tomato products, or have taken lycopene in
supplement form within two weeks prior to enrollment) were enrolled the intervention
study after each received informed consent.'*? Demographic information concerning each
subject including age, ethnicity, height, weight, health history, smoking status, alcohol
consumption, current medications, vitamin and dietary supplement usage was
documented at the time of enrollment. Subjects were then randomized into one of the four

arms and administered capsules containing either lycopene (30 or 60 mg/d) or placebo for

21 days followed by a 21-day washout period (see Figure 6 for more details of the
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treatment regime). All enrolled subjects agreed to supply blood and urine specimens on
three occasions as follows: on day O (baseline), on day 21, and on day 42. Meanwhile,
subjects were interviewed by a bionutrition manager for a 24-h diet recall during each of
their General Clinical Research Center (GCRC) visits at UIC. More details for this
clinical study have been reported by Dr. Ang Liu,"? Dr. Jeffrey Dahl"'%! and Dr. Long
Yuan.""" A brief summary of the study protocol can also be accessed through

ClinicalTrials.gov via identifier NCT00322114.

Healthy men
(Randomized, double-blind)

150 men
|
| | 1 |
Lycopene Placebo Lycopene Placebo
2 capsules (30mg)/day 2 capsules/day 4 capsules (60mg)/day 4 capsules/day
15 men 15 men
Dietary Intervention Washout
Day 0-------------------- ay 21 --------------- oo Day 42

Figure 6. Study design of the phase II clinical intervention of lycopene in healthy men.

2.2.2 Clinical sample analysis

Results of the 30 mg/d lycopene dietary intervention part of this study (low dose
arms) have been described previously in the dissertations of Dr. Ang Liu (lycopene and
PSA),"** Dr. Jeffrey Dahl (8-iso-PGF,,)!'* and Dr. Long Yuan (8-0x0-dG)"'"”! from the

van Breemen laboratory. This chapter will therefore focus on the analysis, results and
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discussion of data from the two high dose arms of this study (60 mg/d lycopene and

corresponding controls).

Quantitative analysis of serum levels of lycopene in the high dose study subjects
was carried out using a validated LC-MS-MS assay reported previously by Fang et al "%

and Liu!**

of the van Breemen laboratory. The serum levels of total PSA and free PSA
were measured using commercially available enzyme-linked immunosorbent assay
(ELISA) kits manufactured by Bio-Quant (San Diego, CA). The urinary levels of
8-0x0-dG were measured by Dr. Yang Yuan using an LC-MS-MS assay developed
previously in the same laboratory.!"””! The urinary levels of creatinine were also measured
by Dr. Yang Yuan using a commercially available clinical chemistry assay kit
manufactured by Cayman (Ann Arbor, MI). The levels of 8-iso-PGF,, in urine were
determined by Dr. Jeffery Dahl and Dr. Kevin Krock using a LC-MS-MS assay

developed in this laboratory.!"*® '"!

23 Materials and methods

2.3.1 Chemicals

All-trans-lycopene (>90%), absolute ethanol (>99.5%), and butylated
hydroxytoluene (BHT) were purchased from Sigma-Aldrich (St. Louis, MO).
[8,8’,9,9’,10,10’,11,11’,19,19’—13C10]—a11—trans—lycopene was supplied by Cambridge
Isotope Laboratories (Andover, MA). Defibrinated, charcoal stripped, pooled human
serum was purchased from Innovative Research (Novi, MI). HPLC-grade acetonitrile,

methyl-tert-butyl ether (MTBE), hexane, and dichloromethane were purchased from
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Fisher Scientific (Fairlawn, NJ). Water was prepared on demand using a Millipore

Milli-Q water purification system (Billerica, MA).

2.3.2 Sample preparation

Lycopene stock solutions were prepared by dissolving ~1 mg of all-trans
lycopene in 10 mL of dichloromethane. Since lycopene is sensitive to light and oxygen
exposure, stock solutions were prepared under dim light then stored in amber vials at
-80°C. Concentrations of lycopene stock solutions were measured using a Bio-Rad
(Hercules, CA) SmartSpec™ Plus spectrophotometer and standardized based on the
absorbance at 502 nm using the reported molar absorption coefficient of lycopene (1.72 x
10° L mol™ cm'l) in hexane/CH,Cl, (98:2; v/v).“os] Separate stock solutions were used to
prepare calibration standards and quality control samples. Fresh working standard
solutions were prepared each day by evaporating stock solutions followed by
reconstitution and dilution with acetonitrile/MTBE (1:1, v/v).

Each calibration curve consisted of a double blank sample (charcoal stripped
human serum processed without surrogate standard), a zero sample (charcoal stripped
human serum processed with surrogate standard), and seven non-zero samples covering
the expected range. Seven calibration levels from 0.04 to 5.0 uM and quality control
samples of 0.3, 1.0 and 3.0 uM were prepared by diluting the appropriate volume of
working standard solutions with charcoal stripped human serum. Fresh calibration
standards and quality control samples were prepared each day using freshly prepared
working standard solutions.

Serum samples from the lycopene intervention study were thawed at room

temperature followed by vortexing to ensure homogeneity. Two aliquots (200 pL each)
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per clinical serum sample were each spiked with the surrogate standard,
[13C10]—a11—trans—1ycopene (20 pL, 10 uM) after mixing with equal volumes of water. All
samples were then deproteinized with 600 pL of absolute ethanol. The mixtures were
extracted twice with 2.5 mL portions of hexane containing 100 mg/LL BHT, followed by
centrifugation for 5 min at 800 x g and 4°C. The hexane extracts were collected,
combined, and evaporated to dryness under a stream of nitrogen. Each residue was
reconstituted in 40 phL MTBE and then 40 pL acetonitrile was added. Aliquots (10 pL) of
each prepared sample were injected onto the HPLC column for LC-MS-MS analysis.
Serum samples representing all time points from a particular subject were prepared and

analyzed simultaneously to minimize experimental variations.

2.3.3 LC-MS-MS analysis of lycopene

LC-MS-MS was carried out using a Thermo-Finnigan TSQ Quantum triple
quadrupole mass spectrometer (San Jose, CA) interfaced with a Waters Alliance 2695
HPLC System (Milford, MA). The HPLC separation was carried out using a Phenomenex
(Torrance, CA) Luna C;3 HPLC column (5 wm, 2.0 X 150 mm) at a flow rate of 0.4
mL/min. Lycopene was eluted as a single HPLC peak (the sum of cis- and all-trans
lycopene isomers) from the column using isocratic acetonitrile/MTBE (85:15, v/v).
Negative ion APCI mass spectrometry was operated at a discharge current of 17 LA with
a capillary temperature of 336 °C and vaporizer temperature of 329 °C. The operating
sheath gas (N;) and auxiliary gas (N;) pressures were 50 psi and 5 psi respectively. Argon
collision gas was set to 1.2 torr for CID with a collision energy of 25 eV. Selected

reaction monitoring (SRM) transitions of m/z 536 to m/z 467 and m/z 546 to m/z 477 were



24

monitored with a dwell time of 0.5 s each for all-trans lycopene and
[13C10]—a11—tmns—1ycopene (surrogate standard). The peak area ratios of the two SRM
transitions were calculated using Thermo Xcalibur 2.0.7 software for the quantitation of

total lycopene in the serum samples.

2.3.4 PSA measurement

Serum samples were first incubated with an anti-PSA monoclonal antibody coated
on the surface of each well, and then a mouse anti-PSA antibody labeled with horseradish
peroxidase (HRP) was added as the tracer. After washing off unbound enzyme-labeled
antibody, an enzyme substrate, tetramethyl benzidine (TMB) was added. The absorbance
of the quenched reaction solution was proportional to the concentration of PSA in the
sample. For the measurement of total PSA concentration, aliquots (50 pL) of blanks,
standards, or serum samples were added into the antibody coated wells in duplicates.
Followed by adding 100 pL of enzyme conjugate, the mixed solutions were incubated at
room temperature (18-26°C) for 60 min. Each well on the plate was washed three times
with 300 uL wash buffer to remove unbounded enzyme conjugate, and then 100 pL of
TMB substrate was added. After 15 min incubation at room temperature, the reaction was
quenched by adding 50 uL stop solution. The absorbance was measured at 450 nm within
15 min. Total PSA concentrations in human serum were calculated from the calibration
curve. The serum levels of free PSA were measured similarly, except that antibodies

targeted to free PSA were used.
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2.3.5 Food recall analysis

Twenty-four-hour dietary recall data for each study subject were analyzed by Ms.
Amanda Guide of the GCRC using Nutrition Data System for Research software released

by the University of Minnesota (Minneapolis, MN).

2.3.6 Statistical analysis

Statistical analysis was carried out using Statistical Package for Social Sciences
(SPSS) software (version 16.0, SPSS, Inc, Chicago, IL). Continuous variables were
presented as means * standard deviation (SD), and means were compared by using the
independent samples t-test or Mann-Whitney test depending on the distributions of
datasets subjected to comparison. The Pearson chi-square test was used for the analysis of
categorical variables such as ethnicity, smoking status and alcohol assumption status. All
statistical tests were 2-sided, and P values <0.05 were considered to be statistically

significant.

2.4 Results and discussion

2.4.1 Enrollment and characteristics of study subjects

Overall, 80 out of 234 screened healthy men were admitted and randomized into
the lycopene high dose intervention study (see Figure 7). Three subjects in the 60 mg/d
lycopene arm and 1 subject in the 4-capsule placebo arm withdrew from the study after
their first laboratory visits without any explanation. Therefore, none of these subjects

were included in the sample analysis. No side effects were noted by any of the subjects.
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Statistical analyses of demographic characteristics of the 76 study subjects were
carried out by comparing means of the lycopene treated group vs. placebo group. As
shown in Table I, the 60 mg/d lycopene treated arm and the placebo arm did not differ
significantly in terms of age (P = 0.323), height (P = 0.432), weight (P = 0.949), or BMI
(P = 0.472). Furthermore, no significant differences were found regarding ethnicity,
smoking or consumption of alcohol between the subjects randomized to the two arms (P

> (0.28; Table I).



Subjects screened
(n=234)
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Subjects refused to participate
or failed to meet criteria
(n=154)

Subjects randomized

(n=80)

Lycopene
(n=63)

Placebo
(n=17)

U

J

Lost to follow up
(n=3)

(n=60)

Subjects included in analysis

Lost to follow up
(n=1)

Subjects included in analysis
(n=16)

Figure 7. Flowchart of subject recruitment for high-dose lycopene study in healthy men
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TABLE I
DEMOGRAPHIC CHARACTERISTICS OF ALL STUDY SUBJECTS BY
INTERVENTION GROUPS (60 MG/DAY OR PLACEBO)

. L. Total Placebo Lycopene
Characteristic (n=76) (n=16) (n=20) P
Age,y 33.8+13.8 37.8+£16.3 32.8+13.0 0.323%
Height, cm 177.4+£7.5 176.1£7.9 177.7+£7.4 0.432°
Weight, kg 83.0+13.9 81.6+9.8 83.3+£14.9 0.949*
BMI, kg/m2 26.3+3.9 26.3+2.6 26.3+4.2 0.472*
Ethnicity, %
NH White 67.1 75.0 65.0 0.558°
Asian 23.7 25.0 23.3
Black 1.3 0 1.7
Other 7.9 0 10.0
Smoking status, %
Yes 6.6 12.5 5.0 0.282°
Former/no 934 87.5 95.0
Alcohol consumption, %
Yes 78.9 75.0 80.0 0.663°
Former/no 21.1 25.0 20.0

* P values determined by comparing demographic characteristics of study subjects in
placebo group versus lycopene group using Mann-Whitney test.

® P value determined by comparing demographic characteristics of study subjects in
placebo group versus lycopene group using independent-samples t-test.

¢ P values determined by comparing demographic characteristics of study subjects in
placebo group versus lycopene group using Pearson Chi Square test.

2.4.2 Quantitative analysis of lycopene

The APCI product ion tandem mass spectra of lycopene and
[°Co]-all-trans-lycopene (used as a surrogate standard) are shown in Figure 8. As

previously reported by Fang et al. "% Joss of a terminal isoprene group from the radical
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anion of lycopene was found to be the most abundant product ion during negative ion
APCI of both lycopene and its surrogate standard. The fragment ions corresponding to
[M-69-69]" and [M-69-106] formed by the elimination two terminal isoprene radicals or
one isoprene radical plus one xylene molecule, respectively, were also observed, but were

not used for quantitation due to their lower abundances. > ''!

The SRM transitions of m/z 536 > 467 and m/z 546 > 477 were used during
LC-MS-MS analysis of serum extracts to achieve optimal sensitivity and specificity for
the measurement of lycopene and its surrogate standard, respectively.''® Since isomeric
a-carotene and PB-carotene contain terminal rings, they do not fragment to eliminate an
isoprene group and were not detected during LC-MS-MS, even though they are abundant
in human serum. An example of an LC-MS-MS analysis of a serum sample from this
investigation showing the selective detection of lycopene and its surrogate standard is

shown in Figure 9.
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['°C)o]-all-trans-lycopene.
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Figure 9. Negative ion APCI LC-MS-MS SRM chromatograms for the quantitative
analysis of lycopene in a serum sample from the clinical study. The lycopene peak
represented a serum concentration of 0.435 uM.

2.4.3 Lycopene response

The concentrations of lycopene in the serum of all subjects at day 0, day 21 and
day 42 were determined using LC-MS-MS, and the results are summarized in Figure 10.
A box plot of mean differences of serum lycopene concentrations for the placebo arm and
lycopene intervention arm before and after 21-day intervention is shown in Figure 11.
Mean serum lycopene concentration increased 1.52-fold in the 60 mg/d lycopene
intervention arm from 0.753 + 0.347 pumol/L at day O to 1.147 + 0.432 pmol/L at day 21

(Table II). Compared with a mean difference of -0.149 + 0.715 pmol/L for the placebo
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group, a mean difference of 0.393 + 0.285 pmol/L was observed for the lycopene

intervention group,

which was a statistically

concentration due to supplementation (P < 0.0001).

significant increase in lycopene
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Figure 10. Serum levels of lycopene of individual subjects at day O (baseline), day
21(intervention), and day 42 (wash out).
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Figure 11. Mean differences of serum lycopene concentrations between day O (baseline)
and day 21 (intervention) in the placebo arm and lycopene intervention arm.

