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Abstract

B-Carotene, the precursor of vitamin A, possesses pronounced radical scavenging properties. This has centered the attention on [3-carotene
dietary supplementation in healthcare as well as in the therapy of degenerative disorders and several cancer types. However, two interven-
tion trials with B-carotene have revealed adverse effects on two proband groups, that is, cigarette smokers and asbestos-exposed workers.
Beside other causative reasons, the detrimental effects observed have been related to the oxidation products of B-carotene. Their generation
originates in the polyene structure of B-carotene that is beneficial for radical scavenging, but is also prone to oxidation. Depending on the
dominant degradation mechanism, bond cleavage might occur either randomly or at defined positions of the conjugated electron system,
resulting in a diversity of cleavage products (CPs).

Due to their instability and hydrophobicity, the handling of standards and real samples containing [-carotene and related CPs requires
preventive measures during specimen preparation, analyte extraction, and final analysis, to avoid artificial degradation and to preserve
the initial analyte portfolio. This review critically discusses different preparation strategies of standards and treatment solutions, and also
addresses their protection from oxidation. Additionally, in vitro oxidation strategies for the generation of oxidative model compounds are
surveyed. Extraction methods are discussed for volatile and non-volatile CPs individually. Gas chromatography (GC), (ultra)high per-
formance liquid chromatography (U)HPLC, and capillary electrochromatography (CEC) are reviewed as analytical tools for final analyte
analysis. For identity confirmation of analytes, mass spectrometry (MS) is indispensable, and the appropriate ionization principles are
comprehensively discussed. The final sections cover analysis of real samples and aspects of quality assurance, namely matrix effects and
method validation.
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Abbreviations: ACN, acetonitrile; AIBN, 2,2°-azobisisobutyronitrile; AMVN, 2,2"-azobis(2,4"-dimethylvaleronitrile); APCI, atmospheric
pressure chemical ionization; APPI, atmospheric pressure photoionization; B-CC, B-cyclocitral; B-1O, B-ionone; BHA, butylated
hydroxyanisole; BHT, butylated hydroxytoluene; CCE cell, controlled-current electrolyte cell; CD, cyclodextrin; CE, capillary electrophoresis;
CEC, capillary electrochromatography; CPs, cleavage products of B-carotene; DCM, dichloromethane; DHA, dihydroactinidiolide; DMNQ,
2,3-dimethoxy-1,4-naphthoquinone; DMSO, dimethylsulfoxide; DVB, divinyl benzene; EI, electron impact; ES, electrospray; ESI,
electrospray ionization; GC, gas chromatography; HCD, headspace co-distillation; HS-SPME, headspace solid-phase microextraction; IS,
internal standard; LLE, liquid-liquid extraction; LLME, liquid-liquid micro extraction; LOX, lipoxygenase; MCPBA, m-chloroperbenzoic
acid; MS, mass spectrometry; NP(-HPLC), normal phase (HPLC); O/W, oil-in-water; PML, polymorphonuclear leukocytes; P, oxidation
potential; ROS, reactive oxygen species; RP(-HPLC), reversed phase (HPLC); SBSE, stir bar sorption extraction; SD, steam distillation;
SDE, simultaneous distillation extraction; SFE, supercritical fluid extraction; SIM, single ion monitoring; SPE, solid-phase extraction; TFA,
trifluoroacetic acid; THF, tetrahydrofuran; UHPLC, ultrahigh performance liquid chromatography

Introduction

B-Carotene is a fat-soluble natural pigment, mainly found
in plants [1]. After its uptake, B-carotene is enzymatically
cleaved in the intestinal mucosa by [-carotene
15,15 -monooxygenase (BCO1) at the central double bond
[2—4], yielding two molecules of vitamin A (retinol), which
are further converted enzymatically into the vision pigment
retinal. B-Carotene is therefore also called pro-vitamin A.
Apart from its action as a pro-vitamin, B-carotene has been
demonstrated to induce a large number of favorable bio-
logical effects. It acts as an antioxidant by scavenging per-
oxyl radicals, thus inhibiting lipid peroxidation [5-7], and

exerts antimutagenic effects which can be attributed either
to its antioxidant action, that is, in combination with
v-irradiation [8], or to the induction of xenobiotic metabo-
lizing enzymes [9-12]. Moreover, it has been demonstrated
to induce cell cycle arrest and apoptosis [13], and to inhibit
chemically induced neoplastic transformation by the stimu-
lation of cell communication via gap junctions [14]. Fur-
thermore, [B-carotene has also been found to modulate
immune function by stimulating the killing activity of neu-
trophils in blood [15].

These effects, together with the observation that the
increased uptake of carotenoids via fruits and veg-
etables reduces the risk for degenerative diseases such as
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cardiovascular diseases [16—18], macular degeneration
[19], cataract formation [20,21], and certain types of can-
cer [22], led to the assumption that B-carotene supplemen-
tation may prevent these diseases.

B-carotene paradox

A major chemoprevention trial — the Beta-Carotene and
Retinol Efficacy Trial (CARET) Study — involving a total
of 18,314 smokers, former smokers, and workers exposed
to asbestos, however, resulted in 388 new cases of lung
cancer during the average follow-up period of 4 years. Com-
pared to the placebo group, the active-treatment group had
arelative risk of lung cancer of 1.28, whereas no significant
differences were found for other types of cancer. Further-
more, the relative risk of death from lung cancer was 1.46,
and that of death from cardiovascular diseases, 1.26. For
this reason, the trial was stopped 21 months ahead of sched-
ule [23,24]. These results are consistent with those of the
Alpha-Tocopherol ~Beta-Carotene Cancer Prevention
(ATBC) Study involving 29,133 male smokers [25].

To explain these findings, Wang and Russell [26] sug-
gested that B-carotene metabolites are responsible for the
carcinogenic response in the lungs of smokers. There has
also been some speculation whether B-carotene supple-
mentation might impair response to radiation therapy, for
instance in treatment of prostate gland cancer, with the risk
of a second primary cancer. The impact of B-carotene might
be related to the selected radiation therapy, for example,
external radiation or brachytherapy. In the study by Mar-
galit et al., no detrimental effect was revealed. The authors
assumed that high reactive oxygen species (ROS) concen-
trations that were produced in radiation therapy over-
whelmed the scavenging capacity of B-carotene [27].

A survey of compounds that have been identified as
CPs of B-carotene and are addressed in the following sec-
tions is given together with Chemical Abstract Service
(CAS) registry numbers in Table I, with assignment to
major analytical methods. The numbering of C-atoms in
B-carotene and related CPs is in accordance with the
IUPAC rules [28]. Sommerburg et al. [29] further postu-
lated that oxidants released by activated polymorphonu-
clear leukocytes (PML) cause nonenzymatic cleavage of
carotenoids, and demonstrated that B-carotene is degraded
in the culture medium of activated PML. During the oxi-
dative burst of activated PML, superoxide radicals and
hydrogen peroxide are released via the action of NADPH
oxidase. Hydrogen peroxide is involved in the formation
of the highly reactive oxidant, hypochlorous acid, with the
reaction catalyzed by myeloperoxidase of neutrophils
[30,31]. Hypochlorous acid treatment of 3-carotene there-
fore served as a model for neutrophil-derived degradation
which causes the formation of volatile short-chain metab-
olites such as B-cyclocitral (3-CC), B-ionone (B-I10), 5,6-
epoxy-P-ionone,  dihydroactinidiolide =~ (DHA), and
4-oxo0-PB-ionone, as well as long-chain metabolites, such
as P-apo-8°-carotenal and B-apo-12°-carotenal [29]. A
mixture of oxidative CPs and [-apo-8’-carotenal have
further been shown to be genotoxic in primary rat
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hepatocytes [4,32-34], indicating that these CPs may be
responsible for the increased risk of lung cancer.

Degradation of p-carotene to volatile CPs

B-10, 5,6-epoxy-B-ionone, and DHA have been identified
as the major volatile CPs of B-carotene that are generated
by radical attack and subsequent cleavage at the C9—C10
bond. However, the isomeric structure of B-carotene seems
to determine the relative abundances of these CPs. All-
trans-f-carotene favors the generation of B-CC and [-apo-
8 -carotenal. A high content of 9-cis-B-carotene in the
initial product increased the percentage of DHA in the final
portfolio of CPs. This indicates a distinct degradation path-
way for cis-variants of B-carotene that differs from that of
all-trans-B-carotene [35]. Generally, short-chain CPs are
major aroma compounds in flowers, fruits, and vegetables
[36]. Therefore, sample treatment and analysis of these
compounds covered in subsequent sections will also refer
to mixtures of flavor compounds that comprise, for
instance, B-10 and B-CC as prominent representatives.

Orange-fleshed sweet potatoes with their high content
of B-carotene (325 ug/g dry weight) represent ideal candi-
dates to study degradation of -carotene in food and gener-
ated CPs. Decomposition of B-carotene has beeninvestigated
on the basis of dried chips made from sweet potatoes, also
addressing degradation kinetics under different storage con-
ditions, that is, temperature (10°C—40°C), water activity, and
oxygen level. High temperature was observed to promote
degradation, with 90% of initial B-carotene lost at 40°C
within 54 days. 5,6-epoxy-PB-carotene showed an even
higher susceptibility to temperature. Both compounds fol-
lowed first order reaction kinetics. Moreover, low water
activities promoted degradation, although to a less pro-
nounced extent than temperature. This points to autoxida-
tion rather than to an enzymatic reaction catalyzed by
peroxidase, the main enzyme contained in potatoes. The
highest degradation rates were encountered when increas-
ing the oxygen level (0-21% oxygen). The time course of
the formation of volatile CPs, that is, B-CC, B-10,
5,6-epoxy-PB-ionone, and DHA, has been given for different
water activities and oxygen contents showing analyte-
dependent characteristics in their formation. B-IO and
5,6-epoxy-P-ionone possessed a similar time profile,
whereas formation of DHA was retarded under different
water activities. Similarly, under different oxygen concen-
trations, DHA reached the highest concentrations when the
other CPs were already in decline [37].

In vitro oxidation and preparation of oxidation
products of p-carotene

Different strategies have been applied in the model oxida-
tion of P-carotene for the generation of CPs. These
approaches are discussed individually in the subsequent
sections. For a better orientation, a general survey is pro-
vided in Figure 1. Moreover, a recent review discusses the
stability of B-carotene and describes different oxidation
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Table I. Chemical structure, name, and Chemical Abstract Service (CAS) registry number of B-carotene and the most import cleavage
products that are also addressed in the text. The numbering of C-atoms is in accordance with ITUPAC rules [28] as exemplified on B-carotene
attached to this table. For reasons of simplicity, only all-frans isomers are depicted.

Chemical structure Name CAS Nr.

[-carotene 7235-40-7
OCH,
AN S S TN 4,4-dimethoxy-B-carotene 6895-71-2
[-carotene-2,2 -dione 63596-39-4
15,15 -epoxy-f3-carotene 132541-62-9
5,6,5",6"-diepoxy-p-carotene 864-94-8
5,6-epoxy--carotene 1923-89-3
5,8,57,8"-diepoxy-f-carotene 6821-09-6
5,8-epoxy-f-carotene 515-06-0
[-apo-4’-carotenal 5056-12-2
RN ~o B-apo-6"-carotenal 5056-13-3
X X
N N NNy N0 [-apo-8~-carotenal 1107-26-2
OH
R X ¢} [-apo-8 -carotenoic acid 1962-15-8
6}
DRI o [-apo-8~-carotenoic acid ethyl ester 1109-11-1
NNFEN .
oS AN gNg ghNo) 5,6-epoxy-p-apo-8 -carotenal 41548-56-5
X X
AN AN NN N0 [3-apo-10~-carotenal 640-49-3
DRI B-apo-12"-carotenal 1638-05-7

(Continued)



Table 1. (Continued)
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Chemical structure Name CAS Nr.
IR ~o -apo-14"-carotenal 6985-27-9
S e retinal = 3-apo-15-carotenone 116-31-4
(0]
NN O/U\/\/\/\/\/\/\/\ retinyl palmitate 79-81-2
(0]
NS O/U\ retinyl acetate 127-47-9
NNy retinol 68-26-8
(0]
N NoH retinoic acid 302-79-4
o
DN X XN N0oH 3,4-didehydro-retinoic acid 4159-20-0
(0]
O\ NN X N0H 5,6-epoxy-retinoic acid 13100-69-1
4-oxo-retinoic acid 38030-57-8
(0]
X
N N7 0 -apo-13-carotenone 17974-57-1
é/ —O0 dihydroactinidiolide (DHA) 15356-74-8
[0
ii@\ 1,1_,6—tr.1methyltetrahne (TMT) 475-03-6
= o-ionene
(0]
w o-ionone 127-41-3
(0]
w B-ionone (B-10) 79-77-6
(0]
égo%)k 5,6-epoxy-B-ionone 23267-57-4
(0]
M 3-hydroxy-5,6-epoxy-f-ionone 38274-01-0
HO
O
3-oxo-B-ionone 117048-10-9

(Continued)
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Table 1. (Continued)

Chemical structure Name CAS Nr.
(e}
N .
4-oxo-B-ionone 29790-29-2
(0]
0}
W 3-hydroxy-B-ionone 50281-38-4
HO
O
W 3-hydroxy-7,8-dihydro-f-ionone 131544-22-4
HO
(6}
~N .
W 4-hydroxy-f-ionone 14398-34-6
OH
OH
N
ﬁi\/k 4-oxo-fB-ionol 29790-30-5
0o
(6}
w dihydro-B-ionone 17283-81-7
[0}
W tetrahydro-B-ionone 6138-85-8
-0
B-homocyclocitral 472:66-2

N0 -25-
é:\ B-cyclocitral (B-CC) 432257
(e}
2,6,6-trimethyl-cyclohexene-1-
éﬁLOH carboxylic acid 564-24-9
[0}
}\/U\OH pyruvic acid 127-17-3
O
)\/\ OH 3-methylbutan-1-ol 123-51-3
/Y\OH 2-methylbutan-1-ol 137-32-6

Compounds from B-carotene to B-apo-13-carotenone as listed consecutively in the table are preferably analyzed by RP-(U)HPLC (either with C18 or C30
columns) with detection performed either with DAD or MS (for example, ion-trap, triple-quadrupole, Orbitrap). Hyphenation between HPLC and MS is
preferably with APCI and ESI. Volatile CPs (covering analytes from dihydroactinidiolide to 2-methylbutan-1-ol in Table I) are analyzed by GC-EI-MS.

Numbering of C-atoms according to IUPAC rules [28]
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Azo-compounds
AIBN, AMVN, ABTS
[39,51,68-75]

Photolysis
[52,76-78]

Freeiron &
Fenton reaction
[41-52]

Autoxidation HCIO/CIO
[39,40]
[29,39]

heat treatment & O,
[36,66,67]

MCPBA
140]
KMno,
[40)

[-carotene

Hypoxia/
Reoxygenation
[32,53-60]

Enzymatic
(xanthin oxidase,
lipoxygenase
[79,80]

DMNQ
[58,61,62,65]

Figure 1. Survey of in vitro methods applied in the generation of
CPs of B-carotene, mostly serving as models to mimic in vivo
oxidation of PB-carotene. Due to practical considerations, the
presented scheme is based on the applied initiators of oxidation and
the applied techniques, and not on the underlying reaction
mechanism. Further details are given in the text.

mechanisms employed in the degradation of 3-carotene as
well as related CPs [38].

Autoxidation and oxidation with hypochlorite

Handelman et al. [39] addressed the degradation profiles
of B-carotene by application of different oxidation strate-
gies. They investigated (i) autoxidation in toluene under
either air or oxygen at 37°C or 60°C, (ii) peroxyl radical-
induced oxidation by 10 mmol/L azobisisobutyronitrile
(AIBN), (iii) a combination of autoxidation with addition
of 10 mmol/LL AIBN, and (iv) degradation by 1.25 mmol/L
sodium hypochlorite (NaOCl) [39]. Actually, the oxida-
tion with AIBN refers to degradation with peroxyl radi-
cals, a mechanism that is separately discussed in a
subsequent section. Although not exactly meeting the deg-
radation reactions addressed in this section, AIBN results
are prepended to allow for a more comprehensive com-
parison of data as given by the authors. The addition of
0.1 umol/L and 10 pmol/L oa-tocopherol under air-satu-
rated conditions and heating to 60°C for 120 min sup-
pressed the oxidation of B-carotene by 4% and 92%,
respectively. Profiles of oxidation products were similar
for autoxidation and oxidation induced by AIBN, whereas
the hypochlorite-driven degradation process provided a
different profile. The reaction mechanism with oxygen and
AIBN shares features with lipid peroxidation and com-
prises products of the B-apocarotenal series, that is,
B-apo-107-, B-apo-12”-, and B-apo-14’-carotenal, retinal,
but also -apo-13-carotenone and B-carotene-3,6-epoxide.
However, [B-apo-8°-carotenal was absent. Under the
selected conditions, Handelman et al. observed that the
7°,8"-bond was most stable. Products induced by hypochlo-
rite comprised CPs of the polyene carbonyl series. Thus,
Handelman et al. concluded that “Different forms of active
oxygen may each yield a unique set of oxidation products
...” [39]. For autoxidation of B-carotene in model systems,
low moisture as well as aqueous conditions have been
tested by comparison of controls stored in the dark, with
model samples exposed to standardized fluorescent light
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and screening for degradation products between 1 and 36
days. Both for low-moisture and aqueous systems, no dif-
ferences between irradiated and non-irradiated conditions
were revealed except a promotion of cis-isomerization of
the initial all-frans-B-carotene [40].

Based on the decomposition strategy of Handelman
et al. [39], Sommerburg et al. [29] degraded B-carotene in
1/10 and 1/100 (mol/mol) mixtures of HOCI/CIO ™, either
in methanolic solutions or an emulsion containing 70%
glycerol in 30% water. The final emulsion was prepared
by spiking the glycerol-water mixture with an appropriate
amount of B-carotene dissolved in soybean oil. The reac-
tion solution, prepared in a 1/100 ratio (B-carotene/
NaOCl), provided B-10, 5,6-epoxy-f-ionone, B-CC, DHA,
and 4-oxo-B-ionone (Figure 2), whereas long-chain CPs
were absent. In aqueous emulsions that also contained
soybean oil, degradation was different and B-carotene was
not completely degraded, even at the applied 1/100 ratio
(Figure 2). Higher soybean contents decelerated the deg-
radation progress. Increasing the NaOCI content increased
the concentration of P-apo-12°-carotenal and retinal,
whereas [-apo-8°-carotenal ceased. P-apo-4’-carotenal
was not formed [29].

B-carotene oxidation with free iron and copper, and the
Fenton reaction

Sy et al. [41] added 1.5 umol/L-1.5 mmol/L Fe?* and
Fe3* to a micelle solution of pH 4.37 that contained
B-carotene. The reaction was for 2 h. Fe>" reacted with
O,, forming a perferryl species (Fe3+—02'). This perfer-
ryl compound can decompose to Fe>™ and superoxide or
conjugate with B-carotene, thus forming a radical that
leads to isomerization, epoxide CPs, or cleavage of the
polyene chain. Fe3* showed a delayed onset of B-carotene
degradation. This has been explained by a previous reduc-
tion to Fe" since the latter is considerably more oxidizing
than Fe** under the selected conditions. CPs have been
identified with UPLC-DAD-MS [41]. Similarly, oxidation
of B-carotene was done by means of iron or copper. Iden-
tified CPs comprised B-CC, B-10, DHA, 3-oxo-f-ionone,
6-hydroxy-o.-ionone, and trans-f-ionone-5,6-epoxide. The
portfolio of CPs resembled the oxidation by radicals (using
a mixture of Tris, xanthine, and hypoxanthine) that was
performed in parallel, except that 3-oxo-B-ionol was
formed [42].

In the presence of H,0,, Fe?* is oxidized to Fe>*. This
reaction is named after Henry John Horstman Fenton [43],
who published an article on the oxidation of tartaric acid
in the presence of ferrous iron and hydrogen peroxide in
1893, involving the generation of the highly reactive
hydroxyl radical, according to the following equation:

Fe?* + H,0, - Fe3* + OH™ + *OH

Several studies underpin the importance of the generated
hydroxyl radicals for oxygen toxicity at the cellular and
plasma levels [44,45], and their formation has been con-
firmed by electron spin resonance (ESR) studies [46,47].
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Figure 2. Degradation pathways of all-trans-B-carotene (by HOCI according to [29]) resulting in non-volatile (B-apo-carotenales) and volatile
cleavage products (CPs). Analysis methods and preceding extraction methods applied for the identification and quantification of the respective

CPs are stated. Details are given in the text.

Furthermore, the hydroxyl radical has been shown to be
involved in lipid peroxidation [48], in particular as the
initiating radical [49]. In this context, it has to be men-
tioned that Polyakov et al. [50] demonstrated that carote-
noids can enhance the radical yield of the Fenton reaction
via the reduction of Fe3". Moreover, the Fenton reaction
entailed a fast B-carotene bleaching with a 50% loss within
5 min [51]. Hydroxyl radicals that have been produced by
laser photolysis of a specific reagent were also shown to
produce a B-carotene radical [52].

Hypoxia/reoxygenation

Hypoxia and reoxygenation are important factors in clin-
ical conditions, such as myocardial ischemia, stroke, and
organ transplantation predisposing to tissue injury [53].
This injury is mediated by reactive oxygen and nitrogen
species, which have been shown to be elevated not only
in the reoxygenation phase [54], but also during hypoxia.
For example, a 5-fold increase of ROS detected by the
fluorescent probe dichlorofluorescin (DCF) was reported
for smooth muscle cells of the rat pulmonary artery [55].
The major sources of ROS production are two enzymes:
xanthine dehydrogenase-oxidase and NADPH oxidase.
The activities of xanthine dehydrogenase-oxidase are
highest in the liver and the intestine [56]. During reoxy-
genation, xanthine dehydrogenase is oxidized and con-
verted to xanthine oxidase, producing the superoxide
radical and hydrogen peroxide [53]. Endothelial cells on
the other hand express a membrane NADPH oxidase,
which is an important source of ROS during ischemia
[57]. Hypoxia/reoxygenation has been employed to
induce oxidative stress in a variety of cellular systems,
that is, cerebral endothelial cells [58], microglial cells

[59], isolated cardiac myocytes [60], or primary rat
hepatocytes [32].

2,3-Dimethoxy- 1,4-naphthoquinone

2,3-Dimethoxy-1,4-naphthoquinone (DMNQ) is a redox-
cycling quinone. Its toxicity depends on ROS production
via one-electron reduction, leading to the formation of the
respective semiquinone radical. The semiquinone radical
then interacts with molecular oxygen to form the super-
oxide radical and its dismutation product hydrogen
peroxide [61,62]. Several cytosolic flavoenzymes, such as
NADPH-cytochrome P450 reductase or NADH-cytochrome
b reductase, have been reported to catalyze these one-
electron reductions [61,63,64]. DMNQ has been employed
to induce oxidative stress in a variety of cellular systems,
that is, cerebral endothelial cells [58] or lung epithelial
cells [65].

Oxidation by heat treatment and ozone

Others have oxidized B-carotene and 3-10 by thermal deg-
radation and a combined thermal-ozone treatment [36,66].
This procedure is of particular relevance in the food indus-
try, where ozone is applied as an antimicrobial agent and
food processing frequently includes heating steps. If food
contains B-carotene either naturally, added as an antioxi-
dant, or as a colorant additive, B-carotene breakdown
products might be generated by these treatments and also
consumed. Treatment was conducted with 0.80-2.54 ppm
ozone at flow rates of 1 L/min for 7 h. CPs identified by
HPLC-ion-trap mass spectrometry (MS) comprised epox-
ides and carbonyl compounds as major oxidation classes,
including B-apo-14"-carotenal, B-apo-12-carotenal, and



their respective 5,6-epoxides. Moreover, B-apo-15-carotenal
and 3,7,11,11-tetramethyl-10,15-dioxo-hexadec-2,4,6,
8-tetraenal were identified as intermediates that were fur-
ther oxidized. Criegee’s biradical also takes a prominent
role in ozone-driven oxidative degradation, for example,
by degradation of B-CC to pyruvic acid. Detailed degrada-
tion pathways are given elsewhere [66]. Zeb and Murkovic
[67] have oxidized B-carotene dissolved in corn oil at
110°C in a Rancimat system, at an air flow of 20 L/h for
1-4 h. The CPs identified after this treatment comprised
B-apo-8“-carotenal, B-apo-6"-carotenal, 5,6-epoxy-B-apo-
8’-carotenal, B-carotene-2,2 -dione, 5,6-epoxy-B-carotene,
5,8-epoxy-P-carotene and 5,6,5°,6 -diepoxy-p-carotene
(Figures 3A and B). Furthermore, triacylglycerols of the
corn oil were also oxidized under these conditions pro-
moted by B-carotene, producing various hydroperoxide
degradation products (Figure 3C). Analysis was done by
HPLC-APCI-MS for B-carotene and its CPs, whereas
HPLC-ESI-MS was applied for the characterization of the
products of triacylglycerol degradation [67].