The increase in serum lycopene due to supplementation was similar to a dietary

1.P% using tomato sauce equivalent to 30 mg/d

intervention reported by Chen et a
lycopene, which demonstrated an increase in human serum lycopene levels of 1.97-fold
in 3 weeks. This magnitude of increase was also comparable to our previous study
focused on African American men with prostate cancer or benign prostate hyperplasia

(BPH),”* in which a mean plasma lycopene increased by 1.93-fold following 21-day

lycopene supplementation at 30 mg/d. The serum level of lycopene obtained in healthy
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men using 60 mg/d was not significantly different from that we observed previously
following supplementation using 30 mg/d in healthy men, in which mean serum lycopene

levels increased 1.63-fold.[**

Considering that the mean serum lycopene concentration for the 30 mg lycopene
intervention arm of the present study was 1.483 + 0.685 pmol/L at day 21,"* and for the
60 mg lycopene arm was 1.147 + 0.432 umol/L at day 21, there was clearly no positive
correlation between the mean serum concentrations of lycopene and dosage levels.
Although a dose-dependent increase in serum lycopene levels was reported by Kim et
al™¥ in their 8-week randomized controlled trial using lycopene supplementation at 6
mg/d and 15 mg/d, this finding indicates that serum levels of lycopene in men probably
reached a plateau following a 3-week lycopene supplementation at the higher dosage of
30 mg/d. Our results are in good agreement with a dose-escalating trial of lycopene

conducted by Clark et al.,"! which reported similar plasma levels of lycopene across 15,

30, 45, 60, 90 mg/d groups with up to 12 months of supplementation.

After the supplementation ended, it was found that the mean serum lycopene level
returned to the baseline after 21-day wash out period as shown in Figure 10 (0.753+0.347

umol/L at baseline vs 0.788+0.336 pumol/L on day 42, P = 0.347, Wilcoxon test). In

[115]

decades ago, Gustin et al"* and Stahl and Sies estimated that the half-life of

lycopene in human plasma was 1-3 days after a single dose. In 2011, a bioavailability

study using "C labeled lycopene conducted by Ross et al. M

suggested that the
elimination half-life of 14C—lycopene from human plasma was 5 days. All these reports

support that a 21-day intervention followed by a 21-day washout period in our study
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design was appropriate and cost-effective, since majority compounds reach their steady

blood levels by 4-5 half-lives in response to a change of regular dosing."'*®

To determine if there were significant differences in diet between the treatment
and placebo groups, a Mann-Whitney test was performed for their 24-hour diet recall data
collected at day 0, day 21 and day 42. No significant differences were observed between
the two arms with respect to consumptions of lycopene, cholesterol, total fat, total
carotenoids, and total tocopherols. For the consumption of total triglycerides, a
significant difference (P = 0.049) was only observed at the end of the wash out period
(day 42), which was unlikely to affect the clinical outcomes of the 21-day intervention.
Additional Mann-Whitney tests of the serum lycopene levels at baseline between smokers
and non-smokers (P = 0.253) or between men who were alcohol drinkers or non-alcohol

drinkers (P = 0.619) also did not reveal any significant differences.

Although subjects were instructed to maintain a normal diet, mean serum
lycopene concentrations declined slightly in the placebo arm from 1.005 + 0.840 pmol/L
(day 0) to 0.856 + 0.301 umol/L (day 21). According to the 24-hour food recall analysis,
average 24-h lycopene intakes were 1050 pg (day 0), 836 pg (day 21), and 943 pg (day
42) for the placebo arm, and 670 ug (day 0), 581 pg (day 21), and 518 pg (day 42) for the
lycopene intervention arm respectively. As indicated by the food recall information,
average lycopene consumption through diet was lower for men on both arms at their
second visit (day 21) and third visit (day 42). Therefore, this decreased lycopene level in
serum may be attributed the reduction of lycopene containing food consumption after

enrollment.
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In summary, while no significant differences were observed with respect to 24-h
lycopene intake (P = 0.514, Mann-Whitney test) or baseline serum lycopene levels (P =
0.185, Mann-Whitney test) between the two arms at day 0, men who received lycopene at
60 mg per day for 3 weeks demonstrated a significant increase (P < 0.0001) in their mean

serum lycopene concentrations (Figure 11 and Table II).
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TABLE 11
CLINICAL OUTCOMES OF THE STUDY GROUPS: 21-D LYCOPENE SUPPLEMENTATION AT 60 MG/DAY VS. PLACEBO
Placebo Lycopene
Biomarker Baseline End of Difference Baseline End of Difference )/
intervention intervention

Serum lycopene 1.005£0.840  0.856%0.301

-0.149+£0.715  0.753+0.347 1.147+0.432  0.393+0.285 <0.0001 *
(umol/L) (n=16) (n=16)

(n=16) (n=60) (n=60) (n=60)
Urinary 8-o0xo0-dG 1.785+£2.212 1.939+1.427 0.154+2.194  2.486%2.850 2.358+2.530  -0.129+2.899 0.16*

(ng/mg creatinine) (n=16) (n=16) (n=16) (n=60) (n=60) (n=60)

Urinary 8-iso-PGF,, 140.5£120.3 178.9+120.7 38.4+109.6 152.7+141.7 148.8+96.2 -4.0+£119.1 0.07*%
(pg/mg creatinine) (n=16) (n=16)

(n=16) (n=55) (n=55) (n=55)

P values determined by comparing the placebo group with the lycopene group using Mann-Whitney test.
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2.4.4 Antioxidant biomarkers

The urinary levels of 8-0xo-dG and 8-is0-PGF,q, normalized to creatinine, were
measured as indications of systemic DNA oxidation and lipid peroxidation, respectively,
at day 0, day 21 and day 42 for all study subjects. The concentrations of 8-oxo-dG and
8-150-PGF,,, in all urine samples are plotted in Figures 12 and 13, respectively. The
Mann-Whitney test was used for the comparison of both urinary levels of 8-oxo-dG and
8-1s0-PGF,, between the two arms, since these data did not follow a Gaussian

distribution. These comparisons are summarized in Table II.
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Figure 12. Urinary levels of 8-o0xo-dG (normalized to creatinine) of individual subjects in
the placebo group and in the lycopene (60 mg/d) supplementation group at day O
(baseline), day 21(intervention), and day 42 (wash out).
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Figure 13. 8-is0-PGF,,, (normalized to creatinine) in urine from subjects receiving placebo
or lycopene (60 mg/d) at day O (baseline), day 21(intervention), and day 42 (wash out).

As shown in Table II, the mean of urinary 8-0xo-dG concentrations in the placebo
arm increased slightly from 1.785 + 2.212 ng/mg creatinine at day O to 1.939 + 1.427
ng/mg creatinine at day 21. During this same period, the mean of urinary 8-oxo-dG
concentrations decreased from 2.486 + 2.850 to 2.358 + 2.530 ng/mg creatinine in the
lycopene supplementation group (60 mg/d) with a mean difference of -0.129 + 2.899
ng/mg creatinine. Since the mean values of 8-0xo-dG increased in the control group
while decreasing in the lycopene treatment group (Figure 14), there was a trend toward

reduced oxidative stress as indicated by reduced DNA damage in healthy men receiving
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lycopene. However, this trend did not achieve statistical significance in this small study

population (P = 0.16, Table II).
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Figure 14. Mean differences of urinary 8-o0xo-dG concentrations between day 0
(baseline) and day 21 (intervention) in the placebo group and the lycopene (60 mg/d)
intervention group.
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A biomarker of lipid peroxidation, 8-iso-PGF,, concentrations dropped from
152.7 + 141.7 pg/mg creatinine to 148.8 + 96.2 pg/mg creatinine (-4.0 = 119.1 pg/mg
creatinine) in subjects receiving 60 mg/d lycopene for 21 days. During the same 21-day
period, urinary 8-is0o-PGF,, increased in the control group (38.4 + 141.7 pg/mg
creatinine). Although these differences in urinary 8-iso-PGF,, levels showed a strong
trend suggesting that lycopene supplementation helps prevent lipid peroxidation in vivo
(Figure 15), the concentrations between the two arms were not quite significant (P = 0.07,

Table II).
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Figure 15. Mean differences of urinary 8-isoprostaglandin-F,, concentrations between
day O (baseline) and day 21 (intervention) in the placebo arm and lycopene intervention
arm (60 mg/d).

2.4.5 Total PSA and free PSA

Serum levels of total PSA and free PSA in men of high dose arms (60 mg/d or
placebo) were measured using two types of ELISA kits by strict adherence to the
supplied protocols summarized in section 2.3.4. The results for all high dose study

samples analyzed are listed in Table III. It was found that 53 out of 226 (23.5%) total
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PSA measurements and 155 out of 226 (68.5%) free PSA measurements were
unsuccessful (<LLOQ).

In comparison with our successful measurements made on low dose study
samples (30 mg/d or placebo) previously, a few critical changes made to the new batches
of ELISA kits probably contributed to the decreased sensitivity. Firstly, the
enzyme-linked antibodies (anti-PSA or anti-free PSA antibodies) have been reformulated
(technical details were not disclosed). Secondly, the initial 60-min incubation step of
coated antibodies (solid-phase antibodies) with PSA or free PSA in human serum along
with subsequent washes has been combined with the second incubation step for
enzyme-linked antibodies."**! Although the assay times were significantly shortened from
previous 140 min (2-step incubation) to less than 80 min (single-step incubation), the new
protocols were more vulnerable to nonspecific reactions.!"'”! For instance, less PSA or
free PSA in the samples are available to react with solid-phase antibodies due to the
nonspecific binding with enzyme conjugates in the incubation. Since the current format
of total PSA or free PSA ELISA kits did not produce reliable measurements for
significant portions of the study samples, no conclusion can be made due to the lack of
necessary statistical power. Therefore, the entire analysis needs to be repeated with a

validated alternative assay when possible.
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TABLE III
SERUM LEVELS OF PSA AND FREE PSA MEASURED BY ELISA USING
SINGLE-STEP PROTOCOLS (60 MG/DAY OR PLACEBO)

Day 0 Day 21 Day 42 Day 0 Day 21 Day 42
Subject PSA PSA PSA free PSA free PSA free PSA
(ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL)
1 0.137 0.314 0.294 <LLOQ? 0.140 <LLOQ
2 0.255 0.510 0.294 0.105 0.133 0.140
3 0.104 0.104 0.278 <LLOQ <LLOQ <LLOQ
4 0.686 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
5 0.157 0.137 <LLOQ <LLOQ <LLOQ <LLOQ
6 1.500 1.463 1.452 0.363 0.347 0.347
7 0.822 0.933 0.867 <LLOQ <LLOQ <LLOQ
8 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
9 0.533 0.222 <LLOQ <LLOQ <LLOQ <LLOQ
10 0.661 0.678 0.209 <LLOQ <LLOQ <LLOQ
11 3.253 3.793 4.108 0.193 0.203 0.178
12 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
13 0.356 0.600 0.311 <LLOQ <LLOQ <LLOQ
14 0.178 0.244 0.244 <LLOQ <LLOQ <LLOQ
15 <LLOQ 0.324 <LLOQ <LLOQ <LLOQ <LLOQ
16 <LLOQ 0.405 0.108 <LLOQ <LLOQ <LLOQ
17 0.176 0.275 0.275 <LLOQ <LLOQ <LLOQ
18 1.463 1.329 1.214 0.201 0.195 0.212
19 1.539 1.838 1.781 0.158 0.194 0.192
20 0.430 0.404 0.447 0.181 0.179 0.166
21 2.092 2.278 2.718 0.415 0.390 0.376
22 1.156 0.933 0.844 1.353 1.108 1.058
23 0.529 <LLOQ 0.118 <LLOQ <LLOQ <LLOQ
24 1.971 1.979 2.063 0.414 0.389 0.390
25 0.139 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
26 0.243 0.216 0.189 <LLOQ <LLOQ <LLOQ
27 0.118 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
28 0.506 0.506 1.149 <LLOQ <LLOQ <LLOQ
29 0.176 0.412 0.235 <LLOQ <LLOQ <LLOQ
30 <LLOQ 0.330 <LLOQ <LLOQ <LLOQ <LLOQ
31 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
32 0.345 0.138 0.161 <LLOQ <LLOQ 0.168
33 0.333 0.178 0.267 <LLOQ <LLOQ <LLOQ
34 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
35 1.443 1.219 1.346 0.116 <LLOQ 0.109
36 0.270 0.243 0.162 <LLOQ <LLOQ <LLOQ
37 0.644 0.200 0.356 <LLOQ <LLOQ <LLOQ
38 0.289 0.133 <LLOQ <LLOQ <LLOQ <LLOQ
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TABLE III (continued)
SERUM LEVELS OF PSA AND FREE PSA MEASURED BY ELISA USING
SINGLE-STEP PROTOCOLS (60 MG/DAY OR PLACEBO)

Day 0 Day 21 Day 42 Day 0 Day 21 Day 42
Subject PSA PSA PSA free PSA free PSA free PSA
(ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL) (ng/mL)

39 <LLOQ 0.405 0.135 <LLOQ <LLOQ <LLOQ
40 0.627 0.570 0.605 0.428 0.358 0.299
41 0.690 0.782 0.713 <LLOQ <LLOQ <LLOQ
42 0.531 0.605 0.399 <LLOQ <LLOQ <LLOQ
43 1.586 1.169 1.260 0.567 0.566 0.587
44 0.333 0.471 0.333 0.133 0.147 0.168
45 <LLOQ <LLOQ 0.422 <LLOQ <LLOQ <LLOQ
46 0.330 0.296 0.104 0.118 0.299 <LLOQ
47 <LLOQ <LLOQ 0.296 <LLOQ 0.139 <LLOQ
48 3.294 3.588 3.559 0.218 0.223 0.202
49 0.373 0.451 0.510 0.210 0.161 0.154
50 0.104 <LLOQ 0.139 <LLOQ <LLOQ <LLOQ
51 4.617 5.408 1.513 0.447 0.382 0.140
52 <LLOQ 0.444 0.222 <LLOQ <LLOQ <LLOQ
53 0.289 0.222 <LLOQ 0.161 <LLOQ <LLOQ
54 1.544 1.504 1.474 0.200 0.174 0.145
55 <LLOQ <LLOQ 0.118 <LLOQ <LLOQ <LLOQ
56 <LLOQ 0.368 N/AP <LLOQ <LLOQ N/A
57 <LLOQ 0.174 0.296 <LLOQ <LLOQ <LLOQ
58 1.059 0.196 <LLOQ <LLOQ <LLOQ <LLOQ
59 0.667 0.161 0.230 <LLOQ <LLOQ <LLOQ
60 <LLOQ <LLOQ 0.297 <LLOQ <LLOQ <LLOQ
61 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
62 0.139 0.122 <LLOQ 0.118 0.112 <LLOQ
63 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ
64 1.399 1.579 1.149 0.168 0.162 0.122
65 0.378 0.356 <LLOQ <LLOQ <LLOQ <LLOQ
66 1.135 1.135 1.622 <LLOQ 0.105 0.105
67 0.405 0.378 1.324 <LLOQ <LLOQ <LLOQ
68 0.874 0.529 0.552 <LLOQ 0.117 <LLOQ
69 0.174 0.191 0.383 <LLOQ <LLOQ 0.112
70 1.719 1.561 1.469 0.142 0.254 0.208
71 0.598 1.172 N/A <LLOQ 0.128 N/A
72 0.243 0.378 0.270 <LLOQ <LLOQ <LLOQ
73 0.400 1.902 0.822 <LLOQ 0.135 <LLOQ
74 0.255 0.137 0.137 <LLOQ <LLOQ 0.196
75 0.811 <LLOQ 0.189 <LLOQ <LLOQ <LLOQ
76 <LLOQ <LLOQ 0.270 <LLOQ <LLOQ <LLOQ

*Below the lower limit of quantitation (LLOQ = 0.1 ng/mL).