Oxidation with m-chloroperbenzoic acid
and potassium perchlorate

Rodriguez and Rodriguez-Amaya [40] tested different
chemical approaches for oxidation of B-carotene. These
reactions comprised treatment with m-chloroperbenzoic
acid (MCPBA) for epoxidation, oxidative degradation
with potassium perchlorate (KMnO,), and autoxidation
[40]. Addition of MCPBA to a two-phase solution of
B-carotene in dichloromethane (DCM) and an aqueous
NH,HCO; portion entailed an epoxidation of carbon dou-
ble bonds and decreased B-carotene concentration to 22%

@) 9
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of its original content. Various mono- and di-epoxides of
B-carotene were generated, with identification of seven
degradation products by UV-absorbance spectra and MS.
Without NH,HCO; in the reaction solution, a rearrange-
ment of 5,6- to 5,8-epoxides was induced. B-Carotene
treatment with KMnO, generated a portfolio of apocaro-
tenals by cleavage of carbon double bonds, but also formed
epoxides and semi-f-carotenones. The reaction mecha-
nism, which also involved a preceding isomerization, is
described in the paper [40].

Oxidation with free radicals generated by
azo-compounds

Azo-compounds have been used as initiators of radical
formation, namely, peroxyl radicals. The stimulation of
these azo-compounds is initiated via UV irradiation or
heating. AIBN and AMVN are preferably used [51,68].
The thermal degradation pathway of AIBN is discussed
elsewhere [69]. Reaction mechanisms with carotenes, pro-
posed in this context, comprise peroxyl radical addition,
electron capture, and hydrogen abstraction. The latter
explain modifications at the C4 and C4” atoms, leading to
CPs that are methoxylated or ethoxylated in these posi-
tions when using methanol or ethanol as solvents, respec-
tively [51]. Handelman et al. [39] used AIBN for oxidation
of B-carotene. Details have been given in the previous sec-
tion Autoxidation and oxidation with hypochlorite for the
sake of completeness, since in their paper, AIBN oxidation
was compared with autoxidation and HOCI oxidation.
Salgo et al. [70] also used AIBN to oxidize B-carotene in
benzene at 60°C for 4 h. HPLC separation and analysis
of collected fractions allowed for the identification of
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Figure 3. HPLC separation profiles of B-carotene and its oxidation products. (A) All-trans-f-carotene standard, (B) B-carotene oxidation
products and (C) total ion current chromatograms of corn oils showing control, and oxidized samples for 10, 12 and 14 h in the Rancimat
at 110°C. Reprinted from [67], © 2011, with permission from Elsevier.
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B-apo-13-carotene, B-apo-15-carotenal, B-apo-14"-, B-apo-
127, and B-apo-10’-carotenal, as well as 5,6-epoxy-B-caro-
tene,11,15"-cyclo12,15-epoxy-11,12,15,15"-tetrahydro-
B-carotene. Rodrigues et al. [71] employed thermal
decomposition of AIBN at 41°C to compare different
carotenoids for the peroxyl radical scavenger properties,
for example, B-carotene, B-apo-12°-, P-apo-10"-, and
B-apo-8°-carotenal as well as 15-cis- and 9-cis-B-carotene
[71]. Similarly, AIBN (37°C for 90 min) was applied to
test the antioxidant capacity of B-carotene for inhibiting
lipid peroxidation of fatty acids and malondialdehyde
formation [72]. Moreover, 2,2 -azobis(2-amidinopropane)
dihydrochloride has also been used to deliver peroxyl
radicals, whereas 2,2 -azinobis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) provided a synthetic ABTS radical.
Substitution of the B-ionone ring in position 4 and 4, that
is, substitution by a carbonyl or keto group, increased the
peroxyl radical scavenging capability [73].

Kennedy and Liebler [74] induced oxidation of
-carotene by formation of peroxyl radicals via thermoly-
sis of azobis(2,4-dimethylvaleronitrile) (AMVN), generat-
ing 5,6-epoxy- and 15,15 -epoxy-f-carotene as major
degradation products. Formation of epoxides was consid-
ered to occur via a peroxyl radical adduct. Adhikari et al.
[75] generated halogenated alkylperoxyl radicals in a
microemulsion system by pulse radiolysis with 7-MeV
electrons. Depending on the solvent system selected, dif-
ferent halogenated alkylperoxyl radicals were generated,
for example, CCl,00°, CBr;00°, CHCI,00°, and
CHBr,00°.

Free radical formation by photolysis

Photo-induced formation of B-carotene radical cations
(B-carotene®™*) occurs from excited states of B-carotene
[52]. Both singlet (1B *, 1B ") and triplet (1°B ")
states of B-carotene that were induced by photo-excita-
tion were shown to directly transfer electrons to chloro-
form, thus forming B-carotene®* [76]. Konovalova et al.
[77] have shown the favorable effects of solvents with
high electron-accepting properties, such as CCl,, on the
formation of [-carotene®® after photo-excitation by
laser photolysis. The formation of P-carotene®® was
accompanied by a concomitantly generated solvent rad-
ical anion (for example, CCl,*"). Photolysis of -caro-
tene in chloralkane solvents, such CCl,, CHCl,;, CH,Cl,,
or in CS, produced paramagnetic compounds due to
B-carotene cation radicals and solvent anion radicals.
The lifetime of these species was extended under low
temperature conditions (in other words, 77 K). Interac-
tion of both radical species are explained in their paper,
including the generation of donor-acceptor complexes
and “solvent-separated radical ion pairs” [77]. Everett
et al. [78] used pulse radiolysis to generate nitrogen
dioxide radicals (NO,*®), thiyl radicals (RS®), and thiyl-
sulfonyl radicals (RSO,*) that reacted with B-carotene
and formed B-carotene®”, B-carotene adduct radicals,
and polyene radical cations. Detailed reaction pathways
are given in their paper [78].

Enzymatic oxidation: xanthine oxidase and lipoxygenase

Complementary to autoxidation, a co-oxidation of
B-carotene with xanthine oxidase was performed in bipha-
sic media. Since free radicals do not enter the organic
phase, an aqueous phase had to be implemented, with
micelles acting as a solubility mediator. Under these con-
ditions, [-carotene concentration diminished to less
than 50% of the initial content within 2 h. At 45 mg/L
B-carotene, the B-10 yield was highest, probably due to an
optimal ratio between [-carotene and free radicals.
Whereas B-10 yield was higher in the presence of 10%
n-hexane, the opposite was true for the secondary degra-
dation product 5,6-epoxy-B-ionone. This is most likely
due to the protective environment of n-hexane against
radicals that are derived from oxygen [79].

Furthermore, oxidation of P-carotene by oxidized
polyunsaturated fatty acids has been described. Their
oxidation was shown to occur by lipoxygenases (LOX).
This proposed LOX-related co-oxidation of P-carotene
has to be considered when handling biological samples or
formulations prepared in biological matrices, for example,
in soybean oil. The assumed co-oxidation mechanism
has been mimicked by spiking model solutions that con-
tained B-carotene and linoleic acid with different LOX
isoforms. In parallel, hydroxyperoxidation activity of LOX
was determined in the presence of linoleic acid, without
the addition of PB-carotene. The reaction was stopped
by acidification in both cases. The hydroxyperoxidation
activity is different between LOX isoforms and other
species. The proposed reaction mechanism proceeds on
the assumption of LOX-triggered formation of linoleyl-
peroxyl radicals. These peroxyl radicals attack B-carotene
randomly along its polyene chain, with the formation of
B-carotene radicals and peroxycarotenoid radicals. The
identification of CPs revealed volatile degradation prod-
ucts, for example, B-CC and B-IO, and more than 50 non-
volatile products with an UV absorbance maximum (A )
> 350 nm, which excludes constituents of linoleic acid or
enzyme origin. Non-volatile CPs identified by HPLC-MS
comprised six B-apocarotenals, four 5,6-epoxy-f3-carotenals,
and three 5,8-epoxy-B-carotenals. The authors provided a
degradation scheme of B-carotene under the selected con-
ditions thatimplemented 31 CPs [80]. Actually, the derived
in vitro reaction mechanism might serve as an appropriate
simulation of the in vivo situation in lungs under pro-
oxidative conditions.

Limitations in the solubility of B-carotene

The hydrophobicity of B-carotene and most of its oxida-
tion derived CPs constitutes a pronounced challenge for
their effective application in cell cultures and thus requires
potent solubilizers. B-Carotene is practically insoluble in
water and hardly soluble even in methanol, acetonitrile,
(ACN), or dimethylsulfoxide (DMSO) [81-83]. Storage in
ethanol at —80°C might lead to precipitation of carote-
noids [84]. Solubility is improved in hexane, chloroform,



and DCM, with the highest solubility of all tested solvents
seen in tetrahydrofuran (THF) [81-83]. This provides an
essential input for the selection of appropriate solvents
applicable in the extraction, purification, and chromato-
graphic separation of these analytes [82,83]. Stability test-
ing by UV-photometry over 10 days revealed pronounced
degradation of B-carotene in cyclohexanone and DCM,
where only 32-34% of the initial absorbance prevailed.
Remarkably, in a mixture of THF and BHT, 97% of the
original absorbance was still recovered, thus giving the
highest B-carotene stability within all tested solvents [83].
Tresczanowicz et al. [85-87] provided a comprehensive
overview of B-carotene solubility in various binary solvent
systems. Hagiwara et al. [88] used a mixture of DCM and
hexane for dissolving B-carotene. Van Meulebroek et al.
used a mixture of ACN/methanol/chloroform (18/7.5/74.5,
v/viv) for dissolving B-carotene and [-apo-8°-carotenal
[89]. However, the aforementioned solvents are mostly not
compatible with biological systems, for example, cell cul-
tures. Moreover, solvent contamination with hydroperox-
ides and hydrochloride has been described that may
decompose target analytes already in stock solutions [82].
Thus, solubilizers that act as mediators to ensure miscibil-
ity with aqueous culture media and foster an efficient cel-
lular uptake, without inducing detrimental effects at the
cellular level or interfering with biological effects expected
for B-carotene and its CPs, are required. Both a pre-cleaning
procedure as well as a solvent change might become man-
datory during sample preparation, to assure compatibility
with final analysis techniques allowing for subsequent
analytical separation and detection.

Application- and treatment solutions
Organic solvents

For in vitro experiments, B-carotene has been delivered in
DMSO (< 1% in cell culture medium) or as B-carotene-
containing beadlets [90], in THF (0.05-0.5%) [91], and an
aqueous suspension composed of 0.02% THF and 2.5
umol/L a-linoleic acid [91] to target cells, for example,
bronchial epithelial cell lines [90], and human intestinal
and lung cell lines [91]. Similar strategies have been uti-
lized for CPs, such as B-apocarotenals [91]. A concentra-
tion of 0.3% ethanol in cell growth medium was used for
the preparation of treatment solutions that contained vari-
ous B-apocarotenoic acids [92]. In terms of THF, carcino-
genic activity has been revealed, leading to adenoma or
carcinoma in kidney and hepatocellular neoplasms in
some rat and mouse strains [93]. THF has also been shown
to induce a release of lactate dehydrogenase [91]. When
THF was inhaled, higher cytochrome P450 levels were
induced in the liver of female mice and a higher mitotic
index was reported [94]. Stock solutions of P-carotene
prepared in THF and stored at —80°C were stable for 1
month [95].

Solvents applied in treatment and extraction were
passed over an aluminum oxide column for removal of
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peroxide traces in some instances, for example, for THF
[91,96]. However, this was shown to promote the conver-
sion of 5,6-epoxy-B-carotene to 5,8-epoxy-B-carotene,
possibly by traces of HCI, as suggested by the authors.
Similarly, 5,6,5",6"-diepoxy-PB-carotene was isomerized to
5,8,57,8 -diepoxy-B-carotene [97]. Moreover, BHT has
been added frequently as an anti-oxidant (0.025%) [91].
However, in solutions intended for treatment of cell
cultures, BHT will counteract pro-oxidative effects of CPs
and thus has to be avoided.

Cyclodextrin solutions

Other approaches have used more sophisticated strategies,
such as solubilization in cyclodextrin (CD) solutions. CDs
form cyclic structures composed of a variable number of
glucopyranose moieties. Therein, CDs possess a rigid
hydrophobic cavity providing a favorable and water-pro-
tective microenvironment for 3-carotene, whereas hydroxyl
groups of the glucose moieties protrude into the circum-
fluent bulk solution and ensure the water wettability of CD
[98,99]. Although frequently applied as chiral selectors,
CDs have also been used to generally improve the solubil-
ity of hydrophobic compounds in aqueous solutions [100].
Different carotenoids have been tested for their capability
to form host-guest complexes with CD variants. Remark-
ably, binding stoichiometries greater than 1:1 have been
observed in aqueous solutions. This has been related to
aggregation of CDs by hydrogen bonds via their external
hydroxyl groups [101]. Randomly methylated CD variants
showed reduced propensity to aggregate and enhanced
solubility properties. Nevertheless, carotenoids will not
entirely be incorporated in the hydrophobic cavity but
rather their cyclohexene moiety, preferably when carrying
a substituent. Thus, B-CD is most appropriate due to the
close steric fitting. Unfortunately, contrary to lutein and
zeaxanthin, B-carotene showed no improved solubility
with methylated CD [101]. On the contrary, acidic vari-
ants, such as PB-carotene-8”-oic acid, showed improved
water solubility in the presence of -CD applied under
appropriate pH conditions. This has been confirmed by
NMR and UV-Vis absorption spectroscopy. In parallel,
antioxidant protection against peroxyl radicals was lost,
whereas oxidation by Fenton reaction was still observed.
This has been related to different localization of sites
attacked by peroxyl radicals and Fe** [102].

(Nano-)Emulsions

Emulsions and systems providing solid-liquid particles
have been applied in the delivery of B-carotene to food.
These delivery systems have been reviewed elsewhere and
provide useful insights that might also be used in the
preparation of standard and treatment solutions [38].
Alternatively, addition of bovine serum albumin (BSA)
and subsequent formation of a protein-B-carotene complex
has been used to prepare aqueous emulsions [103]. More-
over, B-carotene is also available in commercial formula-
tions, such as solutions prepared in soy-bean extracts [104]
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or in sunflower oil [105]. Similarly, standard reference
materials of other fat-soluble vitamins have been prepared
in coconut oil [106]. However, the application of these
formulations requires confidence in the batch-to-batch
consistency and might suffer from ill-defined matrix com-
position and degradation processes of emulsions, such as
Ostwald ripening and droplet coalescence [107].
Recently, nano-emulsions of f-carotene have been
produced using different techniques of preparation
[105,108,109]. Preparation was mostly as oil-in-water
(O/W) emulsions. Yuan et al. prepared O/W emulsions of
B-carotene using triglycerides of medium chain length,
that is, chain lengths of C8-C10 [108], or sunflower oil
[105]. Thereby, B-carotene was first dissolved in the oil
fraction at 140°C with subsequent addition of ultrapure
water and Tween 20, the latter acting as emulsifier. The
solution was finally homogenized by a high speed homog-
enizer [105,108]. A statistical evaluation of the effect of
different preparation variables was done by the so-called
response surface methodology, revealing that the concen-
tration of B-carotene and the homogenization temperature
governs the particle size. Remarkably, parameters that
downsized particles also reduced the emulsion stability.
Due to their higher surface energy and surface area,
smaller particles are more prone to coalescence [108].
When comparing different emulsifiers, that is, Tween 20,
40, 60, and 80, Tween 20 was found to provide the small-
est particles with the narrowest size distribution. This is
related to the higher hydrophilicity of Tween 20 compared
to the other selected Tween species that contrariwise
enhanced the stability of the particles. In case of small
diameters, the particle number and the Brownian motion
as well as collision and coalescence propensity are
increased. Storage for over 4 weeks at + 4°C decreased the
B-carotene concentration in the nano-emulsion by 14-25%
[105]. Tan and Nakajima [110] applied an emulsification-
evaporation strategy with B-carotene first dissolved in
hexane. This solution was then transferred into aqueous
Tween 20, and hexane was removed by rotary evaporation.
In this initial step, 1-8% of B-carotene was lost. Due to
the susceptibility of B-carotene against oxygen, light, and
heat, the decrease in concentration becomes intelligible.
Besides an increased surface area of particles, the forma-
tion of free radicals during high pressure homogenization
has been discussed as a cause for B-carotene decrease.
After a 12-week storage period, only 25-56% of the initial
[B-carotene concentration was encountered [110].

Nanodispersions

Other studies have employed solution displacement for
preparation of nanodispersions of B-carotene, by applying
biocompatible polymers. Thereby, B-carotene was dis-
solved in acetone, with subsequent polymer addition.
This solution was dropped into an aqueous phase that
contained an emulsifier. By subsequent evaporative con-
centration, acetone diffused in the aqueous phase and
finally evaporated. The loss of acetone is considered to
entail a collapse of the colloid that surrounds particle

intermediates, with subsequent formation of nanoparticles.
Their core is formed by polymer with dissolved B-carotene
therein, whereas the emulsifier constitutes the shell. The
preparation protocol ensured stable nanodispersions with
a narrow particle size distribution that stayed stable over
a storage period of 5 months (at +4°C) [109].

Relation between in vitro bioavailability
and applied solvent

The formulation of B-carotene and CP solutions for
their application in cell cultures determines not only the
cellular uptake, but also the time-dependent availability
of analytes for treatments that run over several hours.
This has been demonstrated when comparing treatment
solutions of volatile CPs prepared in Tween 20 and THF,
respectively. Both were added to cell culture media
with incubation over 3 h at 37°C, respectively. Losses
of volatile CPs were higher in THF-based solutions,
due to the higher volatility of THF and subsequent pre-
cipitation and/or evaporation of hydrophobic volatile CPs
(Figure 4) [111].

Handling and storage of B-carotene and
CP (stock) solutions

To prevent isomerization and degradation during handling
of samples and standards, (stock) solutions of -carotene
and long-chain CPs, for example, 3-apocarotenals, have to
be prepared and stored under light protection and a protec-
tive atmosphere by using inert gases, such as argon or
nitrogen, and stored at —20°C to —80°C [81,91,112].
Due to their thermal instability evaporation below 40°C is
recommended, if necessary, during extraction [81]. Addi-
tionally, sample handling under orange, yellow, or red
light has been recommended [81,90,113], and exposure to
extreme pH values should be avoided [112]. The effect of
light exposure and storage duration on [3-carotene stability
has been assessed elsewhere by multilinear regressions
[114]. However, isomerization is more likely in standard
and extraction solutions than in biological matrices that
provide a more protective milieu [81]. Moreover, addition
of antioxidants is recommended [82,114], but has to be
restricted to extracted solutions and solutions ready for
injection in the respective analytical system. Addition to
treatment solutions applied for in vitro investigation of
oxidative effects has to be omitted in order to prevent
interfering protective artifacts.

Butylated hydroxyanisole (BHA, also known as E320)
[42,90] and butylated hydroxytoluene (BHT, also known
as E321) — mostly at 0.01-0.1% [42,81,89,112] — are
frequently applied antioxidants in this context. Analyti-
cal standard solutions have been prepared, for instance,
in THF, with 1% BHT [115]. Handelman et al. outlined
that a BHT film on glass walls might be required during
sample preparation, especially during evaporation pro-
cesses, to prevent a degradation catalyzed by silanol
groups [39]. Ascorbic acid has also been assigned a
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Figure 4. Time-dependent losses of individual volatile CPs in spiked cell culture medium (MEM) over an incubation period of 180 min.
Spiked MEM contained either 1.0% (v/v) THF or 0.25 mmol/L. Tween 20. Spiked MEM was extracted prior to incubation (referred to as
100%) and after 30, 60, 120, and 180 min of incubation, and analyzed by GC-MS. Reprinted from [111], under the terms of Creative
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protective role due to its contribution to the reduction of
lipid hydroperoxides [114].

Analytical methods
Extraction methods

The divergent physicochemical properties of B-carotene
and its CPs [111,116] imposes ambitious demands on
extraction methods, particularly when considering the
simultaneous extraction of B-carotene and related volatile
and non-volatile CPs. A plethora of methods has been
employed for B-carotene and CP extraction from different
biological matrices. For better orientation, a methodic
overview is provided in Figure 5. To our knowledge,
extraction and preconcentration have been performed
separately for volatile and non-volatile CPs up to now.
This is mostly related to the delicate challenge in reconcil-
ing the diverse physicochemical properties with a com-
bined extraction and preconcentration strategy, preferably
tackling all relevant CPs.

Extraction of B-carotene and non-volatile CPs

Rodriguez et al. used a mixture of ethanol/fert-butylmeth-
ylether/THF (9/5/1, v/v/v) for micro-scale liquid-liquid
extraction (LLE) of B-carotene, various B-apocarotenals,
5,6-epoxy-f-carotenal, retinol, and retinal from cell cul-
ture media [90]. The same solvent mixture has been used

for analyte extraction from cell cultures of human lung and
intestine cell lines, and also from cell lysates, by 10-fold
dilution with 25 UL of culture medium. *C-labeled B-car-
otene indicated recoveries between 94.2% and 98% for
culture medium and cells, respectively [91]. Others used
chloroform/methanol (2/1, v/v) either for single-step
extraction or combined with subsequent extraction of
B-carotenoic acids from cell pellets and culture medium
with hexane [92]. LLE with diethylether from reaction
mixtures containing B-carotene and various long-chain
B-apocarotenals, 5,6-epoxy-, and 5,8-epoxy-f-apocarote-
nals has been described as well [80]. Rodriguez et al.
applied acetone for carotenoid extraction from fruits, fol-
lowed by partitioning in petroleum ether, evaporation to
dryness, and reconstitution in acetone [40], whereas Ren-
tel et al. extracted B-carotene with DCM, followed by a
10-fold preconcentration after evaporation with N, and
reconstitution in the same solvent [117]. Van Meulebroek
et al. optimized an extraction of B-carotene from tomatoes,
applying a fractional factorial design by means of a soft-
ware program using a so-called G-efficiency as an optimi-
zation criterion. In total, eight extraction parameters were
statistically evaluated. Therein, the extraction solvent, a
secondary extraction phase, the clean-up step, and the
avoidance of evaporation exerted positive effects on recov-
ery. Unfortunately, the applicability of the extraction pro-
cedure was not tested for CPs [89]. LLE of human serum
with hexane, subsequent evaporation, and re-solubilization
in DCM, ACN, and methanol or ethanol has been applied
successfully [88,118]. Alternatively, serum was mixed
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Figure 5. Survey of frequently used methods applied in the extraction
and pre-concentration of 3-carotene and CPs, differentiating between
volatile and non-volatile CPs. Further description including
experimental details and abbreviations are given in the text.

with ethanol and extracted with a 1/5 ratio of methylene
chloride/hexane. After evaporation to dryness, residues
were reconstituted in a 1/1 mixture of ethanol/THF for
subsequent injection in HPLC [119]. Repetitive LLE of
o~ and B-carotene from serum with hexane followed by
evaporation and subsequent reconstitution in methanol has
been applied by Hagiwara et al. [88]. Although the appli-
cability of this method for CPs has not been demonstrated
by the authors, it seems likely — at least for long-chain
B-apocarotenals.

Accelerated solvent extraction (ASE) at 40°C and
70 bar has been applied successfully for extraction of
B-carotene and [-apo-8°-carotenal, applying different
solvent systems [120]. Recently, Nakornriab et al. [121]
described supercritical fluid extraction (SFE) with CO,
at 6,000 psi and 45°C to 60°C, off-line hyphenated to
HPLC-ESI-MS as an innovative extraction method for
B-carotene. The SFE method allowed for recoveries
between 92% and 101%, while enabling rapid extraction
time and avoiding solvent contamination.