®N/A: not available. Subject did not supply blood sample on day 42.
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2.5 Conclusions

Randomized controlled trials are the gold standard for evaluating potential
therapeutic agents as well as chemopreventive agents. Based on searches of the National

Cancer Institute database (http://www.cancer.gov/clinicaltrials/search) and National

Institutes of Health database (http://www.clinicaltrials.gov/ct2/search/advanced) as of

Feb, 2013, this prostate cancer prevention trial has been the largest controlled randomized
clinical trial to test lycopene. This investigation had the several advantages over previous
lycopene trials. First, unlike lycopene or tomato product trials based on food-frequency
questionnaires, which are indirect estimates of lycopene levels, this study used a
validated LC-MS-MS assay to determine lycopene concentrations in human serum at
baseline as well as after supplementation. Second, healthy men instead of men with
existing prostate cancer or BPH were recruited for this unique clinical trial, so that
evidence of lycopene antioxidant activity is directly relevant for prostate cancer

chemoprevention.

In the study, 60 mg/d lycopene supplementation was well tolerated by healthy
men, since no side effects were reported. Supplementation with 60 mg/d lycopene for 21
days increased serum concentration 1.52-fold, which was almost identical and definitely
not more than the 1.63-fold increase in serum lycopene that we observed in the 30 mg/d
arm of this study. This lack of dose-response observed in this study and reported in the
literature suggests that serum lycopene concentrations may reach a plateau at a dosage of

30 mg/d and that higher dosages cannot raise serum levels any further.
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No significant changes were observed in the urinary levels of the DNA oxidation
biomarker 8-oxo-dG and the lipid peroxidation biomarker 8-iso-PGF,, in another arm of
our study as a result of lycopene supplementation at 30 mg/d.[l%] However, stronger
antioxidant effects were observed in the 60 mg/d lycopene group compared with the 30
mg/d supplementation group. Although these changes remained statistically insignificant,
the subtle differences may become more detectable with longer intervention period or
trials with larger study populations. In any case, these results confirm that lycopene at the

high dose of 60 mg/d does not act as a pro-oxidant.

Serum PSA is being used as a biomarker for prostate cancer screening. Significant
decreases of total PSA following 30 mg/d lycopene supplementation was reported by our
group*?! as well as by others. Although we had intended to utilize total PSA and percent
free PSA as our intermediate endpoint for the 60 mg/d lycopene study group, the
measurements of total PSA and free PSA in serum from this part of the study were
unsuccessful due to the insensitivity of currently available ELISA kits. As appropriate
assay kits become available, these analyses will be repeated as another measure of

lycopene prostate cancer chemoprevention.



3. COLLISION CROSS-SECTION DETERMINATION AND TANDEM MASS
SPECTROMETRIC ANALYSIS OF ISOMERIC CAROTENOIDS USING
ELECTROSPRAY ION MOBILITY TIME-OF-FLIGHT MASS

SPECTROMETRY

3.1 Introduction

Carotenoids consist of carotenes and xanthophylls, which are botanical pigments
and antioxidants that may or may not have provitamin A activity.!"'®'*"! There are more
than 600 carotenoids discovered in nature.® Among the most abundant dietary
carotenes, [-carotene can be converted to retinol (vitamin A) during intestinal absorption,
and lycopene is under investigation as a prostate cancer prevention agent.!"'*'*") Oxidized
forms of a-carotene and B-carotene, respectively, lutein and zeaxanthin are major dietary
xanthophylls.!'*"!" Although neither of these xanthophylls has provitamin A activity,
consumption of lutein and zeaxanthin has been linked to the prevention of age-related

macular degeneration.®”

Biosynthesized in plants as the all-trans isomers, dietary carotenoids can form
multiple cis isomers when exposed to heat or light, and these isomers have been reported
to have different bioavailabilities.”>’* The planar chemical structures of
all-trans-lycopene, all-trans-B-carotene, all-trans-lutein, all-trans-zeaxanthin, and four of

their thermodynamically favored cis isomers are shown in Figure 16.
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Figure 16. Chemical structures of all-trans-lycopene, B-carotene, lutein, zeaxanthin, and
their thermodynamically favored cis isomers.
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Since carotenoids are too thermally labile to be analyzed using GC-MS,!'#!%]

HPLC and LC-MS analyses using special Cs stationary phases have become routine for
the separation and analysis of their various cis and trans isomers."® 9% 126139 Effective at
resolving geometric isomers of dietary carotenoids in biomedical matrices, carotenoid
separations using Csp columns can require up to 90 min per analysis.[gl] Since faster
alternatives to chromatography would be most helpful for the analysis of carotenoid
isomers in biomedical samples, the feasibility of using IM-MS for this purpose was

investigated.

Ion mobility spectrometry is the gas-phase separation of ions in an electric field
on the basis of size and shape. When coupled with mass spectrometry, a dimension of

83851 Because of

high speed separation can be added to mass spectrometric analysis.
thermal instability, carotenoids might isomerize during the ionization process. Therefore,
the possibility of in-source cis/trans isomerization of carotenoids was also investigated
during this study. Geometric isomers of natural products including cis/trans carotenoids
have been reported to produce identical tandem mass spectra during collision-induced
dissociation and product ion analysis.!'® '?* 313531 With the gas phase separation of

traveling wave ion mobility on a quadrupole time-of-flight mass spectrometer, we were

able to revisit the tandem mass spectrometry of cis/trans carotenoids.

3.2 Materials and methods

3.2.1 Materials

All-trans lycopene, all-trans-B-carotene and poly-DL-alanine were purchased
from Sigma-Aldrich (St. Louis, MO). The isomeric purity of each carotene standard was

verified using reversed-phase LC-MS-MS with a YMC (Wilmington, NC) Cs carotenoid



52

column (4.6x250 mm, 3 um) as reported previously.[ms] Working solutions of lycopene
and B-carotene were prepared immediately before use from solid standards to minimize
isomerization and degradation. Mixtures of cis and trans isomers of each carotene were
prepared by dissolving the all-trans forms in methylene chloride in a sealed vial and

allowing isomerization to occur during exposure to fluorescent lighting for 24 h.

All-trans-lutein and all-frans-zeaxanthin were obtained from Carotenature
(Lupsingen, Switzerland). Mixture of cis and trans isomers of each of these xanthophylls
were prepared through heat-induced isomerization as described in section 3.2.2.5.
Methanol, acetonitrile, MTBE, and formic acid (all HPLC grade) and methylene chloride
(ACS reagent grade) were purchased from Thermo Fisher (Hanover Park, IL). Deionized

water was prepared using a Millipore (Bedford, MA) Milli-Q purification system.

3.2.2 Methods

3.2.2.1 Effect of electrospray on isomerization of lycopene and p-carotene

Positive ion electrospray ion mobility time-of-flight mass spectrometry was
carried out using a Waters Synapt HDMS quadrupole time-of-flight hybrid mass
spectrometer (Manchester, UK) equipped with TWIMS. All-frans lycopene or all-trans
B-carotene (20 pg/mL in acetonitrile/MTBE, 1:1, v/v) or mixtures of the respective
cis/trans isomers were infused into the ion source at a flow rate of 10 pL/min. Optimum
positive-ion electrospray and ion mobility separation conditions included the following:
capillary voltage, 4.0 kV; sampling cone voltage, 26.0 V; extraction cone voltage, 4.0 V;
ion source temperature, 100 °C; cone gas flow rate, 20 L/h; desolvation gas flow rate,

500 L/h; trap collision energy, 6.0 V; transfer collision energy, 4.0 V; trap gas flow rate,
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5.0 mL/min; ion mobility gas flow rate, 20.0 mL/min (~0.45 mBar); wave velocity, 300
m/s; and wave height, ramping from 5.0 V to 12.0 V. The effect of desolvation gas
temperature was investigated from 50 to 300 °C with increments of 50 °C. The duty cycle
of the time-of-flight mass analyzer was optimized for the analysis of carotenes of m/z
536.4 during data acquisition to maximize signal intensity throughout the range of
desolvation gas temperatures. Data were acquired using Waters MassLynx (V4.1) and

processed using Waters Driftscope (V2.1) software.

3.2.2.2 Effect of collision-induced dissociation on isomerization of lycopene and

-carotene

All-trans lycopene or all-trans B-carotene (20 ug/mL in acetonitrile/MTBE, 1:1,
v/v) were infused into the electrospray ion source at 10 pl./min along with 100 pL/min
methanol as a make-up solvent. The ionization parameters were identical to those
described in section 3.2.2.1 except that a capillary voltage of 5 kV and a desolvation gas
temperature of 500 °C were applied. The ion mobility conditions included a nitrogen
flow of 23 mL/min at ~0.51 mBar, a wave velocity of 300 m/s and a ramping of wave
height from 7.0 V to 12.0 V. Positive ion collision-induced dissociation (CID) product
ion tandem mass spectra were recorded for molecular ions of the cis- and
all-trans-carotenes of m/z 536.4 exiting from the ion mobility cell. Argon was used as the

collision gas at energies of 20, 25, 27.5, 30, 32.5, 35, 37.5,40,42.5,0or 45 V.
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3.2.2.3 LC-MS-IM-CID-Time-of-Flight (TOF) MS of lycopene and f-carotene

A Waters (Milford, MA) 2695 HPLC was interfaced to the Synapt mass
spectrometer system, and chromatographic separation of all-trans lycopene or all-trans
B-carotene and their corresponding cis-isomers was carried out using a Cso carotenoid
column (2.1x250 mm, 3 um) with a 45 min step gradient from methanol to MTBE at a
flow rate of 0.30 mL/min as follows: 0 min, 65% methanol; 30 min, 40% methanol; and
at 35.1 min, 65% methanol. A 20 puL aliquot of a mixture of lycopene and p-carotene
cis/trans isomers containing ~95 pg/mL lycopene and ~50 pg/mL [B-carotene in
acetonitrile/MTBE (1:1, v/v) was injected onto the column. With the use of positive ion
electrospray ionization, ions of m/z 536.4 were selected and separated by using TWIMS,
and CID was carried out in the transfer collision cell at 35 V for lycopene and 40 V for
B-carotene. Product ion tandem mass spectra of the molecular ions of lycopene or
B-carotene were recorded as well as their HPLC retention times and ion mobility drift

times.

3.2.2.4 Collision cross-section measurements of lycopene and -carotene

The collision cross-sections of lycopene and B-carotene were experimentally
determined using the Synapt mass spectrometer system based on the method of Williams

1,134 except that poly-DL-alanine was used for calibration instead of tryptic

et a
hemoglobin peptides. Poly-DL-alanine (1 mg/mL) was prepared in acetonitrile/0.1%
aqueous formic acid (1:1, v/v) and infused into the ion source at 10 pL/min with 100
pL/min methanol as a make-up solvent. The electrospray ion source conditions were

identical to those used for the CID measurements described above. With the use of the

calibration solution, the ion mobility separation parameters were optimized at IMS gas



55

flow rates of 20 mL/min or 23 mL/min. The optimized ion mobility separation
parameters at an IMS gas flow rate of 20 mL/min included a wave velocity of 300 m/s
and a ramping wave height from 5.5 V to 12.0 V. For the 23 mL/min IMS gas flow rate,
optimized operating conditions included a ramping wave height from 7.0 V to 12.0 V and
a wave velocity of 300 m/s. All-trans lycopene and all-trans B-carotene (20 pug/mL in
acetonitrile/MTBE, 1:1, v/v) were each infused and analyzed using the optimized
conditions. A programmable dynamic range enhancement lens was used for the response
adjustment of poly-DL-alanine when necessary. Based on the collision cross-section
values of poly-DL-alanine molecules in the literature,"'*> TWIMS calibration curves were
plotted for each IMS gas pressure and wave height combination, and the collision
cross-sections of lycopene and [P-carotene isomers were determined using Driftscope

software.

The theoretical collision cross-section values of all frans-lycopene,
5-cis-lycopene, all trans-p-carotene, and 13-cis-B-carotene were determined using the
Tripos (St. Louis, MO) molecular modeling program Sybyl-X (ver. 1.1.1). The minimum
and maximum diameters of each molecule were determined at different molecular
orientations, and the mean of these values was determined to estimate each collision

cross-section.

3.2.2.5 Effect of electrospray on isomerization of lutein and zeaxanthin

All-trans lutein or all-trans zeaxanthin (20 pg/mL in acetonitrile/MTBE, 1:1, v/v)
were infused into the ion source at a flow rate of 10 pL/min. Optimum positive-ion
electrospray and ion mobility separation conditions included the following: capillary

voltage, 4.0 kV; sampling cone voltage, 25.0 V; extraction cone voltage, 4.0 V; ion
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source temperature, 100 °C; cone gas flow rate, 20 L/h; desolvation gas flow rate, 500
L/h; trap collision energy, 6.0 V; transfer collision energy, 4.0 V; trap gas flow rate, 1.5
mL/min; ion mobility gas flow rate, 32.0 mL/min (~0.66 mBar); wave velocity, 300 m/s;
and wave height, ramping from 6.0 V to 22.0 V. The effect of desolvation gas
temperature was investigated from 50 to 300 °C with increments of 50 °C. The duty cycle
of the time-of-flight mass analyzer was optimized for the analysis of xanthophylls of m/z
568.4 during data acquisition to maximize signal intensity throughout the range of

desolvation gas temperatures.

3.2.2.6 Collision cross-section measurements of lutein and zeaxanthin

The collision cross-sections of lutein and zeaxanthin were experimentally
determined using the method described in section 3.2.2.4. However, the ion mobility
separation parameters were optimized at IMS gas flow rates of 32 mL/min for lutein and
zeaxanthin. The optimized ion mobility separation parameters at an IMS gas flow rate of
32 mL/min included a wave velocity of 300 m/s and a ramping wave height from 7.0 V to
20.0 V. All-trans-lutein and all-frans-zeaxanthin (5 pg/mL in acetonitrile/MTBE, 1:1,
v/v) were each infused to the ion source at 10 pL/min with 100 pL/min methanol as the
make-up solvent and analyzed using the optimized conditions with poly-DL-alanine
serving as the calibrant. The theoretical collision cross-section values of all-trans-lutein,
13-cis-lutein, all- trans-zeaxanthin, and 13-cis-zeaxanthin were estimated as described in

section 3.2.2.4.
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3.2.2.7 LC-MS-IM-CID-Time-of-Fligsht (TOF) MS of lutein and zeaxanthin

To prepare adequate amount of cis-lutein and cis-zeaxanthin for
LC-MS-IM-CID-TOFMS experiments, 200 ug all-trans-lutein or all-trans-zeaxanthin
was dissolved in 2 mL MTBE/methanol (1:9, v/v) and isomerized at 80 °C for 1 h using a
heating block. Each of these cis/trans isomeric mixtures was injected onto the YMC Csg
column (2.1 x 250 mm, 3 um) for pre-separation prior to the IM-MS analysis using the
Synapt mass spectrometer system. Chromatographic separation of all-frans-lutein or
all-trans-zeaxanthin and their corresponding cis-isomers was achieved in 15 min using
0.30 mL/min isocratic MTBE/methanol (15:85; v/v) containing 17 mM ammonium
acetate as the mobile phase.'*® The levels of major cis and trans isomers of the
xanthophylls were determined using HPLC-UV analysis of zeaxanthin at 450 nm and

lutein at 444 nm.!"*7!