Nakagawa et al. [95] extracted o~ and B-carotene from
human erythrocytes. After centrifugation and removal of
plasma and buffy coats, cells were diluted with water.
Addition of pyrogallol (80 mmol/L) and KOH (1.8 mol/L)
improved the extraction efficiency. After sonication,

extraction was done with 0.1% SDS and hexane/DCM
(5/1, v/v) also including BHT. Subsequent to sonication,
vortexing, and centrifugation, the supernatant was sub-
jected to a solvent change and finally passed over a Sep-Pak
silica cartridge for removal of matrix compounds [95].

Saponification

Saponification, mostly with KOH, was used to remove
interfering di- and triglycerides prior to the final analysis
step. Moreover, the quality of HPLC chromatograms was
improved by this clean-up step. Unfortunately, saponifica-
tion simultaneously hydrolyzes retinyl palmitate and other
retinyl esters, and thus prevents their individual analysis
[122]. After saponification, Heudi et al. [122] extracted
all-trans-retinol and 13-cis-retinol from certified milk
powder (SRM 1846) and from a manufacturer-specific
reference material by solid-phase extraction (SPE) with
Chromabond XTR® phase. Elution was done by n-hexane
containing BHT [123]. Hosotani and Kitagawa [124]
carried out saponification with 10 mol/LL KOH and heating
to 70°C to increase the amount of (3-carotene and retinol
recovered in human serum and rat liver. The increase in
recovery was 1.5-2.7-fold for B-carotene, and 1.2-fold
for retinol. Analytes were extracted with n-hexane;
the extraction protocol has been given in detail. The
authors also compared the extraction efficiency of
n-hexane, chloroform, and ethyl acetate and tested
different sample solvents, showing their effect on the
determined concentrations [124].

Extraction of volatile CPs of -carotene

Short-chain CPs of B-carotene, such as B-IO and B-CC,
impose an additional challenge in quantitative extraction,
due to their volatility. In general, different extraction
methods have been developed and applied for volatile
compounds, as described in a recent review [125]. LLE
and liquid-liquid microextraction (LLME) have been
compared using a stock solution of reference volatile com-
pounds. Whereas recovery for 3-CC was comparable for
both methods, LLE provided considerably higher recovery
for B-I0 than LLME, that is, 70% versus 26%. Authors
have stated limited LLME efficiencies for highly polar and
apolar compounds. Volatile compounds identified in fruit
samples encompassed, among others, DHA, and two iso-
mers of 3-OH-7,8-dihydro-B-ionone, 3-OH-B-ionone and
3-OH-5,6-epoxy-B-ionone [126]. Fujise et al. [127] applied
headspace solid-phase microextraction (HS-SPME)
using an SPME fiber of divinylbenzene (DVB)/carboxen/
polydimethyl siloxane (PDMS). After a 20 min extraction
(at 60°C) in the headspace of the sample, the fiber was
transferred to the injector block of a gas chromatograph.
Follow-on oxidation products, such as 3-methyl-1-butanol
and 2-methyl-1-butanol, were identified as well [127]. The
same type of SPME fiber was used by de Pinho et al. for
the extraction of B-IO and B-CC from wine, with subse-
quent thermal desorption to GC-MS [128]. HS-SPME
with a DVB/PDMS fiber was applied for semi-quantitative



determination of volatile CPs, including B-CC, B-homo-
cyclocitral, o- and B-10, dihydro-B-ionone, and DHA
[129]. SPME with a DVB/carboxen/PDMS fiber was also
applied to extract B-CC, B-10, 5,6-epoxy-B-ionone, and
DHA [37].

Others have applied HS-SPE with ice-cooled Tenax
columns and elution with diethylether [80]. Stir bar sorp-
tive extraction (SBSE) has also been applied in the extrac-
tion of volatile CPs. Thereby, a so-called twister, that is,
a glass stir bar with a sorptive phase (primarily polydim-
ethylsiloxane) attached to its surface, is applied. The
principle of SBSE is outlined elsewhere [130,131]. Briefly,
the twister is placed in the sample solution and stirred for
a defined period of time, with extraction efficiency gov-
erned by analyte partition between the sorptive twister
phase and the bulk solution. Under the SBSE conditions
selected by Caven-Quantrill and Buglass [132], extraction
was almost complete after 2 h. The stirring speed influ-
enced the extraction. Further analysis was performed by
thermal desorption and cryofocusing with liquid nitrogen
prior to the transfer of analytes into gas chromatography
(GC). Recovery data were compared with simultaneous
distillation-extraction (SDE) using a Likens-Nickerson
apparatus [125,132]. Thereby, a water phase (including
the sample) and a water-insoluble extraction solvent are
heated in separated flasks with resulting vapors mixing in
a joined chamber. Solvents condense again in their respec-
tive flasks, dissolving and thus partitioning analytes
according to their respective hydrophobicity. The continu-
ous performance of distillation/extraction results in a high
extraction efficiency [125]. Recovery of B-IO was 95%
and 51% for SDE and SBSE, respectively. However, the
applied B-IO concentration was 40-fold lower in SBSE
[132]. Peng et al. [133] compared steam distillation (SD),
SDE, and headspace-co-distillation (HCD) in terms of
their extraction efficiency for CPs, including, for example,
B-retinol, B-CC, B-I10, 5,6-epoxy-B-ionone, dihydro-3-
methylionone, tetrahydro-f-ionone, DHA, and ionene. SD
has been classified as time- and solvent-consuming, bear-
ing the risk for contaminations and sample loss. In case
of SDE, a heating under “open-air condition” has given
rise to speculation about possible analyte oxidation and
generation of artifact compounds. This assumption is
related to some abundant compounds in SDE that soar
over time. HCD is most appropriate for small and highly
volatile compounds [133]. Furthermore, purge-and-trap
has been used. Thereby, the sample was purged with
dry nitrogen at 35°C, and volatile compounds were
retained on an SPE Tenax trap. Analytes were eluted with
hexane-ether (50/50, v/v). This approach has been
compared with headspace (HS)-SPME, addressing, for
example, B-10 [134].

Combined extraction of B-carotene, volatile, and non-
volatile CPs

To our knowledge, an SPE method with simultaneous
extraction of volatile and non-volatile CPs together with
B-carotene has not been published until recently. Our
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group has developed and validated an SPE method appli-
cable for major volatile and non-volatile CPs and B-caro-
tene. Thereby, a commercial reversed-phase phenyl sorbent
was applied in SPE. The extraction principle is primarily
based on m-m-interactions of the analytes with the phenyl
rings of the sorbent. Samples, that is, model solutions and
cell culture media, were passed through the SPE cartridges
at a flow rate=2.0 mL/min. Elution was done with 2.0
mL of 10% (v/v) THF in n-hexane. Recoveries were
between 67% and 105% for volatile CPs (B-CC, B-IO,
DHA, and 1,1,6-trimethyltetraline) and between 66% and
102% for B-carotene and non-volatile CPs (major 3-apoc-
arotenals, and 5,6-epoxy-B-carotene). The final eluate was
split and treated differently, depending on the subsequent
analysis system, that is, GC-EI-MS or UHPLC-DAD-ESI-
Orbitrap MS [111,116].

On-line SPE

Wyss and Bucheli [135] applied an on-line sample extrac-
tion method combined with RP-HPLC. After deproteina-
tion with ethanol, plasma samples were directly injected
into an HPLC system and passed over LiChrospher 100
RP-18 pre-columns (with 5 um particles) for on-line SPE
of retinoids. Ethanol supported the removal of co-extracted
lipids from the stationary phase, and reduced isomeriza-
tion effects. Pre-columns were automatically replaced,
either when exceeding a backpressure threshold or after
200 injections. This approach allows for a high degree of
automation, prevents evaporative losses of extraction sol-
vents, and the need for manual solvent change after extrac-
tion. To reduce analyte solubility despite the high sample
ethanol content after deproteination, on-line addition of
ammonium acetate was done to promote on-line SPE. This
allowed for a sample injection in the mL range. Backflush
purging of pre-columns prevented their clogging and
contamination of analytical columns with proteins and
particles [135].

Separation of p-carotene and its cleavage products
Gas Chromatography

Gas chromatography of volatile CPs without
derivatization

GC with mass spectrometric detection (MS) and preced-
ing electron impact (EI) ionization is the preferred method
for analysis of volatile CPs. This method has been
employed for the analysis of short-chain CPs (from 5,8-
epoxy-B-ionone to 2-methylbutan-1-ol; see Table I).
Thereby, a variety of GC columns and different tempera-
ture gradients have been used to separate various mixtures
of volatile CPs, without preceding derivatization. GC-MS
was performed on BPX5 capillary columns, with a tem-
perature gradient from 50°C to 280°C. Identification of
analytes was done via fragmentation by EI, with an elec-
tron energy of 70 eV [80]. Others used a Zebron ZB-1
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column for GC-MS analysis with an ion trap mass spec-
trometer, running a temperature gradient from 40°-300°C
for the analysis of volatile CPs derived from B-carotene
by degradation with HCIO, including B-CC, B-10, 5,6-
epoxy-PB-ionone, DHA, and 4-oxo-B-ionone [29]. Nonier
et al. used a DB-5MS™ column, applying a temperature
gradient from 60°C-310°C with an EI of 70 eV to identify
degradation products of 3-carotene generated by oxidation
with copper or a radical reaction. A comprehensive list of
generated -carotene degradation products as well as their
EI fragments is given elsewhere [42]. Waché et al. applied
a CP Wax 58CB column with a 4°C/min temperature gra-
dient from 90°C to 220°C coupled to an ion-trap mass
spectrometer, to identify volatile CPs, such as B-IO, 5,6-
epoxy-PB-ionone, and DHA [35]. Others used a STABIL
WAX-DA column and a thermal gradient from 40°C-220°C
at 2°C/min to separate B-IO and B-CC as degradation
products in port wine [128].

In terms of GC-MS analysis of the main aromatic com-
pounds of plants, the major focus was on -CC and B-10
subsequent to various extraction methods (see section
“Extraction of volatile CPs of [-carotene”). GC separa-
tions were performed on a DB-5MS Varian capillary and
a temperature profile between 45°C and 240°C [134], or
a VF-5ms Varian column applying a gradient from 40°C
to 220°C. In the latter case, GC-El-ion trap MS was used
for analyte fragmentation and analysis [136]. Separation
of CPs extracted from sweet potato chips was done by a
DB-WAX column [37].

Abundance

VF-5ms (from Varian) and STABILWAX-DA (from
Restek) have been employed to separate and identify
B-CC, B-homocyclocitral, o-ionone, 2,3-epoxy-oi-ionone,
dihydro-B-ionone, B-10, and DHA in Catharanthus roseus
[129]. B-TIO and B-CC have also been determined as odor-
ous compounds in spiked water samples and river water
by GC-ion trap MS using a DB-5 capillary column [137].
Volatile CPs have been analyzed by GC-EI-Q ion trap MS
using a HP-5MS column with 5% diphenylsiloxane mono-
mer as stationary phase. Different temperature gradients
were applied for the analysis of (i) neutral and (ii) acidic
and alkaline fractions [133]. GC with flame ionization
detection (FID) and MS detection have been applied for
the analysis of volatile flavor compounds, including 3-10
and derivatives, and DHA in fruits. A SolGel-Wax capil-
lary column was employed in both cases [126]. CPs stem-
ming from cyanobacteria were analyzed by means of a
DB-624 column [127]. Our group has used a DB-20 WAX
column from Agilent to separate B-CC, B-I0, DHA, and
1,1,6-trimethyltetraline (TMT), including two internal
standards. A temperature gradient that raised the column
temperature from 65°C to 220°C was used to separate
analytes within 24 min (Figure 6) [111].

Gas chromatography of CPs after derivatization

Reinersdorff et al. analyzed a non-volatile CP, that is,
retinol, by GC-MS after its derivatization with N,O-
bis(trimethylsilyl)-trifluoroacetamide to trimethylsilylretinol
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Figure 6. Chromatograms and MS spectra of CPs and internal standards (IS). (A) Chromatogram for a CP standard solution (50 pg/mL of
each CP dissolved in 10% (v/v) THF in n-hexane); (B) Chromatogram for CP standard solution after SPE (expected concentrations for
individual CPs correspond to (A)). 1-6 MS spectra of CPs derived from (A): 1 linalool (IS), 2 B-cyclocitral (3-CC), 3 1,1,6-trimethyltetraline
(TMT), 4 B-ionone (B-10), 5 methylisoeugenol (IS), and 6 dihydroactinidiolide (DHA). Reprinted from [111], under the terms of Creative

Commons Attribution License.



using a DB-1 capillary GC column. Fragment ions were
produced by a methane-reagent gas via chemical reaction,
producing anhydroretinol [138]. Similarly, Handelman
et al. derivatized retinol extracted from human plasma
with N-methyl-N-(tert-butyldimethylsilyl)trifluoroacet-
amide after HPLC-purification. Fragmentation of deriva-
tized retinol was done by EI with 70 eV [139].

High performance liquid chromatography — HPLC
Normal-phase HPLC

McCaffery et al. found normal-phase HPLC with a linear
gradient (using n-hexane, dioxane, and isopropanol)
advantageous for the separation of retinal, retinol, retinoic
acid, didehydro-retinoic acid, and 4-oxo-retinoic acid
within 20 min, since it allowed for the inclusion of high
concentrations of BHT [140]. Heudi et al. separated all-
trans- and 13-cis-retinol with NP-HPLC on a silica-based
column in isocratic mode, applying hexane/dioxane/2-
propanol (69.7/3.0/0.3, v/v/v) as mobile phase [123].

Reversed-phase HPLC — General separation aspects

High performance liquid chromatography in reversed-
phase mode (RP-HPLC) is the preferred separation tech-
nique for B-carotene and its hydrophobic non-volatile CPs
[81]. Thereby, C18 columns are employed frequently. The
application of more hydrophobic C30 columns also allows
for a differentiation between isomeric variants of - and
o-carotene, that is, all-frans- and various cis-isomers
[84,117,141,142], but is also applied for the separation of
retinol, retinyl acetate, retinyl palmitate, and B-carotene,
or B-apo-8’-carotenal, P-apo-8°-carotenoic acid ethyl
ester, and B-carotene [120,122,143]. Isomeric variants can
additionally be distinguished by a so-called hypsochromic
shift in the UV absorbance maximum of cis-variants in
comparison to all-zrans forms. Moreover, a novel cis-band
occurs in the UV spectrum at ~340 nm [141]. In terms of
5,6-epoxy and 5,8-epoxy-B-carotene that cannot be dif-
ferentiated by MS, UV absorbance allows for a distinction
due to their different absorbance maxima, that is, 449 nm
and 430 nm, respectively [40].

For separation in RP-HPLC, mobile phases with non-
aqueous properties are applied frequently using ternary
gradients [81,89,116]. The previously addressed limited
solubility in solvents (see “Application- and treatment solu-
tions — Organic solvents”) routinely used in RP-HPLC, that
is, methanol and ACN, requires the addition of supportive
solvents, such as THF [81,116], n-hexane, and isopropanol
[123,140], to improve solubility and chromatographic peak
shapes. Other solvents applied in UHPLC comprised
DCM [124,144], dioxane [123,140], acetone [117], tert-
butylmethyl ether [90,91], 1-octanol [124], methylene
chloride [145], and the implementation of further additives
such as BHT [140] and triethylamine [90].

The UV-Vis absorbance maxima (A, ) of B-carotene
and its related CPs highly depend on the applied solvents,
for example, 448 nm in hexane, with up to 462 nm observed
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in benzene, chloroform, and toluene when measuring
B-carotene [83]. When [B-carotene was dissolved in hexane
or methanol, a comparison of lmax showed differences in
the intensity but not in the apex of the UV-Vis absorbance
spectra. Moreover, when testing the UV-Vis detector
response for up to ~13 umol/L B-carotene, the slope of the
calibration curve leveled off at 5 umol/L in methanol, but
appeared still linear in hexane. This has been related to
the formation of B-carotene microcrystals at 3 mg/L in
methanol [146]. The following paragraphs provide more
details of (U)HPLC separation systems applied for the
distinction of -carotene and non-volatile CPs.

RP-HPLC — Separation Conditions

Sommerburg et al. applied an Ultrasphere C18 column
with 5 wm particles using a mixture of ACN/THF/metha-
nol/ammonium acetate for separation of B-apo-47-,
B-apo-8°-, B-apo-12 -carotenal, and retinal. Unfortunately,
neither chromatograms nor retention times were provided
[29]. Franssen-van Hal et al. applied a Vydac RP 18 col-
umn in combination with gradient elution with two eluents
composed of ACN/fert-butylmethylether/ammonium ace-
tate prepared in different ratios to separate B-carotene,
retinoic acid, retinal, retinyl palmitate, 3-apo-4"-, B-apo-8 -,
B-apo-107-, and B-apo-12’-carotenal within 30 min [91].
Zhu et al. separated '*C-labeled B-carotene and retinyl
palmitate on a YMC carotenoid C30 column with 3 um
particles [122]. A C30 column with 3 pum particles and a
linear quaternary gradient with a flow rate of 1.0 mL/min
was also applied for the separation of -carotene, B-apo-
8’-carotenal, and other carotenoids [89]. Barua and Olson
employed RP-HPLC with a 3 um Microsorb-MV column
and gradient elution with water, methanol, ammonium
acetate, and DCM to separate retinoids, for example, all-
trans-5,6-epoxy-retinoic acid, retinoic acid, retinol, and
retinal [144]. Rodriguez et al. used a C18 column from
Vydac to separate B-apocarotenals, all-frans-retinal, all-
trans-retinol, and 5,6-epoxy-p-carotene in isocratic mode,
with ACN, fert-butylmethylether, ammonium acetate, and
triethylamine [90]. Arora et al. used 5 wm octadecyl silica
particles and a linear gradient for separation of B-apocar-
otenals, epoxy-f-carotenes, and 4-nitro-fB-carotene, with
UV and triple quadrupole mass spectrometric detection in
negative atmospheric pressure chemical ionization (APCI)
mode [96]. Wyss and Bucheli [135] utilized two C18 col-
umns of LiChroCART (packed with endcapped Super-
spher 100 RP-18) coupled in series. This design was
required to assure both separation of retinoic acids and
analytes from the plasma matrix. Target analytes com-
prised 13-cis-retinoic acid, all-trans-retinoic acid, and
their corresponding 4-oxo metabolites in plasma samples
from different species. In total, 14 endogenous retinoids
could be separated within a total sequence time of 38 min
(including on-line SPE) [135]. Thibeault et al. [145] used
a Thermo Spherisorb ODS2 (= C18) column with 3 um
particles, with a preceding guard column and biocompat-
ible titan frits to separate all-frans-o-, all-trans-3-, and cis-
[B-carotene (isomer not specified), retinol, and tocopherols
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within 15 min. The guard column was replaced every 500
runs. Isocratic elution was done with ACN/methylene
chloride/methanol (7/2/1) including 20 mmol/L. ammo-
nium acetate, with either UV diode array (DAD) or
fluorescence detection. Inclusion of ammonium acetate
improved peak shape and repeatability of chromatographic
separations for a- and B-carotene. This has been related
to the neutralization of HCI traces stemming from meth-
ylene chloride that might cause degradation. However, at
an ammonium acetate concentration of 50 mmol/L, salt
precipitation effects were observed over time [145].
Hosotani and Kitagawa [124] employed a Resolve 5-um
spherical C18 column. Isocratic elution was done by ACN/
DCM/methanol/1-octanol. B-carotene was detected at
451 nm, whereas retinol was recorded at 325 nm [124].

Ultrahigh performance liquid chromatography—UHPLC

Rivera et al. [147] used an ACQUITY UPLC BEH C18
column with 1.7 um particles and a binary gradient with
ACN, methanol, and water. Retention times were between
4.81 and 10.07 min for B-apo-8’-carotenal and B-carotene,
respectively [147]. Paliakov et al. separated retinol and
[-carotene, two tocopherols, and CoQ10 on an ACQUITY
Shield RP18 BEH column (1.7 um particle size) within
2 min by using a gradient composed of water, ACN, meth-
anol, and 2-propanol [148]. Arnold et al. [149] employed
an Express RP Amide column (2.7 um particles) to sepa-
rate all-trans-retinoic acid and four isomers within 15 min.
In comparison to C8 and C18 columns, the amide column
was superior and provided baseline resolution when using
gradient elution applying a mobile phase composed of
water, ACN, methanol, and formic acid [149]. Sy et al. used
a C18 column with 1.8 um particles and a binary gradient
to separate 5,6-epoxy-, 5,8-epoxy-, 5,6,57,6’-diepoxy-,
5,8,5",8 -diepoxy- and 5,6,5",8 -diepoxy-p-carotene as well
as [-apo-8’-, B-apo-12°-, B-apo-14’-carotenal, [B-apo-
15-carotenal and [-apo-13-carotenone within 18 min.
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Detection was with DAD and APCI-ion trap MS [41]. We
have used a Kinetex® C18 column with 1.7 um core-shell
particles to separate [B-carotene, 5,6-epoxy-B-carotene,
B-apo-4°-, B-apo-8°-, B-apo-10"-, and B-apo-12"-carotenal
within 5.5 min. A quaternary gradient composed of ultra-
pure water, ACN, trifluoroacetic acid (TFA), and THF was
used. UV detection was executed at a data rate of 40 Hz,
due to the small peak widths (Figure 7). ESI-Orbitrap MS
was affiliated in series [116].

Capillary electrophoresis

Due to the pronounced hydrophobicity of B-carotene, cap-
illary electrophoresis (CE) separations in aqueous media
are inappropriate. Instead, capillary electrochromatogra-
phy (CEC), a chimeric separation mode including features
of CE and HPLC, has been applied. Thereby, selectivity
of HPLC is combined with the exceptional efficiency of
CE [150,151], which is based on the flat flow-profile of
the electro osmotic flow [152,153]. Sander et al. applied
CEC with a stationary C30 phase. Both isocratic separa-
tions and gradient elution CEC were carried out employ-
ing methanol/fer-methyl butylether/background electro-
lyte (35%/60%/5%, v/vlv) and acetone/background
electrolyte (95%/5%, v/v) for isocratic mode, and ace-
tone/background electrolyte (gradient from 80%/20% to
99%/1%, v/v) for gradient elution. Background electrolyte
was 1 mmol/L sodium borate in both cases. Separation
conditions allowed for baseline separation of 13-cis--,
13"-cis-o-, 13-cis-B-, all-trans-o.-, 9-cis-0-, 9°-cis-o-, all-
trans-B-, and 9-cis-B-carotene within 20 min. Unfortu-
nately, no CPs have been included in the standard solutions
and sample mixtures tested [154]. Adalid et al. [155]
applied methacrylate ester-based monolithic columns in
CEC instead of conventionally packed CEC columns,
which provide several advantages, as outlined by the
authors. A mixture of 35%THF/30% ACN/30% methanol/
5% 5 mmol/L Tris (pH 8.0) (v/v/v/v) was applied as
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Figure 7. UHPLC chromatogram acquired at 460 nm for a standard solution containing all-trans-f-carotene (BC) and CPs at 1.0 ug/mL.
Reprinted from [116], under the terms of Creative Commons Attribution License.



mobile phase. B-carotene and B-apo-8°-carotenal (applied
as internal standard) were separated within 6 min [155].

Detection of p-carotene and its cleavage products
Mass spectrometry

General aspects

Characterization of B-carotene and related CPs by their
retention times and UV-Vis spectra might be inadequate
for their unequivocal identification [156]. Highly accu-
rate mass information is mostly indispensable. In this
context, hyphenation of chromatographic separation sys-
tems to MS is progressively applied. Fragmentation of
analytes by MS/MS or higher order MS (MS"), and the
comparison with theoretical isotope patterns in case of
high-resolution MS systems, offer further decisive tools
for an improved reliability of data in analyte identifica-
tion (Figure 8) [89,116]. A discussion of the principles
of electrospray ionization (ESI) in MS is beyond
the scope of this review. The interested reader is thus
directed to comprehensive reviews that tackle this aspect
[157-160]. Unfortunately, B-carotene, like other non-
polar analytes, lacks protonation and deprotonation sites
and thus ionization in ESI-MS is cumbersome [117,123].
Frequently, this prevents adequate sensitivity or even
detection at all [161].