Optimum positive-ion electrospray and ion mobility separation conditions for
lutein and zeaxanthin included the following: capillary voltage, 4.0 kV; sampling cone
voltage, 25.0 V; extraction cone voltage, 4.0 V; ion source temperature, 110 °C;
desolvation gas temperature, 500 °C; cone gas flow rate, 20 L/h; desolvation gas flow rate,
500 L/h; trap collision energy, 6.0 V; transfer collision energy, 40 V; trap gas flow rate,
5.0 mL/min; ion mobility gas flow rate, 32.0 mL/min (~0.66 mBar); wave velocity, 300

m/s; and wave height, ramping from 7.0 V to 15.0.

3.3 Results and Discussion

The isomeric purities of the all-trans-lycopene and all-trans-p-carotene standards

in freshly prepared solutions were >92% as indicated by HPLC with mass spectrometric
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detection of the molecular ions of m/z 536.4, which comprised the base peak of each mass
spectrum. The light-isomerized carotenoid solutions were analyzed using LC-MS, and the
cis/all-trans ratios were 62%/38% and 14%/86% for lycopene and [-carotene,
respectively. The isomeric carotene mixtures were infused into the electrospray ion
source to facilitate tuning of the ion mobility separation conditions. IMS flow rates
ranging from 5-28 mL/min were investigated for analysis of lycopene and B-carotene,
and the best results were obtained at 20 mL/min. The optimum wave velocity was 300
m/s, although variations in the wave velocity produced small changes in carotene isomer
separation during IM-MS. The height of the traveling wave had the most impact on the
ion mobility separation of carotene isomers, and ramping the wave height from 5 V to 12

V produced the best ion mobility separations.

As shown in Figure 17A, two lycopene peaks were observed during IM-MS with
drift times differing by 3.6 ms for the isomers of m/z 536.4. Presumably, the first peak
consisted of a mixture of cis isomers, and the linear all-trans isomer was detected as the
second peak. To confirm which peak corresponded to the all-trans isomer, a fresh
solution of all-frans lycopene was infused into the electrospray ion source. Instead of one
peak corresponding to the all-trans isomer, two peaks were observed in the same ratio
and with the same drift times as those observed for the isomeric lycopene mixture (Figure
17B). Similar results were obtained for the cis and trans isomers of B-carotene. This
suggested that in-source isomerization of carotenes was occurring prior to ion mobility

separation.
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Figure 17. Positive ion electrospray IM-MS drift time distributions of the M™ ions of m/z
536.4 corresponding to cis (peak 1) and all-trans (peak 2) isomers of lycopene after
infusion of (A) cis/trans-lycopene mixture (38/62); and (B) all-frans-lycopene.

Note that isomerization occurred during electrospray so that the same cis/trans isomer ratio
was observed for each lycopene sample. Reprinted with permission from Linlin Dong et
al.'"*¥ Copyright (2010) American Chemical Society.

To make certain that isomerically pure cis-lycopenes and cis-B-carotenes were
entering the ion source, Cszy chromatographic separation of the cis/trans isomeric mixtures
was carried out on-line with IM-MS (LC-IM-MS), and the ion mobility drift time spectra
were recorded for various cis-isomers as well as the all-trans isomers of lycopene and
B-carotene. The molecular ions of m/z 536.4 for each chromatographically resolved
carotene isomer were analyzed using LC-IM-MS, and two peaks were observed for each
carotene (Figures 18 and 19). These peaks were in the same cis/trans ratios as had been
observed during infusion of mixtures of cis and trans isomers of -carotene (Figure 18) or

lycopene (Figure 19). Regardless of the cis/trans ratio of lycopene or 3-carotene entering
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the electrospray ion source, a constant ratio of isomers was formed in the source and

detected using IM-MS.
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Figure 18. LC-IM-MS analysis of a mixture of B-carotene isomers using a Cso carotenoid
HPLC column, positive ion electrospray and ion mobility separation prior to mass
spectrometric detection. (A) LC-MS chromatogram showing -carotene molecular ions of
m/z 536.4 for each geometric isomer; (B) 2D map showing ion mobility drift time (y) vs.
HPLC retention time (x). Ion mobility separation of molecular ions formed from
13-cis-B-carotene (retention time 7.2 min), 9-cis-p-carotene (retention time 9.9 min) and
all-trans-B-carotene (retention time 8.8 min) indicated that all three species had isomerized
in the ion source to form similar ratios of cis-f-carotenes (1-1, 1-2, 1-3) and
all-trans-p-carotene (2-1, 2-2, 2-3). Reprinted with permission from Linlin Dong et al.'">®!
Copyright (2010) American Chemical Society.
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Figure 19. Cs( carotenoid column HPLC separation of lycopene geometrical isomers with
on-line positive ion electrospray IM-MS analysis. (A) LC-MS chromatogram showing
detection of molecular ions of lycopene geometrical isomers of m/z 536.4; (B) 2D map
showing ion mobility drift time (y) vs. HPLC retention time (x). Ion mobility separation of
molecular ions formed from cis-lycopenes (HPLC retention times of 17.3 min and 31.2
min) and all-frans-lycopene (HPLC retention time of 30.5 min) indicated that all three
species had isomerized in the ion source to form similar ratios of cis-lycopenes (1-1, 1-2,
1-3) and all-trans-lycopene (2-1, 2-2, 2-3). Reprinted with permission from Linlin Dong et
al. 2% Copyright (2010) American Chemical Society.

Cis/trans isomerization of carotenoids is known to occur easily upon exposure to
heat or light,/’® 1212+ 13% byt the process of molecular ion formation during electrospray
might also contribute to cis/trans isomerization, especially since abstraction of a
n-electron is likely to occur. Thermal isomerization to an equilibrium of cis/trans
carotene isomers in the electrospray source might explain, at least in part, the mixture of

isomers of m/z 536.4 for lycopene or B-carotene detected using IM-MS and LC-IM-MS
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regardless of the isomeric purity of the compound entering the ion source. To test this
thermal isomerization hypothesis, the temperature of the desolvation gas used during
electrospray was varied from 50 °C to 300 °C during sample infusion (note that
desolvation gas temperatures below 50 °C or above 300 °C did not produce stable
electrospray), and the relative amounts of cis and all-trans isomers were determined at
each temperature using IM-MS. As shown by the drift time distributions in Figure 20 and
the graphs in Figure 21, the relative abundance of the first ion mobility peak compared
with the second peak increased as the temperature in the ion source was increased. This
observation is consistent with the hypothesis that the first peak in each drift time
spectrum (Figures 17-20) corresponds to the higher energy cis isomers, and the second

IM-MS peak is the thermodynamically more stable all-trans isomer > ',
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Figure 20. Effect of electrospray desolvation gas temperature on the abundances of cis
(peak 1) and all-trans isomers (peak 2) of (A) lycopene; and (B) B-carotene following
infusion of the all-trans isomer. Drift time spectra were acquired using positive ion
electrospray mass spectrometry with detection of the molecular ions of m/z 536.4. (100 °C,
dotted line; 200 °C, dashed line; 300 °C, solid line) Reprinted with permission from Linlin
Dong et al. L1381 Copyright (2010) American Chemical Society.
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Figure 21. Relative abundances of cis isomers (peak 1 in Figure 20) and total (cis plus
all-trans) isomers as a function of desolvation gas temperature for (A) lycopene; and (B)
B-carotene. Reprinted with permission from Linlin Dong et al ' Copyright (2010)
American Chemical Society.

The collision cross-section, which characterizes the shape and conformation of a
molecule in the gas phase, is proportional to the mobility of an ion during IM-MS.[#>- 140
1 Two TWIMS calibration curves were generated by using Driftscope software for each
IMS gas pressure and wave height combination. The calibration curves were y =
192.65x"%® (1’=1.000) and y = 189.33x"*° (+’=1.000) at IMS gas flow rates of 20 and
23 mL/min, respectively. The collision cross-section values of the cis and all-trans
isomers of lycopene and B-carotene were determined using the standard curves, and the
results are summarized in Table IV. Theoretical collision cross-sections were calculated
for the all-trans isomers and some of the most abundant cis isomers of lycopene and
B-carotene, and these results are shown in Table IV. Representative drift time spectra of

lycopene and B-carotene using poly-DL-alanine as the calibrant are shown in Figure 22.
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TABLE IV
COLLISION CROSS-SECTION (CCS) VALUES OF GEOMETIC ISOMERS OF
LYCOPENE AND B-CAROTENE

Compound IMS gas flow Experimental ) Theoret%czal
(mL/min) CCS* (#S.D.), A CCS, A
20 cis’ 180.2 + 1.1 S-cis 232
Lycopene all—tratnsc 236.2+0.9 all-trans 268
23 cis 179.0+£0.1
all-trans® 2354 +04
20 cis” 180.7 +2.3 13-cis 125
B-Carotene all—tretnsC 224.7 +0.1 all-trans 239
23 cis 177.8 £3.5

all-trans® 224.4 +0.8

* The classical equation for CCS calculation was applied in Driftscope software
with modifications as described by Williams ez al. '**
Q = [(18m)°/16] [ze/(kpT) 1 1/mipn + 1/mgas)*” (NK)™
Q: the CCS of an analyte ion;
z: the number of charges on the analyte ion;
e: the charge on an electron;
ky: Boltzmann constant;
T: temperature (K);
Moy molecular mass of the analyte ion;
Mgqs: molecular mass of the IMS gas;
N: the number density of the IMS gas;
K: the mobility of analyte ion.

® First IM-MS peak, shorter drift time (mixture of cis isomers)

¢ Second IM-MS peak, longer drift time (all-trans isomer)

Reprinted with permission from Linlin Dong et al ¥ Copyright (2010) American
Chemical Society.
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Figure 22. Ion mobility separations of poly-DL-alanine, lycopene and B-carotene under
identical TWIMS conditions. The IMS gas flow rate was 23 mL/min. (Ala, =
poly-DL-alanine with n residues). Reprinted with permission from Linlin Dong et al."®!
Copyright (2010) American Chemical Society.
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As indicated in Table IV, the lycopene isomers showed larger collision
cross-sections than did the corresponding [B-carotene peaks. Since lycopene and
B-carotene are structural isomers, this difference was probably due to the acyclic,
elongated structure of lycopene compared to the cyclic, f-ionone rings of B-carotene
(Figure 16). The more compact cis isomers of each carotene probably produced the first
peak during IM-MS, and the all-trans isomer should have a longer drift time
corresponding to the second peak. The measured collision cross-section of the cis isomers
and the all-trans isomer of lycopene were 180 A and 236 A? respectively. For
B-carotene, the measured collision cross-sections of the cis and all-trans isomers were
181 A% and 225 A%, respectively. The IMS gas flow rate of 23 mL/min produced slightly
smaller collision cross-section values for both sets of isomers than did the 20 mL/min
flow rate suggesting that carotenes become more compact as the IMS gas flow rate and

pressure increases.

The theoretical collision cross-section values of lycopene and B-carotene were
similar in magnitude to the measured values (Table IV). As expected, the B-carotene
values were smaller than the corresponding lycopene values due to the presence of
B-ionone rings in B-carotene, and the cis isomers had smaller collision cross-section
values than did the corresponding all-trans isomers. For example, the theoretical collision
cross-section of all-trans-p-carotene was 239 A* compared with the larger value of 268
A? for the acyclic all-trans-lycopene. Although IM-MS measurements could be made
only on mixtures of cis isomers, theoretical collision cross-section values could be
calculated for specific cis isomers. As an example of a carotene with a cis double bond

located near one terminus, the collision cross-section of 5-cis-lycopene (Figure 16) was
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determined to be 232 A? which was slightly smaller than that of all-trans-lycopene (Table
IV). In contrast, the collision cross-section of 13-cis-B-carotene was only 125 A?
compared with the all-trans isomer value of 239 A” due to the central location of the cis

double bond in this isomer (Figure 16).

Previously, we reported that the product ion tandem mass spectra of cis and
all-trans isomers of a particular carotenoid were identical, either because CID cannot
produce distinguishing fragmentation of cis/trans isomers or because isomerization
occurred during ionization, CID or at both steps of the analysis.''**! Since IMS can
separate cis and trans carotene ions after the ionization process, the use of IM-MS-MS
provided an opportunity to determine if carotene geometrical isomers can be
distinguished based on their fragmentation patterns produced during CID. The positive
ion electrospray IM-MS-MS spectra of the cis and all-trans isomers of lycopene are
shown in Figure 23. Although both geometrical isomers formed product ions of identical
masses, the relative abundances of these ions varied considerably. All-frans-lycopene
(drift time 8.0 ms) fragmented much more extensively than did the cis-lycopene isomers
(drift time 5.5 ms). The base peak in the tandem mass spectrum of all-trans-lycopene
corresponded to an ion of m/z 69 which was formed by the loss of a terminal isoprene
group (measured m/z 69.0706, theoretical m/z 69.0704; CsHy AM 2.9 ppm), whereas the
base peak of the cis isomers was the molecular ion of m/z 536 (measured m/z 536.4405,
theoretical m/z 536.4382; C40Hss AM 4.3 ppm). An abundant ion of m/z 69 was observed
in the tandem mass spectrum of cis-lycopenes at a relative abundance of 76% (measured

m/z 69.0706, theoretical m/z 69.0704; CsHy AM 2.9 ppm), and the molecular ion of
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all-trans-lycopene was observed at a relative abundance of only 4% (measured m/z

536.4405, theoretical m/z 536.4382; C4Hss AM 4.3 ppm).

Another feature that distinguished the IM-MS-MS spectra of geometrical isomers
of lycopene was the product ion of m/z 467 (measured m/z 467.3663, theoretical m/z
467.3678; CssHsy; AM -3.2 ppm), formed by the elimination of a terminal isoprene

1421 \which was observed at a relative abundance of 91% in the tandem mass

moiety,
spectrum of the cis isomers but at only 17% abundance in the tandem mass spectrum of
all-trans-lycopene (Figure 23). The ion of m/z 444 which corresponds to the elimination

of toluene!'*?

was observed in the tandem mass spectrum of all-trans-lycopene
(measured m/z 444.3765, theoretical m/z 444.3756; C33Hss AM 2.0 ppm) but not in the
tandem mass spectrum of the cis-lycopenes. Ions of m/z 521 (measured m/z 521.4144,
theoretical m/z 521.4147; CsHs; AM -0.6 ppm) and m/z 493 (measured m/z 493.3883,
theoretical m/z 493.3834; C37Hig AM 9.9 ppm) which correspond to losses of methyl and

propyl radicals, respectively, were observed only in the tandem mass spectrum of the

cis-lycopene isomers.
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Figure 23. Positive ion electrospray IM-MS-MS CID spectra of the M*" ions of m/z 536
corresponding to (A) cis-lycopenes (ion mobility peak 1); and (B) all-trans-lycopene (ion
mobility peak 2).* tq = drift time. Reprinted with permission from Linlin Dong et al.'"*®
Copyright (2010) American Chemical Society.