Ionization modes in mass spectrometry for analysis
of B-carotene and CPs

Different ionization modes have been applied in MS
including APCI, atmospheric pressure photoionization
(APPI), and ESI [147]. A comparison of APCI and APPI

Intensity
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is given elsewhere [162,163]. Briefly, whereas ESI is
appropriate for polar and ionic compounds, APPI provides
favorable performance for nonpolar analytes. The effi-
ciency of different ionization modes was compared in the
direct infusion mode with standard solutions prepared in
70% ACN/30% methanol (v/v). B-apo-8’-carotenal was
detected as [M + H]* with m/z 417.5 in all three ioniza-
tion modes, whereas B-carotene was detected as [M + H]*
with m/z 537.7 in the APCI mode, and as cationic radical
ion [M*]" with m/z 536.7 in ESI and APPI. The signal
intensity in APPI can be increased by so-called dopants,
that is, additives that are mostly added post-column.
Dopants can easily be ionized and support the ionization
of analytes. When comparing the effect of acetone, tolu-
ene, anisole, and chlorobenzene as dopants, the latter
enhanced signal intensities of B-carotene and B-apo-8’-
carotenal by a factor of 1.6 and 3.5, respectively, in com-
parison to dopant-deficient systems [147]. Moreover,
APCI-MS provided a wide dynamic range and linear
detector response over four orders of magnitude, which
was not achieved in ESI-MS that shows a continuous loss
in sensitivity with increased analyte concentrations
[116,143]. This has to be considered when analyzing
B-carotene together with CPs that are accessible to ESI-MS
detection, as long as they possess ionization sites.

Atmospheric pressure chemical ionization

APCI in the positive ionization mode has been applied to
identify retinoic acid and four isomers by means of
UHPLC-MS/MS. The negative ionization mode provided
a ~10-fold impaired sensitivity. Although higher sensitiv-
ity was yielded for the analytes by ESI-MS based on the
availability of ionizable groups, this approach was not
applied by the authors due to matrix effects present when
analyzing human serum. The identity of retinoic acid and
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Figure 8. (A) Extracted ion current chromatograms of a standard solution containing all-frans-B-carotene and target CPs at 1.0 ug/L. Identity
of peaks: A, B-apo-12’-carotenal, B, B-apo-10’-carotenal, C, B-apo-8’-carotenal, D, B-apo-4’-carotenal, E, 5,6-epoxy-B-carotene (BC), and
F, B-carotene (BC). (B) Detected masses and isotope distribution for -carotene and target f-apocarotenals including a comparison with
theoretical masses and theoretical isotope distribution by means of the software option provided. Reprinted from [116], under the terms of

Creative Commons Attribution License.
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isomers extracted from human serum was confirmed by
MS/MS [149]. Similarly, APCI in positive mode has been
used for detection of all-trans- and 13-cis-retinol. Both
provided a protonated ion of m/z 269.1, that is,
[M-H,O + H]*, but differed in their retention times under
NP-HPLC conditions [123]. Others applied HPLC-APCI-
quadrupole ion-trap MS, using up to MS* to identify retin-
oids [140]. Wang et al. used RP-HPLC-APCI-MS for the
analysis of B-carotene and retinyl palmitate in human
serum extracts [164]. HPLC with APCI-MS in positive
ionization mode revealed compounds interfering with
13C10—labeled B-carotene in blank samples, such as feces
and serum. Thus, Zhu et al. also applied APCI in negative
ionization mode, where the interfering peak was absent.
However, signal intensity in single ion monitoring (SIM)
mode was reduced approximately by a factor of six [122].
Others used APCI-MS for analysis of o~ and -carotenes
[84,88]. Van Meulebroek et al. applied APCI- Exactive
Orbitrap MS equipped with a high energy collision dis-
sociation (HCD) cell and APCI-TSQ triplequadrupole MS
for analysis of B-carotene in tomatoes [89]. HPLC-AP-
CI-MS was also used to characterize CPs after degradation
of B-carotene at 110°C in a Rancimat [67].

Electrospray ionization f—carotene — formation
of radical cations

Even neutral analytes with highly conjugated systems can
be ionized with high efficiency in ESI-MS under well-
selected frame conditions, employing in-solution ioniza-
tion for example, by Lewis acids, halogens, and metal salts
[156,165]. Therefore, initial attempts in ESI-MS analysis
referred to post-column reactions with oxidizing agents,
including halogenated solvents [156], or silver salts
[117,141]. For instance, post-column addition of a AgClO,,
solution via a liquid junction with a final Ag* concentra-
tion of 5 wmol/mL in the solution allowed for the forma-
tion of silver-adducts [M + Ag] ™ and radical cations [M*]*
of B-carotene. Both ion types showed different fragmenta-
tion patterns, whereby [M + Ag]* provided a higher num-
ber of fragment ions that were still complexed by Ag™.
Moreover, stability of Ag* adducts was increased in the
presence of cis-configurations of -carotene [117].

Electrospray ionization — principles of radical cation
formation

The formation of radical ions does not involve reactions
comprising the loss or gain of protons, typically encoun-
tered in ESI. Consistently, they are rarely observed in
ESI-MS if appropriate measures are not taken [166]. Gen-
erally, radical cations can be generated in ESI-MS either
(1) by in-solution oxidation under the influence of oxidiz-
ing reagents in the bulk solution, or (ii) by oxidation events
at the solvent/electrospray (ES) needle interface [166].
Besides, the detection of radical ions is also a question of
their stability in solution [165]. First investigations on the
radical formation process in ESI-MS have been performed
on model compounds, such as metallocenes, metallopor-

phyrins, and polycyclic aromatic hydrocarbons (PHAS),
where removal of single electrons became the predomi-
nant process [161,166].

Ad (i): In-solution oxidation was enhanced by post-
column addition of halogenated solvents, also including
TFA in the mobile phase. Signal intensity and repeatabil-
ity were best with application of 0.02-0.25% (v/v)
2,2,3,3,4,4,4,-heptafluoro-1-butanol. When different TFA
concentrations were tested within a range of 0.01% and
0.5% (v/v), 0.1% (v/v) TFA was found to be the most
efficient in the formation of radical cations of -carotene
in 70% ACN/30% tert-butylether (v/v). Higher TFA con-
centrations apparently impaired ES formation, quenched
gas phase ions of B-carotene, or prevented their release
from sprayed aerosol droplets. However, TFA did not con-
tribute via its acidity [156].

Ad (ii): The formation of radical ions can also be
achieved by a conventional ESI source that acts as a
controlled-current electrolyte (CCE) cell. Thereby, the
ES current and the related potential at the sprayer inter-
face have to be selected to be sufficiently high for an
oxidation of neutral target analytes [167,168]. Due to the
applied electric field at the ES device (in other words,
spray needle), ions of the same charge polarity (e.g.,
cations) are selectively lost via the Taylor cone and the
formed jet stream that nebulizes into aerosol droplets.
These droplets undergo further reduction in size due to
solvent evaporation until they reach the so-called Raleigh
stability limit, and then show (asymmetric) fission [160].
Countercharged ions (in other words, anions in the
described case) will remain and accumulate in the solu-
tion of the separation line. Theoretically, this should dis-
rupt the spray process over time. Since this is not
observed, apparently a “charge balancing” event occurs,
that is, an electrochemical process that produces either
cations or neutralizes the piled anions. Besides an oxida-
tion of the material of the ES needle, compounds in the
separation medium can be oxidized as well, forming
radical ions [168,169]. The presented case describes the
so-called positive ionization mode in MS, whereas in the
negative ionization mode, the situation is inverted, with
loss of anions and charge balance occurring via reduc-
tion reactions [168].

Charge balancing in ESI-MS - contribution to the
formation of radical cations

As an integral part of “charge balancing”, the outlined
oxidation reaction in positive ionization mode (or reduc-
tion reaction in negative ionization mode) creates a fara-
daic current that equals the ES current that is carried by
the charge transfer via ES. Relevant aspects are discussed
as examples for positive ionization, but are equally valid
for the negative ionization mode. Charge balancing
requires a sufficient amount of electroactive species to be
oxidized at the interface between the metallic sprayer sur-
face and the bulk solution. Oxidizable species comprise
analytes, electrolytes, and/or contaminants present in the
bulk solution as well as the sprayer material itself



[168,169]. Blades et al. described the oxidation of OH™
and H,O as part of the “charge balancing process”. The
concomitant production of H* is most prominent in aque-
ous systems [169]. The material of the ES electrode thus
also determines the efficiency of analyte oxidation [168].
This was demonstrated when stainless steel and platinum
capillaries were compared [167].

The tendency of neutral molecules to release an elec-
tron is related to the energy of the highest occupied
molecular orbital (HOMO). Thus, HOMO determines
the half-wave potential (E, , ) that characterizes the oxi-
dation propensity of individual compounds [161]. The
relation between radical cation formation and the molec-
ular orbital level is discussed elsewhere [170]. The elec-
tric potential required for radical cation detection always
has to exceed the onset potential of ES and depends on
the analyte of interest [166]. A slow flow rate of the bulk
solution, for example, of the mobile phase, was shown
to improve the ionization efficiency by an enhanced
transport of analytes toward the metal/solution interface
where formation of radical ions takes place. Thus, the
accessibility of the analyte depends on its diffusion time,
and therefore the diffusion coefficient and the diffusion
distance that is determined by the capillary diameter.
Concomitantly, the propensity of radical ion formation
of non-polar analytes depends on (i) the ES current, (ii)
the concentration and redox potential of concurrent spe-
cies in the bulk solution, as well as (iii) the selected flow
rate of the mobile phase [168]. Moreover, formation of
gas-phase ions must not be hampered in order to detect
radical ions in MS [167]. Electrolytes with low ion sup-
pression, such as lithium triflate, provide higher signal
intensities of analyte radical ions due to the lower pro-
pensity of lithium triflate in forming gas-phase ions. This
allows for higher ES currents, either by increased ion
strength or the application of higher ES voltages. Both
strategies enhance oxidation of analytes according to the
charge balancing, as outlined above [167]. Similar effects
can be assumed for B-carotene, although this has been
exemplified on other neutral compounds with conjugated
systems.

Formation of radical cations of B-carotene in ESI-MS

As outlined in the previous sections, the fundamental
results for neutral compounds provide an improved under-
standing of the radical cation formation process for caro-
tenoids, namely B-carotene. According to voltammetric
measurements, analytes with an oxidation potential P, <
0.3 V are highly prone to radical ion formation, whereas
a higher P, reduces the efficiency in the generation of
radical ions and higher analyte concentrations are required
to produce radical ions in sufficient amounts [165]. Vol-
tammetric studies of -carotene, which possesses a peak
Pox of ~0.75 'V, showed radical cation formation followed
by a further oxidation event with generation of a dication
at a slightly higher potential. Flow injection experiments
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with B-carotene injected into a stream of 0.1% TFA in
methylene chloride at a low flow rate of 10 uL/min resulted
in a TFA-caused oxidation of B-carotene to a dication
[M]*>*, with subsequent proton loss giving [M?*-H*]*
according to

M] — [M]**— [M**-H*]* + H*.

The dication had a half-life of 6.3 s in the applied
solvent system. Other solvent combinations failed in
detecting ions related to B-carotene, most likely due to an
extenuated lifetime [165].

Indeed, an electrochemical oxidation process at the
metal-liquid surface was shown to occur for B-carotene
[156]. Moreover, the importance of selecting an appropri-
ate solvent composition for achieving high signal intensi-
ties for molecular cations has been addressed before
[161,166]. The addition of TFA to the mobile phase to
assure solution-phase oxidation of neutral analytes with
highly conjugated electron systems has been described
elsewhere [156,165]. Apparently the inclusion of TFA in
the mobile phase can represent a crucial aspect to achieve
adequate sensitivity for B-carotene [166]. The composi-
tion of the mobile phase determines the sort of ions gener-
ated. A combination of methanol and TFA, for instance,
was shown to generate [M*]". Indeed, the addition of TFA
was shown to entail a pronounced increase in the signal
intensity of P-carotene radical ions [156]. In some
instances, the favorable effect of TFA has been related to
a stabilization effect on radical ions with a concomitant
extension of their lifespan [161,166]. In-solution con-
sumption of radical cations has been reported for protic as
well as nucleophilic solvents (e.g., water and methanol)
and nucleophilic additives, such as acetate. This is one
explanation of why a binary solvent mixture composed of
methylene chloride and TFA — that is frequently applied
in direct infusion and flow injection experiments — but also
dried ACN, resulted in highest signals for radical ions.
The stabilization effect of TFA has been related to “...an
interaction between the non-nucleophilic CF3 group of
TFA and the cation...” [161,171]. This solvation by TFA
prevents nucleophilic attacks of the radical cation [161].
Xu et al. observed no increase in radical cation signals
with application of TFA, but the effect seems to be
analyte-specific [166].