The cis and all-trans isomers of lycopene may be distinguished during
IM-MS-MS based on their different drift times (all-frans-lycopene showed the longest
drift time) and by the relative abundances of fragment ions of m/z 467, m/z 521 and m/z
493 (cis-lycopenes) and m/z 444 (all-trans-lycopene). The M™ ions of cis-lycopenes
fragment during collision-induced dissociation to form product ions of m/z 521 and m/z
493 whereas all-trans-lycopene either does not form these ions or produces them at much
lower relative abundances. Furthermore, cis-lycopenes fragment during MS-MS to form
an abundant ion of m/z 467 (91%) whereas the ion of m/z 467 in the tandem mass

spectrum of all-frans-lycopene is detected at more than 5-fold lower abundance (17%).
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Therefore, the detection of ions of m/z 521 and m/z 493 and an abundant ion of m/z 467 in
the IM-MS-MS spectrum of lycopene is characteristic of cis-lycopenes. The absence of
ions of m/z 521 and m/z 493 in the IM-MS-MS spectrum of lycopene along with the
detection of an ion of m/z 444, which is absent from the product ion tandem mass

spectrum of cis-lycopene, would be characteristic of all-trans-lycopene.

To determine if the cis and all-trans isomers of B-carotene could be distinguished
using IM-MS-MS, the positive ion tandem mass spectra of B-carotene isomers were
obtained and are shown in Figure 24. The base peak of the tandem mass spectrum of
all-trans-p-carotene was observed at m/z 444 and corresponded to the loss of toluene
(measured m/z 444.3756, theoretical m/z 444.3756; C33Hygs AM O ppm). Since the ion of
m/z 444 was observed at a relative abundance of only 11% in the tandem mass spectrum
of the B-carotene cis isomers, the relative abundance of this ion may be used to
distinguish the cis and all-trans B-carotene isomers. The base peak of the tandem mass
spectrum of the cis-B-carotenes was the molecular ion of m/z 536 (measured m/z
536.4378, theoretical m/z 536.4382; C4oHs¢ AM -0.7 ppm). Although the cis isomers of
B-carotene did not fragment as extensively as did all-trans-f-carotene, the ion of m/z 521
formed by the loss of a methyl radical (measured m/z 521.4119, theoretical m/z 521.4147,
CsoHss AM -5.4 ppm) was more abundant in the tandem mass spectrum of the
cis-p-carotenes. In the IM-MS-MS analyses of the lycopene and B-carotene isomers, the
ion of m/z 444 was more abundant in the tandem mass spectra of the all-trans isomers,

and the ion of m/z 521 was more abundant in the tandem mass spectra of the cis isomers.
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Figure 24. Positive ion electrospray IM-MS-MS with CID of (A) cis-B-carotenes; and (B)
all-trans-p-carotene. Note the relative abundances of m/z 444 and m/z 536 in the tandem
mass spectra which distinguish the cis isomers from the all-frans-p-carotene. Reprinted
with permission from Linlin Dong et al ' Copyright (2010) American Chemical Society.

A similar series of LC-MS-IM-CID-TOFMS experiments were carried out to
determine whether xanthophylls also isomerize during electrospray and can be separated
and distinguished based on their drift times and tandem mass spectra. Firstly, heat-induced
isomerization was employed to generate cis isomers from all-frans-lutein and
all-tran-zeaxanthin. As shown in Figures 25 and 26, cis isomers, especially the 13-cis
isomer of lutein and zeaxanthin, were formed during thermal treatment. By using USP
Normalization Procedure for chromatography, it was found that the level of
13-cis-zeaxanthin increased from 1.0% to 13.1%, whereas the level of 13-cis-lutein
increased from 0.5% to only 3.8% during thermal isomerization (Figures 25 and 26).
Substantially greater proportion of 13-cis-zeaxanthin was formed during the heat treatment

compared to the amount of 13-cis-lutein produced (12.1% vs 3.3%). One possible
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explanation for this difference is that the fully conjugated 13-cis zeaxanthin is more stable

and less susceptible to reverse isomerization than cis-luteins.
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Figure 25. Csp reversed-phase HPLC-UV analysis of the 13-cis lutein levels in a lutein
standard solution before and after the heated-induced isomerization process using USP

Normalization Procedure for chromatography.
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Figure 26. Csy reversed-phase HPLC-UV analysis of the 13-cis zeaxanthin levels in a
zeaxanthin standard solution before and after the heated-induced isomerization process
using USP Normalization Procedure for chromatography.
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C3p chromatographic separations of the cis/trans isomeric mixtures of lutein and
zeaxanthin were then carried out online during IM-MS as shown in Figures 27 and 28,
respectively. One concern to this particular study was that the synthesized zeaxanthin
sample was pure, but the lutein sample isolated from plants still containing 6.0%
all-trans-zeaxanthin ~ (Figures 25 and 27). Assuming approximately 12%
all-trans-zeaxanthin could be converted to 13-cis-zeaxanthin during the thermal treatment,
the lutein sample would probably contain 0.72% 13-cis-zeaxanthin after the isomerization.
Although 13-cis-zeaxanthin (Figure 26, retention time 6.6 min) cannot be resolved from
all-trans-lutein (Figure 25, retention time 6.5 min, 87.1%) chromatographically using this
particular method, it only counts for 0.008% of the all-trans-lutein peak. Therefore, it may
be speculated that trace amount 13-cis-zeaxanthin in the heat processed lutein sample will
not complicate the following analysis using IM-MS. During ion mobility MS, two peaks
were partially resolved at 8.9 ms and 12.4 ms which represented separation of cis/trans
isomers of lutein (Figure 27B) and at 9.1 ms and 12.6 ms for zeaxanthin (Figure 28B),
respectively. Since these peaks were observed in the same cis/trans ratio for 13-cis-lutein
(1-1 vs 2-1), all-trans-lutein (1-2 vs 2-2), 13-cis-zeaxanthin (1-3 vs 2-3), and
all-frans-zeaxanthin (1-4 vs 2-4), in-source isomerization of lutein and zeaxanthin also
occurred during positive ion electrospray as observed previously for lycopene and

B-carotene.!'*®!
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Figure 27. LC-IM-MS analysis of a mixture of lutein cis/trans isomers (note that this lutein
sample contained 6.0% all-frans-zeaxanthin; retention time 7.8 min). (A) LC-MS
chromatogram of lutein isomers; (B) 2D map showing ion mobility and LC-MS separation
of lutein isomers.
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Figure 28. LC-IM-MS analysis of a mixture of zeaxanthin isomers. (A) LC-MS
chromatogram of zeaxanthin isomers; (B) 2D map showing ion mobility and LC-MS
separation of zeaxanthin isomers.
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To test the thermal isomerization hypothesis on xanthophylls, the temperature of
the desolvation gas used during electrospray was varied from 50 °C to 300 °C during
sample infusion (note that desolvation gas temperatures below 50 °C or above 300 °C did
not produce stable electrospray), and the relative amounts of cis and all-trans isomers
were determined at each temperature using IM-MS. As shown by the drift time
distributions in Figure 29 and the graphs in Figure 30, the relative abundance of the first
ion mobility peak compared with the second peak increased as the temperature in the ion
source was increased. This observation is consistent with the hypothesis that the first
peak in each drift time spectrum (Figures 27-29) corresponds to the higher energy cis
isomers, and the second IM-MS peak is the thermodynamically more stable all-trans

isomer > %1,
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Figure 29. Effect of electrospray desolvation gas temperature on the abundances of cis
(peak 1) and all-trans isomers (peak 2) of (A) lutein; and (B) zeaxanthin following infusion
of the all-trans isomer. Drift time spectra were acquired using positive ion electrospray
mass spectrometry with detection of the molecular ions of m/z 568.4. (50 °C, dotted line;
150 °C, dashed line; 300 °C, solid line)
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Figure 30. Relative abundances of cis isomers (peak 1 in Figure 29) and total (cis plus
all-trans) isomers as a function of desolvation gas temperature for (A) lutein; and (B)
zeaxanthin.
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As suggested by our previous study of carotenes, the ion mobility peaks with
shorter drift times probably corresponded to cis isomers (Figure 27B and Figure 28B, 1-1,
1-2, 1-3, 1-4) because of their more compact structures, while the mobility peaks with
longer drift times corresponded to all-trans-lutein or all-frans-zeaxanthin (Figure 27B and
Figure 28B, 2-1, 2-2, 2-3, 2-4). The CCS values of lutein and zeaxanthin isomers were
determined using the method described in section 3.2.2.4. A poly-DL-alanine based
calibration curve for lutein and zeaxanthin isomers at IMS gas flow rate of 32 mL/min

09394 (220.9992). The experimental CCS values of the cis and all-trans

was y = 160.6x
isomers of lutein and zeaxanthin are summarized in Table V. Similarly, theoretical CCSs

were calculated for the all-trans and 13-cis isomers of lutein and zeaxanthin (Figure 16),

and these results are listed in Table V.

TABLE V
COLLISION CROSS-SECTION (CCS) VALUES OF GEOMETIC ISOMERS OF
LUTEIN AND ZEAXANTHIN
Compound IMS gas flow Experimental Theoretical
p (mL/min) CCS® (+S.D.), A CCS, A’

lutein 1 cis® 178.4+ 1.2 13-cis 163
all-trans® 230.7 £ 0.0 all-trans 344
Jeaxanthin ) cis® 1784+ 1.2 13-cis 179
all-trans® 232.5+0.0 all-trans 345

*First IM-MS peak, shorter drift time (mixture of cis isomers)

® Second IM-MS peak, longer drift time (all-trans isomer)
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Lutein and zeaxanthin are structural isomers, the only difference between them is
that lutein has one a-ionone ring and one B-ionone rather than two -ionone rings as in
zeaxanthin (Figure 16). As shown in Table V, the lutein isomers showed almost identical
CCSs to the corresponding zeaxanthin peaks. Likewise, the more compact cis isomers of
each xanthophyll probably produced the first peak during IM-MS, and the all-trans
isomer should have a longer drift time corresponding to the second peak. The measured
CCS values of the cis isomers and the all-trans isomer of lutein were 178 A% and 230 Az,
respectively. For zeaxanthin, the measured CCSs of the cis and all-trans isomers were
178 A? and 232 A?, respectively. An IMS gas flow rate of 32 mL/min produced smaller
CCS values for all-trans isomers than their corresponding theoretical CCS values
suggesting that the elongated all-trans xanthophylls may become more compact as the
IMS gas pressure increases. As expected, the theoretical CCS values of 13-cis or all-trans
isomers of lutein and zeaxanthin are comparable, since they only differ by one C=C
location in their structures. In addition, 13-cis isomers have relatively smaller theoretical
CCS values than the corresponding all-frans-lutein and zeaxanthin due to their central

location of the cis double bonds (Figure 16).

Since IM-MS could at least partially separate cis and all-trans isomers of lutein and
zeaxanthin, IM-tandem mass spectrometry was carried out to determine if these geometric
isomers produced different fragmentation patterns. As shown in Figures 31 and 32, cis
isomers of lutein and zeaxanthin formed fewer different fragment ions than did
all-trans-lutein and all-frans-zeaxanthin, probably because the charge and radical electron
were localized to the oxygen atoms that differentiate xanthophylls from the hydrocarbon

carotenes. Thus, charge-directed fragmentation occurred primarily near the oxygen atoms
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to form fewer but abundant fragment ions. The ion of m/z 550 (measured m/z 550.4195,
theoretical m/z 550.4175; C40Hs540 AM 3.6 ppm) formed by the loss of water was the most
abundant product ion in the tandem mass spectra of the cis isomers of both lutein and
zeaxanthin (Figures 31A and 32A, respectively). The [M-H,O]" ion ranged from 37% to
42 % in relative abundance and was second in abundance only to the base peak of m/z 568
of the cis-xanthophylls. In contrast, the ion of m/z 550 was much less abundant (less than
10%) in the product ion tandem mass spectra of all-frans-lutein and all-trans-zeaxanthin
(Figures 31B and 32B, respectively). Therefore, the cis isomers of lutein and zeaxanthin
+.

could be distinguished from their all-trans isomers by the high abundance of the [M-H,0O]

ions of m/z 550.
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Figure 31. Positive ion electrospray IM-MS-MS with CID of (A) cis-luteins; and (B)
Note the relative abundances of m/z 476 and m/z 550 in the tandem mass

all-trans-lutein.

spectra which distinguish the cis isomers from the all-trans-lutein.
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Figure 32. Positive ion electrospray IM-MS-MS with CID of (A) cis-zeaxanthins; and (B)
all-trans-zeaxanthin. Note the relative abundances of m/z 476 and m/z 550 in the tandem
mass spectra which distinguish the cis isomers from the all-trans-zeaxanthin.

Another product ion that distinguished the cis from the trans isomers of lutein and
zeaxanthin was observed at m/z 476 (Figures 31 and 32). The ion of m/z 476 corresponds to
elimination of toluene (measured m/z 476.3651, theoretical m/z 476.3654; C33H430, AM
-0.6 ppm) and was observed as the most abundant product ion formed from the molecular
ion of m/z 568 for both all-trans-lutein (54% relative abundance) and all-trans-zeaxanthin

(base peak).
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The product ion of m/z 430 observed in Figure 31 is unique to lutein and was
formed by the elimination of the a-ionone ring [68] (measured m/z 430.3231, theoretical m/z
430.3236; C3;H420 AM -1.1 ppm). The ion of m/z 430 was several folds more abundant in
the product ion tandem mass spectra of all-frans-lutein (relative abundance 30%) than in
the MS-MS spectrum of cis-luteins (less than 5%). Since zeaxanthin does not contain an
a-ionone ring, it cannot fragment to form a retro-Diels-Alder ion product of m/z 430.
Therefore, the presence of the ion of m/z 430 may be used to distinguish lutein from its

isomer zeaxanthin.

In the IM-MS-MS analyses of the lutein and zeaxanthin isomers, the ion of m/z
476 was significantly more abundant in the tandem mass spectra of the all-trans isomers
(Figures 31B and 32B, respectively), and ions at m/z 550 (measured m/z 550.4145,
theoretical m/z 550.4175; C4oHs4O AM -5.4 ppm) and 532 produced (measured m/z
532.4055, theoretical m/z 532.4069; C4Hs, AM -2.6 ppm) due to the loss of up to two
molecules of water were more abundant in the tandem mass spectra of the cis isomers
(Figures 31A and 32A, respectively). The base peak of the tandem mass spectrum of
all-trans-zeaxanthin was observed at m/z 476 and corresponded to the loss of toluene.
This characteristic was similar to the ion of m/z 444 observed in the tandem mass
spectrum of all-trans-p-carotene (its carotene partner), which was also produced through
the loss of toluene from the polyene chain and formed a base peak (Figure 24B). Lower
relative abundances (~50%) of product ion m/z 476 were observed for all-trans-lutein.
This may be due to supplementary fragmentation pathways favored by this a-ionone ring
containing xanthophylls. For instance, another fragment, m/z 430 had a relative

abundance up to 30% in the tandem mass spectrum of all-frans-lutein (Figures 31B).
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Significantly lower peaks at m/z 476 in both cis isomers of lutein and zeaxanthin suggest
that steric conflicts may exist in cis forms and prevent the rearrangement of the polyene
chain. Thus, the sequential loss of water molecules became the major fragmentation
pathways for the cis isomers. With approximately 50% relative abundance, the ion of m/z

550 was the most abundant product ion for cis xanthophylls (Figures 31A and 32A).

Like lycopene and B-carotene, cis and all-trans isomers of lutein and zeaxanthin
may be distinguished during IM-MS-MS based on their different drift times (the all-trans
isomers showed the longest drift times) and by the relative abundances of fragment ions
of m/z 568, m/z 550 and m/z 532 (cis-isomers) and m/z 476 (all-trans isomers). The
M™ ions of cis-luteins and cis-zeaxanthins fragment during CID to form product ions of
m/z 550 and m/z 532 whereas the all-trans isomers either do not form these ions or
produces them at much lower relative abundances. The M* ions of all-trans-lutein and
all-trans-zeaxanthins fragment during CID to form product ions of m/z 476 and m/z 430
(lutein only) whereas the cis isomers produce them at much lower relative abundances.
The product ion of m/z 430 is unique to lutein since it is produced by the
retro-Diels-Alder reaction on the a-ionone ring of lutein as reported by van Breemen et
al'® In summary, abundant ions of m/z 550 in the IM-MS-MS spectra of lutein and
zeaxanthin are characteristic of their cis-isomers whereas m/z 476 are characteristic of
their all-trans forms. Additionally, an increased relative abundance in the ion of m/z 430

may also discriminate all-trans-lutein from its cis forms.

Although different carotenoids can be distinguished based on their tandem mass

spectra,”'**! both cis and trans isomers of the same carotenoid have consistently produced
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identical tandem mass spectra during MS/MS or LC-MS-MS due to isomerization that
occurs during the ionization process. Even though electrospray is one of the softest
ionization techniques, these data show that cis/trans isomerization of carotenoids still
occurs during this ionization process. This in-source isomerization phenomenon probably
explains why MS and MS/MS produce identical responses for all-trans and various cis
isomers of retinoic acid"**! and specific carotenoids.!"™ When carrying out quantitative
analysis, HPLC with absorbance detection responds differently to cis and trans isomers of
carotenoids and retinoic acid, and therefore, separate standard curves are required for
each geometric isomer. However, isomerization in the ion source appears to simplify
quantitative analysis of these compounds when using LC-MS or LC-MS-MS, since one

standard curve would be suitable for all geometric isomers of a particular compound.

When carotenoids are analyzed using IM-MS-MS, our data indicate that the cis
and trans isomers may be resolved and that they produce unique tandem mass spectra that
may be used to distinguish the all-trans isomer from the cis isomers. Although HPLC
may be used to separate geometric isomers of carotenoids, ionization techniques such as
FAB!"*?! and electrospray isomerize these compounds. Since the time course for
ionization is probably ~0.1 s (assuming ~10 mL/s nebulizing gas and solvent vapor in a 1
cm’ spray, the flow rate would be ~10 cm/s; and for a 1 cm path length, ~0.1 s would be
required for sample to travel from the electrospray emitter to the sampling cone of the mass
spectrometer), carotenoid isomerization might be complete by the time ions are extracted
from the ion source and tandem mass spectra obtained. However, IM-MS-MS requires
only milliseconds for separation of isomers, fragmentation during CID and analysis,

which is sufficient to preserve cis/trans isomeric information. Until carotenoid ionization
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can be achieved without cis/trans isomerization, the slow process of HPLC separation
will still be necessary as part of the analysis of carotenoid cis/trans isomers in biomedical

and biological samples.

34 Conclusions

The separation of cis and all-trans isomers of carotenoids was demonstrated using
TWIMS with drift time separations of 1-4 ms. Because the cis isomers had collision
cross-sections that were smaller than those of the corresponding all-trans isomers, they
were detected first followed at a later drift time by the all-trans isomer. However, the
various cis isomers could not be resolved due to the low resolving power of this

particular ion mobility instrument.

The use of LC-IM-MS-MS helped confirm that in-source isomerization of
lycopene, B-carotene, lutein, and zeaxanthin occurred during positive ion electrospray.
Although cis/trans isomerization could not be eliminated during electrospray, this
temperature dependence in the ionization of carotenes and xanthophylls suggests that
softer ionization conditions can minimize cis/trans isomerization in the ion source. After
separation using IMS, the cis and all-trans isomers of lycopene, -carotene, lutein,and
zeaxanthin were shown by MS-MS with CID to produce unique fragmentation patterns
that could be used to distinguish them. Until cis/trans isomerization of caroteniods can be
eliminated in the ion source, the slow process of HPLC separation of geometrical isomers

of carotenoids in biomedical samples will still be necessary for some applications.



4. DOPANT-ASSISTED APPI MASS SPECTROMETRY OF CAROTENOIDS

4.1 Introduction

The identification and quantitative analysis of carotenoids can be challenging due
to their instability in the presence of light, heat and oxygen. In biological samples such as
human serum and tissue, carotenoids are often present at low concentrations and in the
presence of potentially interfering compounds. Since carotenoids are unstable at the high
temperatures used for gas chromatography, HPLC is usually used for their separation,
and UV/vis absorbance and/or mass spectrometry is used for the detection and
characterization.""* In particular, the application of LC-MS and LC-MS-MS to the
analysis of carotenoids offers the advantages of high sensitivity and superior selectivity
that are essential for the identification and quantitation of carotenoids. Among the
ionization techniques compatible with LC-MS, the most successful for carotenoid

11261 and APCLH#! Although carotenes and xanthophylls

studies have been electrospray
form molecular ions or protonated molecules during positive ion electrospray, the
hydrocarbon carotenes do not ionize when using negative ion electrospray. However,
APCI forms abundant positively or negatively charged molecular ions or protonated and
deprotonated molecules of both carotenes and xanthophylls.

In 2000, another soft ionization technique, APPI was introduced as an new

interface for LC-MS by Bruins and co-workers!'”! and Syage et al."°" Since then, APPI

has been reported to enhance mass spectrometric response compared with electrospray and

144, 145] [146]

APCI for several classes of compounds, such as lipids,’ estrogens, ' polyaromatic

hydrocarbons,"*”'  and selected drugs.”®'*!  As reviewed by Robb and Blades,"*” the

88
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most important ionization modes during APPI are direct APPI, dopant-assisted APPI, and

thermospray.
4.1.1 Direct APPI

The fundamental process in positive ion APPI is the absorption of a high-energy
photon by a molecule and subsequent ejection of an electron. No photoionizable solvents
or dopants other than a carrier solvent are required. As shown in Equation (1), an analyte
(M) with ionization energy (IE) lower than the energy (hv) of a photon can be directly

ionized during APPI:
M+hv & M"+e (1)

In direct APPI, ejection of an electron from the analyte molecule forms a molecular
radical cation M"". The analyte radical cation can then be detected as M™" or it can abstract
[150, 1511

a hydrogen atom from a solvent molecule (S) to form a stable protonated molecule,

[M+H]", a process which is represented in Equation (2):
M"+S=> [M+H]"+[S-H]’ 2)

APPI can also produce negative ions, M. Analytes of high electron affinity can

capture thermal electrons formed from ionization of solvent molecules or electrons
produced by photons striking metal surfaces in the APPI source, ™ *> I The formation of

radical anions by electron capture is described by Equation (3):

M+e = M 3)
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4.1.2 Dopant-assisted APPI

Robb ez al. "% was the first to describe the application of dopants to overcome
low sensitivity issues during LC-APPI-MS. Except for replacing corona needles with
vacuum UV lamps for the ionization process, APPI sources basically replicate their APCI
counterparts.“oz’ 91 1 general, dopants are molecules with ionization energies < 10 eV
which can be directly photoionized by intense UV light. When the analyte molecules do
not absorb UV light efficiently enough for direct photoionization, then the addition of
dopant (D) molecules facilitates the formation of dopant ions that may then ionize the
analytes through subsequent ion-molecule reactions. Equations (4)-(8) represent the
major ion-molecule reaction pathways during dopant-assisted positive ion APPLI'*" 152]

Dopant ionization is initiated by photons, usually generated by a krypton lamp, as

indicated in Equation (4):
D+hv = D" +e 4)

Subsequent ionization of the analyte (M) might proceed through proton transfer

involving solvent (S), as described by the following Equations (5)-(7):

D" +nS = S,H'+[D-H]’ (5)
M+S,H = [M+H]'+nS (6)
M+D" = [M+H]'+[D-H]' (7)

Alternatively, ionization of the analyte might occur through charge exchange, as

described by Equation (8):
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M+D" = M"+D (8)

Similar proton transfer and charge exchange mechanisms also occur during
dopant-assisted negative ion APPI. However, oxygen in the ion source plays a critical
role in negative ion APPI by capturing electrons ejected by dopants (Equation 4) as

described in Equation (9).!'* 1>

O,+e = 02_. 9)
Then, analytes can either be deprotonated by reaction with the newly formed
superoxide ions as shown in Equation (10) or simply ionized through charge exchange as

shown in Equation (11).
M+0;," = [M-H] +HO; (10)

M+0O," == M +0, (11)

4.1.3 Thermospray

Thermospray releases analyte ions already present in the liquid phase into gas
phase by vaporizing droplets from the inlet. It was first noticed in APPI sources when the
UV lamp was off. 14! Although thermospray was found to be useful for certain
compounds, generally it is only responsible for a minor portion of ions detected during

APPI due to its limited transmission efficiency to the mass analyzer.
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4.1.4 UV lamps and photoionization

Xenon (hv=8.4 eV), krypton (hv=10.0 and 10.6 eV), and argon (hv=11.2 eV)
vacuum UV lamps are commonly used as photon sources for APPI. Among these,
krypton lamps are the most widely used UV light sources for APPI because its photon
energy levels are ideal for efficient ionization of most analytes without ionizing most

) ) 99, 148, 153
commonly used solvents or gases present in the ion source, [ 148: 1531

Methyl-fert-butyl ether (MTBE) has an IE of 9.24 eV, which is lower than the
regular APPI krypton lamp photon energy of 10 eV (see Tables VI and VII for the
gas-phase ion thermochemical data of analytes, dopants, and solvents). Although often
used in mobile phases for carotenoid separations, MTBE has not been reported previously
as an APPI dopant.“sﬂ In this dissertation, MTBE was evaluated as a novel dopant for
carotenoid analysis and compared with several popular dopants (Table VII) for both

positive ion and negative ion APPI.
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TABLE VI
IONIZATION ENERGIES (IE) AND PROTON AFFINITIES (PA) OF
SELECTED CAROTENIODS
Compound IE (eV) PA (kJ/mol) Reference

o-carotene 6.80 - [154]
[-carotene 6.73 925.0 [154-156]
Lycopene 6.69 - 1541

Lutein 7.88 443.8 1571

Zeaxanthin 7.86 540.1 [157]
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TABLE VII
GAS PHASE ION THERMOCHEMICAL DATA OF SOME COMMON
SOLVENTS, APPI DOPANTS AND ATMOSPHERIC GASES

Lamp Compound (Ie%:) (k})/?: o) Reference

Nitrogen 15.58 493.9 (156, 158]
Water 12.62 690.7 [156, 158]
Acetonitrile 12.20 779.2 (18]
Oxygen 12.07 422.8 [156. 158]
Chloroform 11.37 - [97]
Dichloromethane 11.33 - [97]
Formic acid 11.33 742.0 [94, 156]

Ar:11.2eV  Methanol 10.84 754.3 [158]
Acetic acid 10.65 783.7 [94, 156]
Ethanol 10.48 776.9 97, 156]
Isopropanol 10.17 793.0 [158]
n-Hexane 10.13 - [97, 158]

Kr: 10.0eV  Acetone’ 9.70 812.1 [156, 158]
Tetrahydrofuran 9.40 822.1 [97. 158]
Pyridine 9.26 929.3 [156, 158]
MTBE 9.24 841.6 [97, 159]
Benzene 9.24 750.5 [156, 158]
Chlorobenzene 9.07 753.1 [156, 158]
Furan 8.88 803.7 [156, 158]
Toluene 8.83 784.0 [158]

Xe: 8.4eV  Anisole 8.20 840.1 [97, 156]
Triethylamine 7.53 982.4 [156, 158]

*1E = ionization energy
® PA = proton affinity

“Bold-face indicates dopants evaluated during this investigation.
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4.2 Materials and methods

4.2.1 Materials

All-trans-lycopene (>90%), all-trans-a-carotene (>90%), and all-trans-p-carotene
(297%) were purchased from Sigma-Aldrich (St. Louis, MO), while all-frans-lutein
(>96%) and all-trans-zeaxanthin (>97%) were obtained from Carotenature (Lupsingen,
Switzerland). HPLC grade n-hexane, methanol, acetonitrile, acetone, and MTBE were
purchased from Thermo Fisher (Hanover Park, IL). Other HPLC-grade solvents, including
tetrahydrofuran (THF), chlorobenzene, toluene, and anisole were purchased from

Sigma-Aldrich (Milwaukee, WI or Allentown, PA).

4.2.2 Methods

4.2.2.1 APPI MS and APPI MS-MS of carotenoids

Positive ion and negative ion APPI mass spectra and product ion tandem mass
spectra were obtained using an Agilent 6410 triple quadrupole mass spectrometer (Palo
Alto, CA) equipped with an APPI source (krypton UV lamp) and an Agilent 1200
integrated HPLC system. A dual channel syringe pump used for APPI dopant addition was
manufactured by Harvard Apparatus (South Natick, MA).

Each carotene standard (1 mg), including all-frans-lycopene, a-carotene and
B-carotene was dissolved in 5 mL n-hexane in order to obtain a stock solution of 200
pg/mL. Aliquots (500 pL) of each carotene stock solution were evaporated to dryness
under a gentle nitrogen stream. The residue of each carotene stock solution was

reconstituted in 10 mL methanol to obtain a working standard solution of 10 pg/mL, which
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was used for flow-injection analysis (FIA) with mass spectrometric detection. Xanthophyll
standards (1 mg each), including all-frans-lutein and all-trans-zeaxanthin, were prepared
in methanol to a final concentration of 10 pg/mL using the same procedure described
above. Indirect, dim light and amber vials were used during the sample preparation process

to minimize possible degradation and isomerization of the carotenoids.

Methanol was used as the mobile phase for FIA at a flow rate of 200 pL/min
methanol. To evaluate the efficiency of the various dopant for carotenoid photoionization,
each dopant was continuously infused into the APPI ion source at 3 different make-up flow
rates, 20, 40, or 80 pL/min (corresponding to dopant addition ratios of 1:10, 2:10, or 4:10)
through a T connector to the main flow using a syringe pump. Aliquots (5 pL) of each
working standard solution were injected 5 times using FIA under the optimized mass
spectrometry conditions at each dopant addition ratio. The autosampler was maintained at
15 °C using a thermostat module, which below room temperature to minimize degradation

but high enough to prevent carotenoid precipitation from methanol.

The Agilent 6410 triple quadrupole mass spectrometer was operated in positive ion
or negative ion APPI mode. The APPI source conditions recommended by the
manufacturer were used as a starting point for method optimization. The optimized APPI

source conditions were as follows: gas temperature 300 ° C, vaporizer temperature 350
° C, drying gas flow 4 L/min, nebulizer gas pressure 60 psi, and capillary voltage

3000 V (positive ion mode) or 3500 V (negative ion mode). No significant improvements
in ionization efficiencies were obtained by modulating these optimized parameters.

Fragmentor values had significant impact on signal intensities. The optimized fragmentor
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values for carotenoids were 110 V for positive ion APPI and 160 V for negative ion

APPL

Mass spectra and product ion tandem mass spectra carotenoid precursor ions were
recorded over the range m/z 100 to m/z 600. Since extensive tandem mass spectra of some
precursor ions derived from the 5 carotenoids had been reported previously by van

Breemen et al. ,[68]

only novel species or those that were uncommon during FAB,
electrospray, and APCI were selected for collision-induced dissociation (CID) and

product ion tandem mass spectrometric analysis.

4.2.2.2 LC-APPI-MS-MS analysis of carotenoids

A standard mixture of all-frans-lycopene, all-trans-B-carotene  and
all-trans-zeaxanthin were chromatographically separated using a Phenomenex (Torrance,
CA) Luna C;3 HPLC column (5 pum, 2.0 X 150 mm) and analyzed by positive ion and
negative ion APPI tandem mass spectrometry. MTBE was used as mobile phase B as well
as the dopant for photoionization while mobile phase A was methanol. An 8 min linear
gradient from 5 to 30% MTBE in 1.5 min, 30 to 40% MTBE in 6.5 min, followed by
re-equilibration at the initial condition for 5 min before the next injection. The flow rate
was set at 0.3 mL/min. In addition, a human serum sample was also prepared and

analyzed using the positive ion APPI LC-MS-MS method described here.

As a comparison, the Agilent 6410 triple quadrupole system was then switched to
a Multimode interface and operated at positive ion and negative ion APCI to analyze the
standard mixture under the same chromatographic conditions. The optimized APCI

source conditions were as follows: gas temperature 325 ° C, vaporizer temperature 250
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° C, drying gas flow 5 L/min, nebulizer gas pressure 20 psi, corona current 4 pA and

capillary voltage 2500 V (both positive ion and negative ion modes). Fragmentor values

applied were identical to those used during APPI.

4.2.3 Data processing

From the positive ion and negative ion APPI mass spectra of each carotenoid, the
most abundant precursor ion peak per carotenoid standard was extracted and integrated
using Agilent Mass Hunter workstation software (version B.01.03). The average peak

areas of 5 replicates were used for comparison across different dopants.

4.3 Results and discussion

Although water (IE = 12.62 eV), acetonitrile (IE = 12.20 eV) and methanol (IE =
10.84 eV) are the most frequently used mobile phase solvents for reversed-phase HPLC,
carotenoids are not water soluble. Therefore, water was not used as mobile phase or diluent
in these carotenoid APPI studies. Although acetonitrile and methanol are not efficiently
ionized by krypton lamp generated photons of 10.0 eV and 10.6 eV, methanol may form
trace amounts of the dimer [CH;OH]," (IE of 9.74 e¢V) and acetonitrile may form several

[160, 161]

species including dimers during irradiation by a krypton lamp. Compared with the

solvent acetonitrile, methanol tends to give better responses for analytes than acetonitrile

[148, 149, 161, 162]

during APPI because of its lower IE and lower PA, so methanol was selected

as the mobile phase and diluent in this investigation.
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4.3.1 Positive ion APPI MS

As indicated in Table VI, all the carotenes and xanthophylls investigated during
this study have IE values (rang 6.69-7.88 eV) lower than the energy of the photons
produced by a krypton lamp. Therefore, direct APPI of these carotenoids was anticipated to
occur without the addition of dopants. As shown in Figures 33-34 and Table VIII, the
carotenes but not the xanthophylls formed molecular ions, M™, of up to only 15.2% relative
abundance. All the carotenoids tested formed protonated molecules, which were the base
peaks in all of the positive ion APPI mass spectra except for that of lutein. Both lutein and
zeaxanthin formed protonated molecules that fragmented in the ion source to eliminate a
molecule of water, [MH-H,0]", and this ion was the base peak in the mass spectrum of

lutein.
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Since protonated molecules were more abundant than molecular ions for all of the
carotenoids, methanol probably functioned as a proton donor through the two-step reaction
sequence described in Equations (1) and (2) and as proposed by Syage.™” Briefly,
carotenoids formed molecular cations through direct photoionization (Equation 1)
followed by a hydrogen transfer from the solvent, methanol, to form protonated molecules

(Equation 2).



TABLE VIII
MAJOR IONS OBSERVED IN THE POSITIVE APPI MASS SPECTRA OF INVESTIGATED CAROTENOIDS UNDER
DIFFERENT DOPANT CONDITIONS

102

Carotenoid Formul Ton DOPANT
arofenot ormuia 0 Methanol MTBE THF Acetone Toluene Anisole Chlorobenzene
a-carotene CaoHss M* 536.4(15.2)"  536.4(7.0)  536.4(32.4) 536.4(234) 536.4(372)  536.4(100) 536.4(100)
[M+H]*  537.4(100)°  537.4(100)  537.4(100)  537.4(100)  537.4(100)  537.4(59.4)  537.4(86.8)
B-carotene CaoHse M* 536.4(84)  536.4(8.1)  536.4(18.6)  536.4(9.2)  536.4(27.7)  536.4(100) 536.4(100)
[M+H]* 537.4(100)  537.4(100)  537.4(100)  537.4(100)  537.4(100)  S537.4(60.3)  537.4(86.8)
Lycopene CaoHss M* 536.4(6.3)  536.4(5.8)  536.4(53)  536.409.1)  536.4(21.6)  536.4(100) 536.4(100)
[M+H]* 537.4(100)  537.4(100)  537.4(100)  537.4(100)  537.4(100) 537.4(56.8)  537.4(97.9)
Lutei CoHAO M* ND¢ ND ND ND ND 568.4(100) 568.4(100)
utein 40H1562 [M+H]* 569.4(13.9)  569.4(11.9) 569.4(13.2)  569.4(11.8)  569.4(14.9) ND ND
[MH-H,O]*  551.4(100)  551.4(100)  551.4(100)  551.4(100)  551.4(100) 551.4(76.4)  551.4(61.9)
Jeaxanthin CLHAO M* ND ND ND ND ND 568.4(100) 568.4(100)
* 4085652 [M+H]* 569.4(100)  569.4(100)  569.4(100)  569.4(100)  569.4(100) ND ND
[MH-H,O]"  551.4(30.5) 551.4(29.6)  551.4(28.9) 551.4(42.9) 551.4(33.0)  551.4(6.5) 551.4(15.4)

sz (relative abundance)

® Bold-face indicates the most abundant ion of each analyte

“Not detected
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When dopants were added to the methanol solvent (except for anisole and
chlorobenzene), carotenes formed protonated molecules as the base peaks of their
positive ion APPI mass spectra (Table VIII). These spectra were similar to APCI mass

spectra of carotenes. (!

Although protonated molecules were abundant in the carotene
mass spectra when anisole or chlorobenzene was used, these dopants facilitated the
formation of radical cations so that the mass spectra resembled those obtained using
positive ion electrospray or FAB.126- 142 163]

As shown in Table VI, the IE values of carotenoids are much lower than those of
anisole and chlorobenzene. After photoionization of anisole or chlorobenzene,
ion-molecule charge-exchange reactions (Equation (8)) probably occurred to form
molecular ions of carotenoids that had not already been ionized through direct
photoionization. These dopant results are consistent with those of Kauppila et al. 164 and
Matgjicek "% for anisole and those of Robb et al!'®! for chlorobenzene. However,
higher percentages of protonated molecules were observed for the carotenes when
chlorobenzene (86.8-97.9%) was the dopant compared with anisole (56.8-60.3%). The
reason might be that chlorobenzene has lower proton affinity (753.1 kJ/mol) than does
anisole (840.1 kJ/mol), while both are lower than the carotenes (PA = 925.0 kJ/mol for
B-carotene; note that PA values of a-carotene and lycopene are not available in the
literature).

Similarly, for lutein and zeaxanthin, radical cations at m/z 568 were also dominant
as found during positive ion electrospray and FAB while anisole and chlorobenzene

presented as dopants.“%’ 1421631 yet proton transfer process was preferred when other

dopants were used. [M+H-H,O]" at m/z 551 and [M+H]" at m/z 569 replaced radical
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cations as the most abundant ions for lutein and zeaxanthin respectively which was
identical to positive ion APCL!'#

During positive ion APPI, chlorobenzene, followed closely by anisole, were the
most efficient dopants for lycopene, a-carotene, B-carotene, lutein, and zeaxanthin at
nearly all three dopant addition ratios (Figures 35-39). The dopant chlorobenzene
enhanced the peak areas of the most abundant analyte ion for each carotenoid 2-3 fold
compared with the methanol solvent alone. In contrast, the dopants MTBE, acetone and
toluene did not significantly enhance carotenoid ionization during positive ion APPI,
which might be due to their much higher PA values compared with methanol.'"*! The
addition of THF to methanol as a dopant was even less effective than methanol alone in the

ionization of carotenes during positive ion APPI (Figures 35-37).
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spectrometry.

The poor performance of THF as a dopant for the non-polar carotenes was similar
to that reported by Cai et al. for some non-polar drug candidates.'”® Rivera et al. reported
similar results for carotenoid ionization during positive ion APPI using the dopants
chlorobenzene, anisole, toluene, and acetone."””! Note that Revera and coworkers did not
investigate negative ion APPI nor did they use MTBE as a dopant. However, their results
that chlorobenzene outperformed anisole as a dopant for the positive ion APPI analysis of
carotenes was consistent with the results reported here. Since Revera et al. used different
solvents and different instrumentation, it is not surprising that they reported some minor
differences from our data such as finding that anisole was superior to chlorobenzene as a

dopant for lutein analysis and that acetone was a better dopant for zeaxanthin. In summary,
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our data and the literature are consistent in concluding that dopant-assisted APPI provides
better sensitivity than direct APPI for the analysis of carotenoids.

4.3.2 Negative ion APPI MS

Except for the observation of deprotonated molecules of lutein and zeaxanthin at
m/z 567 (Figure 40), none of the carotenes tested formed steady ions during negative ion
APPI in methanol. With the addition of any dopant (Table IX), abundant [M-H] ions
were observed for all carotenes (Figure 41) and xanthophylls. Although the deprotonated
molecules were always abundant when dopants were used, there were a few cases in
which radical anions were the base peaks instead, such as in the negative ion APPI mass
spectra of B-carotene and lycopene. Since the deprotonated carotenoids were not usually

1251 these new data add

abundant in negative ion electrospray or APCI mass spectra,
valuable information to what we reported previously on carotenoid ionization using

negative ion electrospray, APCI, and FAB.!"*¥
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* MTBE was used as the dopant since no steady signals were observed without a dopant.
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TABLE IX
MAJOR IONS OBSERVED IN THE NEGATIVE APPI MASS SPECTRA OF INVESTIGATED CAROTENOIDS UNDER
DIFFERENT DOPANT CONDITIONS

Carotenoid F ! Ton DOPANT
arotenot ormuia 0 Methanol MTBE THF Acetone Toluene Anisole Chlorobenzene
o-carotene CuoHsg M ND° 536.4(66.1)" 536.4(58.7) 536.4(98.9) 536.4(69.3) 536.4(92.5) 536.4(71.7)
[M-H] ND 535.4(100)b 535.4(100) 535.4(100) 535.4(100) 535.4(100) 535.4(100)
B-carotene CyoHse M ND 536.4(84.0) 536.4(76.2) 536.4(100) 536.4(77.9) 536.4(100) 536.4(74.8)
[M-HT ND 535.4(100) 535.4(100) 535.4(77.1) 535.4(100) 535.4(78.5) 535.4(100)
Lycopene CuoHsg M ND 536.4(62.4)  536.4(75.8) 536.4(100) 536.4(72.6)  536.4(85.9) 536.4(97.9)
[M-H] ND 535.4(100) 535.4(100) 535.4(77.6) 535.4(100) 535.4(100) 535.4(100)
Lutein C4oHs560, M ND ND ND ND ND ND ND
[M-H] 567.4(100) 567.4(100) 567.4(100) 567.4(100) 567.4(100) 567.4(100) 567.4(100)
Zeaxanthin C4Hs60, M~ ND ND ND ND ND ND ND
[M-H] 567.4(100) 567.4(100) 567.4(100) 567.4(100) 567.4(100) 567.4(100) 567.4(100)

* m/z (relative abundance)

® Bold-face indicates the most abundant ion of each analyte

“Not detected
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During negative ion APPI in methanol containing no dopant, carotenes produced
no stable signals and the xanthophylls formed deprotonated molecules as only low levels
(Figures 42-46). However, every dopant at every ratio facilitated the formation of
deprotonated carotenes and enhanced the formation of deprotonated xanthophylls. Among
the 6 dopants investigated, MTBE produced the highest signals overall, but acetone
showed comparable effects for the photoionization of lutein and zeaxanthin (Figures

45-46).
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Figure 42. Dopant effects on a-carotene ionization during negative ion APPI mass
spectrometry. The color key indicates ratios of dopant to the solvent methanol.
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Figure 43. Dopant effects on B-carotene ionization during negative ion APPI mass
spectrometry.
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Figure 46. Dopant effects on zeaxanthin ionization during negative ion APPI mass
spectrometry.

Three ratios of dopant-to-solvent were investigated for each carotenoid including
1:10, 2:10 and 4:10 (v/v). The results for both positive ion APPI and negative ion APPI are
summarized in Figures 35-39 and 42-46. There were instances where each dopant ratio
showed superior results for a particular dopant and a particular carotenoid. Since only
minor differences were observed between the different dopant ratios that were evaluated, a
dopant to eluent ratio of 1:10 appears to be a good starting point and is typical of ratios used
in the literature.!"*”) When measuring specific carotenoids using APPI mass spectrometry,
optimization of dopant addition ratios should be carried out to achieve maximum

signal-to-noise.!'®*!
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Comparing positive ion APPI using chlorobenzene as a dopant with negative ion
APPI using MTBE as the dopant, only 1-2% as much signal was observed in negative ion
mode. Significantly lower response during negative ion APPI does not appears to be

(1661 and

limited to carotenoids, as similar results have been reported for avermectins
acylglycerol lipids.!"** %! However, even though lower MS signals were detected, the
noise levels were also reduced during negative ion APPI using MTBE as the dopant. As
shown in Table X, the same magnitude of signal to noise ratios were found in both
ionization modes, with only up to 2.6-fold higher S/N ratio during positive ion APPI using
chlorobenzene as the dopant for the analysis of lutein. The results suggest that negative ion

APPI may still be used as an alternative approach to analyze samples suffered from

positively charged interferences.
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TABLE X
COMPARISON OF THE SIGNAL TO NOISE RATIO OF
CAROTENOID PEAKS BETWEEN POSITIVE AND NEGATIVE ION APPI

Peak-to-peak signal to noise ratio” (mean +SD)

Carotenoid DOPANT, ion
Chlorobenzene, M™ MTBE, [M-HJ
a-carotene 275 £31 152+9
B-carotene 137 £ 19 98 +3
Lycopene 152 +£23 130 £ 12
Lutein 545 £ 67 206 + 10
Zeaxanthin 657 + 84 351 £21

* Peak-to-peak signal to noise ratios calculated by 5 FIA replicates at a dopant-to-solvent
ratio of 1:10 (v/v).

4.3.3 Negative ion APPI MS-MS

Positive ion APPI produced protonated molecules and molecular cations of
carotenes and xanthophylls. However, these molecular ion species have been observed
previously using electrospray, FAB and/or APCL®® 123125 138. 142 167) (ypjjke FAB and
electrospray which produced no molecular ions species in negative ion mode, and unlike
negative ion APCI which produced only M™ species, deprotonated molecules and
sometimes molecular anions were observed during APPI with dopants. As the product

ion tandem mass spectra of [M+H]", M", and M~ produced by a-carotene, B-carotene,
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lycopene, lutein, and zeaxanthin during FAB and/or APCI have been interpreted

. 68, 123-125, 138, 142, 167
previously by our laboratory,' . » 138, 142, 167]

the unique product ion tandem mass
spectra of the [M-H] species are presented herein. Compared with carotene molecular

ions formed during APCI, electrospray or FAB, deprotonated carotenoids produced

simpler and less informative product ion tandem mass spectra.

4.3.3.1 Carotenes

During negative ion APPI with dopants, the isomeric carotenes a-carotene,
B-carotene, and lycopene formed [M-H] ions of m/z 535 instead of molecular anions. In
the product ion tandem mass spectra of these [M-H] ions, no significant differences were
observed between a-carotene and B-carotene (Figure 47A and 47B). Both compounds
formed fragment ions of m/z 243 and 429, which represented one double bond cleavage of
the polyene chain, [M-H-292] and loss of xylene, [M-H-106] (Figure 47A and 47B).
Compared with a-carotene and -carotene, product ion tandem mass spectra of lycopene
showed a distinguishing ion of m/z 397 corresponding to the elimination of two terminal
isoprene groups (Figure 47C), which can be used to distinguish lycopene from a-carotene

and p-carotene.
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Figure 47. Negative ion APPI tandem mass spectra with CID of the deprotonated
molecules of a-carotene (A), B-carotene (B), lycopene (C), lutein (D), and zeaxanthin (E).
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Our previous investigation of the fragmentation pathways of carotene molecular
anions during negative ion APCI indicated that structurally significant fragment ions were
formed that could be used to distinguish all three isomeric carotenes a-carotene,
B-carotene, and lycopene. For example, product ions of m/z 467 and 398 were
characteristic of the acyclic terminal isoprene units of lycopene. Finally, a-carotene could
be distinguished by the product ion of m/z 480 which was formed by retro-Diels-Alder

fragmentation of the o-ionone ring.'®®

4.3.3.2 Xanthophylls

During negative APPI, the product ion tandem mass spectra of lutein and
zeaxanthin both showed product ions of m/z 549, [M-H-H,O] and m/z 534,
[M-H-H,O-CH3]™ (Figure 47D and 47E). However, no unique fragment ions were
identified that could be used to distinguish between these isomeric xanthophylls. For
comparison, lutein and zeaxanthin formed molecular anions during negative ion APCI and
also fragmented to eliminate water or a molecule of water and a methyl radical. However,
the radical anion of lutein also exhibited the unique fragment ions of m/z 429 and 512,
corresponding to fragmentation within or adjacent to the a-ionone ring, respectively.[68]
These product ions were not observed in the corresponding APCI product ion tandem mass

spectrum of zeaxanthin.

4.3.4 LC-APPI-MS-MS analysis of carotenoids

MTBE is an efficient organic modifier in the HPLC analysis of carotenoids and it
has also showed noticeable dopant effect in this study. Therefore, LC-MS-MS analysis of

a standard mixture of all-trans-lycopene, all-trans-B-carotene and all-trans-zeaxanthin
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were carried out to demonstrate these advantages. As shown in Figure 48, the peak areas
increased 2.2-fold for zeaxanthin, 2-fold for lycopene, 1.7-fold for B-carotene during
positive ion APPI when compared with positive ion APCI. The SRM transition used to
detect zeaxanthin was m/z 569 > 135 which corresponded to the dehydrated terminal ring
with cleavage at the 7,8 carbon-carbon bond.[®! The SRM transition selected to detect
lycopene and B-carotene was m/z 537 > 121 due to higher abundance, which formed by a
polyene chain cleavage. An example of positive ion APPI LC-MS-MS analysis of a

human serum sample showing the detection of these carotenoids is shown in Figure 49.
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Figure 48. Positive ion APPI and APCI (filled traces with lower abundances) SRM
chromatograms showing the detection of zeaxanthin (m/z 569 to 135), lycopene and
B-carotene (m/z 537 to 121) in a standard mixture at 3pug/mL.
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Figure 49. Positive ion APPI SRM chromatograms showing the detection of zeaxanthin
(m/z 569 to 135, may also contain lutein), lycopene and -carotene (m/z 537 to 121, may
also contain a-carotene) in a human serum sample.

Since no product ion species were produced at high abundance during CID
tandem mass spectrometry of zeaxanthin and p-carotene radical anions and deprotonated
molecules, SRM transitions of m/z 567 > 567 vs m/z 568 > 568 and m/z 535 > 535 vs m/z
536 > 536 were used for the comparison of LC-MS-MS response during negative ion
APPI and APCI of all three selected carotenoids. Compared with the observed peak areas
during negative ion APCI, negative ion APPI showed 2.9-fold increase for zeaxanthin,

1.3-fold increase for lycopene, and 2.5-fold increase for B-carotene (Figure 50).
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Figure 50. Negative ion APPI and APCI (filled traces with lower abundances) SRM
chromatograms showing the detection of zeaxanthin (APPI: m/z 567 to 567; APCI: m/z 568
to 568), lycopene and B-carotene (APPI: m/z 535 to 535; APCI: m/z 536 to 536) in a
standard mixture at 3pug/mL.

In summary, similar or slightly better SRM responses were observed for
zeaxanthin, lycopene and B-carotene when switched from APCI to APPI. In addition, the
dopant effect of mobile phase constituent MTBE for carotenoids may also simplify the

method transfer process from existing APCI based LC-MS assays.

4.4 Conclusions

While confirming previous studies on the use of dopants to enhance carotenoid

ionization during positive ion APPI, we report the discovery that carotenoids can also be
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ionized during negative ion APPI. The preferential formation of deprotonated molecules
during negative ion APPI has not been reported using previous ionization techniques
including FAB, electrospray or APCI. Unfortunately, the signal-to-noise of the
deprotonated carotenoids was inferior to that obtained using positive ion APPIL
Furthermore, fewer structurally significant fragment ions were observed in the product
ion tandem mass spectra of carotenoids following negative ion APPI than have been
reported using negative ion APCI. Therefore, negative ion APPI does not appear to be
preferable to positive ion mode or to negative ion APCI for carotenoid analysis.

As reported previously for positive ion APPI of carotenoids, dopants were
essential to enhance carotenoid ionization not only in positive ion mode but also during
negative ion APPI. Without dopant addition, carotenes could not be ionized using the
negative ion APPI, and xanthophyll signals were barely detectable. The dopants
chlorobenzene and anisole were found to be the most effective for the ionization of
carotenoids during positive ion APPI, and MTBE and acetone produced the most
abundant carotenoid signals during negative ion APPI mass spectrometry.

During these studies, MTBE was evaluated as a new dopant for APPI and was
found to provide the strongest signals of all dopants evaluated to date for negative ion
APPI of carotenoids. As a frequently used mobile phase solvent or organic modifier for
carotenoids HPLC, the utility of MTBE as a dopant during APPI is a useful discovery.
The utility of MTBE as a dopant for APPI analysis of other classes of compounds might
be worthy of future investigation.

No matter what dopants are used, the compositions of mobile phases, dopants,

diluents, and their flow rates require optimization for carotenoid analysis. All these
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parameters need to be fine-tuned in order to achieve the best sensitivity for a specific
carotenoid. APPI is newer than electrospray or APCI, and ion source design continues to
evolve.'"*" In the future, newer APPI sources might be redesigned to provide greater
efficiency that enables the use of lower concentrations of dopant and improved limits of

detection for carotenoids.'®®



5. MAIN CONCLUSIONS AND FUTURE DIRECTIONS

Many natural occurring compounds, such as carotenoids, epigallocatechin gallate
(EGCQG), silibinin, genistein, vitamin D, and vitamin E, are under investigation as
potential prostate cancer chemoprevention agents.[zg] Lycopene, a carotene and highly
unsaturated long chain hydrocarbon, may serve as an effective ROS quencher in the
human body after consumption and, since lycopene is concentrated in the human prostate,
may reduce prostate cancer risk.”*! According to the FDA!"™! and recent review

. 33, 169
artlcles,[ !

only very limited evidence exists to support an association between
lycopene consumption and prostate cancer prevention. Among published studies of
prostate cancer chemoprevention by lycopene, most have been observational instead of
interventional, and serum or tissue levels of lycopene were often not determined.
Furthermore, the subjects enrolled in these studies were frequently suffering from
prostate cancer or other prostatic diseases so that the results would need to be
extrapolated to healthy men. Taken together, the majority of the published studies on
lycopene and prostate cancer chemoprevention may be considered inconclusive, biased or
even invalid.

In order to better address research questions regarding lycopene intervention and
prostate cancer risk, we carried out a randomized placebo-controlled intervention trial
evaluating the effects of lycopene supplementation on markers of oxidative stress in
healthy men. A validated LC-MS-MS assay was used to accurately quantify serum levels

of lycopene in each enrolled subject at 3 time points. Two additional validated

LC-MS-MS assays were used to measure two systemic oxidative stress biomarkers of

127
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study subjects before and after receiving lycopene supplementation or placebo. Prostate
cancer screening biomarkers, PSA and free PSA in the serum, were to be determined by

ELISA.

In the lycopene intervention study, a significant increase of serum levels of
lycopene was observed following 21-day supplementation of either 30 or 60 mg/d
lycopene. Doubling the lycopene intervention dosage did not change serum levels of
lycopene dramatically. Although no significant changes were found for the levels of
urinary 8-0xo-dG and 8-is0-PGF,, in men randomized for intervention, a trend of
reduced oxidative stress was observed in response to 60 mg/d lycopene dietary
supplementation. Even though the dosage of lycopene was higher than in most previous
studies, no pro-oxidant effects were observed. The trends of lower 8-oxo-dG and
8-1s0-PGF, in urine from men receiving 60 mg/d lycopene might become significant if a
larger number of subjects were to be evaluated. As new biomarkers of oxidative stress
and prostate cancer risk become available, they should be evaluated in future clinical

trials of lycopene at 60 mg/d as well as 30 mg/d.

Previously, we had observed a significant decrease of total PSA and no change in
percent free PSA in serum of men receiving lycopene 30 mg/d for 21 days.m] However,
the ELISA kits that were used for the 30 mg/d lycopene supplementation study are no
longer available, and the current kits lack sufficient sensitivity for measuring PSA in
serum from healthy men. Therefore, whether 60 mg/d lycopene supplementation
produces similar or even stronger effects on total PSA and percent free PSA remains to

be determined. We look forward to analyzing both PSA and free PSA levels in the future.
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In our exploration of the utility of IM-MS and IM-MS-MS for carotenoid analysis,
the separations of cis and all-trans isomers of lycopene, B-carotene, lutein, and zeaxanthin
were accomplished using IMS with drift times from 1-4 ms.!"**! Although the cis and
trans isomers could be resolved from each other, the various cis isomers produced a
single, unresolved peak during IMS. After separation of the cis and all-trans carotenoid
isomers using IMS, unique tandem mass spectra were obtained that may be used to
distinguish them. However, cis/trans isomerization was found to occur in the ion source

in a temperature dependent manner.

Although cis/trans isomerization could not be eliminated during electrospray, this
temperature dependence suggests that softer ionization conditions can minimize cis/trans
isomerization in the ion source. Therefore, a nanoelectrospray source operated at or
below room temperature might be able to prevent or at least minimize isomerization
thereby enabling the IM-MS-MS characterization and identification of geometric
carotenoid isomers. This research has advanced carotenoid mass spectrometry toward the
goal of separating and identifying carotenoids and their geometric isomers in a

millisecond time scale instead of minute time scale of chromatography.

APPI is a relatively new ionization technique for carotenoid analysis. Unlike
electrospray and APCI, APPI relies on carefully selected dopants to efficiently ionize
carotenonids. During positive ion APPI, we confirmed literature reports that anisole and
Chlorobenzene were superior dopants for carotenoid ionization. In this dissertation, the
first negative ion APPI mass spectra of carotenoids were obtained. Not reported
previously as a dopant for APPI, MTBE was identified among a set of candidate

compounds as the most effective dopant for the formation of deprotonated carotenoids.
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Although further investigation on the in-depth mechanisms of MTBE is required, it is
likely that MTBE might facilitate the photoionization of analytes besides carotenoids due

to its relatively low IE.

Deprotonated carotenoids were found to be the most abundant species in negative
ion APPI, which is different from the molecular anions that are formed during negative
ion APCI of carotenoids. Unfortunately, no unique fragment ions were observed during
product ion tandem mass spectrometric analysis of the deprotonated carotenoids that
might have provided structural information not otherwise available using negative ion
APCI. Also, the development of more sensitive APPI ion sources and dopants will be

needed before APPI LC-MS can compete with APCI LC-MS for carotenoid analysis.
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