The answer to the general question of whether radical
cations are produced in sufficient amounts (i) in solution
or (ii) at the solvent-ES needle interface, and are then suf-
ficiently stabilized to allow for a substantial transfer to the
gas phase and then MS, depends on the appropriate selec-
tion of instrumental settings, for example spray voltage
and temperature, the setup of the ES source, and on the
properties of applied solvents (in other words, promoting
the formation and stabilization of radical -cations)
[156,161,166]. Further reviews on the formation of radical
ions from neutral organic compounds, also discussing
B-carotene and related degradation products, are given
elsewhere [172,173].
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ESI-MS application in B-carotene measurements

B-Carotene was analyzed with ESI-quadrupole time-of-
flight (Q-TOF) MS in positive and negative ionization
mode hyphenated to RP-HPLC and by applying collision-
induced dissociation (CID). Beside the radical cation
[M°]*, MS/MS provided daughter ions at m/z 444, that
is, [M*®-92]", due to the loss of toluene, and also at m/z
495, 457, and 413 [121]. The application of Turbolon-
spray ionization operating at up to 500°C in positive
ionization mode allowed for the formation of radical ions
[M*]* by electron loss, circumventing the need for
in-solution oxidation. Operation at increased tempera-
tures enhanced the intensity of [M®]* [115]. We have
applied UHPLC hyphenated to ESI-LTQ-Orbitrap MS.
B-Carotene was detected as a radical cation, whereas
B-apocarotenals occurred as [M + H]". Identification was
based on the high mass accuracy (< 2 ppm) that was real-
ized and by comparison of theoretical and experimental
isotope distribution of the analytes (Figure 8) [116].

Spectroscopic methods

The structural configuration and vibration properties of
B-carotene have been addressed by Raman and Fourier
transform infrared (FTIR) spectroscopy. Data provided
information on the angle taken by the B-ionone rings rel-
ative to the molecular plane as well as angles and lengths
of individual C—C bonds. This allowed for a distinction
between the all-frans-B-carotene and a cis-B-carotene
variant [174]. Probably because FT-Raman spectroscopy
has been applied to distinguish cis/trans-isomers of
carotenes it would be applicable for quality control [175],
for example, of standards and treatment solutions.

Identification of B-carotene was also done in real
samples, such as pumpkin and carrot root, where, in
comparison to the standard, a shift in wavenumber has
been observed and related to protein interaction. Although
not demonstrated, authors have addressed the option for
an in situ measurement of epoxy-carotenoids [175].

Measurement of biological samples
Plants and insects

B-CC, B-IO, and B-methylionone have been determined
in kale before and subsequent to herbivore attack, and
after mechanical damage. Measurements also included
content of CPs in butterfly larvae of Pieris brassicae when
fed with kale leaves [136]. Volatile CPs were also
identified in flue-cured tobacco leaves including B-CC,
2,3-dehydro-a-ionone, B-10, 5,6-epoxy-B-ionone, dihydro-
B-methylionone, tetrahydroionone, o-ionone, DHA, and
tetrahydroactinidiolide [133]. Furthermore, B-CC and
B-IO were determined in cyanobacteria as volatile CPs of
[B-carotene. 2,6,6,-trimethylcyclohexene-1-carboxylic acid
and two aliphatic CPs occurred as secondary oxidation
products of B-CC [127].

Food and Beverage

Fruits are rich in antioxidant compounds, such as caro-
tenes, and their content depends on the stage of fruit
maturity. Some biological antioxidants are even local-
ized in parts that are discarded during fruit processing
when producing nectar, syrup, and puree. Carotenoids
for instance are mostly located in fruit peels [176,177].
In food and beverages, natural antioxidants are progres-
sively replacing their synthetic counterparts, that is, BHT
and BHA [177]. B-Carotene, retinol, retinyl acetate, and
retinyl palmitate have been determined in juices enriched
with vitamins A and C, so-called ACE juices [178].
Rodriguez and Rodriguez-Amaya detected 10 CPs of
B-carotene in processed acerola and mango juices and in
dried apricots [40]. Rodriguez-Comesaiia et al. analyzed
13 beverages to which B-carotene had been added. In
fact, determined concentrations were up to a factor of 30
higher than the labeled content. For labeling, manufac-
turers apparently only considered added vitamin, but not
the contribution of natural vitamin content [179]. Flesh-
man et al. revealed B-apo-8°-, B-apo-107-, B-apo-127-,
and B-apo-14’-carotenal together with -apo-13-carote-
none in orange-fleshed melons (that is, “Orange Dew”
and cantaloupe “Cruiser”) (Figure 9). The average con-
tent was between 176.3 and 242.8 ng B-carotene/g dry
weight. For individual CPs, the average content was
approximately between 20 and 45 pmol/g wet weight
[180]. B-Carotene, 5,6,57,6 -diepoxy-P-carotene, and an
unidentified epoxy-f-carotenoid were identified in
mango. Further carotenoids were determined but not
specified [144]. B-CC and B-IO have been identified as
CPs of B-carotene at up to 0.5 and 0.2 pg/L in port wine,
respectively. B-1O contributes to the wine aroma [128].
Additionally, B-IO was identified in Huxelrebe grape
juice derived from Muscat grapes [132]. B-IO, isomers
of 3-hydroxy-7,8-dihydro-f-ionone, 3-hydroxy-fB-ion-
one, 3-hydroxy-5,6-epoxy-f-ionone, and DHA were
identified in white peach and grape tomato [126]. B-Car-
otene, 5,6-epoxy-B-carotene, -CC, B-10, 5,6-epoxy-f3-
ionone, and DHA have also been identified in chips made
from sweet potatoes [37]. B-Carotene was also deter-
mined in Thai black rice, although CPs have not
been addressed [121]. 5,6-Epoxy-f-carotene, B-carotene
(E160), B-apo-8°-carotenal (E 160 e), and P-apo-8°-
carotenoic acid ethyl ester (E 160 f) are all listed as
“carotenoid food additives” (CFAs) according to the EU
legislation [120,181]. Together with other CFAs, they
have been extracted from a spiked composite real
sample. Analysis was done by RP-HPLC-APCI-MS in
positive mode [120].

Cell culture models

Primary rat hepatocytes

B-Carotene, selected B-apocarotenals, and volatile CPs
have been addressed in cell culture medium of primary



9 Diode Array
107 452
204 486 Range: 2355
)
- B-carotene
00 1] i 1] ] ] 1] 1] ] ] ] ] ]
25 500 730 1000 1230 1300
6 TOF MSMS AP-
] 83 _ 4163100302
100, 4163 " 345
o Apo-8’-carotenal
0 hic ; l_ L -l | l- L L b § l. T -I i
25 500 75 1000 1230 1500
5 TOF MSMS AP-
§75 3762800502
2 3| Apo-10’-carotenal i
25 500 730 1000 1230 1500
4 TOF MSMS AP-
00- 610 _ 3502500302
) 350iILApo-IZ’-carotenal 09
e i l_ 1 -l i l- ] 14 ] l_ 1] -l 1]
2% 500 7% 1000 1230 1500
100- 12 iy , |
- 302 3492 Apo-14’-carotena
B A 87
= 3102,
250 50 730 1000 1230 1500
1: TOF MSMS AP+
wy 3 Apo-13-carotenone 200
83 n
B3 392 202
0 Time

2% 500 780

Figure 9. B-apocarotenoids and B-carotene in the ‘Orange Dew’
melons. The top chromatogram shows the absorbance at 452 nm,
and the other chromatograms show the B-apocarotenoids at their
respective masses. Reprinted with permission from [180]. © 2011,
American Chemical Society.

rat hepatocytes after a joint SPE of these compounds
[111,116]. After the addition of 10 pmol/L B-carotene to
cell cultures, oxidative stress was induced by different
means, including DMNQ, H,0,, and Fe(ID)lactate. Incu-
bation time was 3 h after addition of the treatment solu-
tion. Control treatments without cells under otherwise
identical conditions revealed that 5,6-epoxy-B-carotene
was not formed by cells but rather by autoxidation.
B-Apo-4’-carotenal seemed to be generated by mediation
of primary target cells since it was absent in control
samples, but the extent of production seemed to follow an
individual cell response [116].

Human bronchial and intestinal cell lines

Rodriguez et al. [90] incubated human bronchial epithe-
lial cells with 5 umol/L all-trans-P-carotene in DMSO.
After addition of the treatment solution to the cell culture
medium, DMSO content was below 1%. Analytes were
extracted by LLE from the medium and isocratically
separated on a C18 column, with identification based on
retention times and UV-VIS spectra. Beside all-trans-,
9-cis- and 13-cis-B-carotene were detected. The metabolites
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identified comprised B-apo-4'-, B-apo-8°-, and B-apo-
12’-carotenal, 5,6-epoxy-PB-carotene (Figure 10), as well
as retinol and retinal (the latter two in all-frans form).
After 24 h of incubation, the highest intracellular concen-
trations of P-carotene were detected with no essential
increase over time. After 72 h, 10-15% of the initially
applied amount of B-carotene was present. Both identified
cis-isomers of B-carotene were assumed to have been
formed intracellularly, which has also been presumed for
the B-apocarotenals and the identified epoxy product.
Authors stated a low-activity pathway for eccentric cleav-
age since the abundances of CPs were low. The time-
course of the intracellular development of CP
concentrations is also given [90]. The group of Keijer
measured intracellular levels of P-carotene and related
CPs in colorectal, intestinal, and lung carcinoma cell
lines. Cell lines were exposed to 1 umol/L B-carotene for
a period between 2 h and 3 weeks. The intracellular
B-carotene content increased over time. The final B-car-
otene concentrations were cell-line-specific, and varied
between 1.5 and 54.7 umol/L. Keijer and co-workers pos-
tulated an active uptake mechanism in cell lines which
showed highest -carotene concentrations. In addition to
B-carotene, seven metabolites were detected including
cis-carotene, retinol, three epoxy-B-carotenes, and two
retinyl esters. The observed metabolite profile was cell-
line-specific [91]. Immortalized human bronchial cells
have been incubated with B-carotene under simultaneous
gas phase treatment with cigarette smoke. Identified
oxidation products of B-carotene comprised 5,6-epoxy-,
5,8-epoxy-PB-carotene, B-apo-14"-, B-apo-12°-, B-apo-10"-
carotenal, and 4-nitro-f-carotene. The latter was addressed
as a unique marker for oxidation of [B-carotene with
cigarette smoke [96].

mAbs
10 450nm
2
S
] 2
= =
3 2
T )
< ]
H ?
g @
hy 2
= S
< )
5 -
24
2
2
2 =
3
B = = B
g 2279 g
R R
¥ 585 \
I PR
A
2 2z%
F FFv
A aay
0 E

1
0 5 10 15 (min.)

Figure 10. Representative chromatogram of the -carotene isomers
and metabolites analyzed in the cells by HPLC. Reprinted from
[90], © 2005, with permission from Elsevier.
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Stimulated leukocytes from human blood

Freshly prepared human PML (10 X 10 cells/mL) stimu-
lated with phorbol myristate acid were incubated with
1 umol/L B-carotene (for degradation) and 100 pmol/L—
10 mmol/L B-carotene for identification, all in soybean oil.
With 100 umol/L B-carotene, mostly short-chain volatile
CPs were identified but no B-apocarotenals. When
10 mmol/L B-carotene was applied, retinal, B-apo-8°-, and
B-apo-12°-carotenal were present as well [29].

Serum, plasma, and blood

Van Breemen et al. analyzed retinoids, that is, retinol and
retinyl palmitate, in human serum, after protein precipita-
tion with ethanol and LLE with n-hexane. Retinol concen-
trations were between 1.04 and 1.56 mmol/L [143]. Barua
and Olson determined o~ and B-carotene, retinoic acid,
retinol, and retinyl acetate in human serum [144]. Both
crystalline 5,6-epoxy- and 5,8-epoxy-f-carotene dissolved
in corn oil and soaked into bread were administered orally
at 9.1 pmol to a human volunteer. Another volunteer con-
sumed a ripe mango fruit known to contain 5,6-epoxy-f3-
carotene. The analysis of capillary plasma before and 3 h
after oral application indicated 5,6-epoxy-B-carotene as
the major carotenoid, with a concentration of up to 2.29
umol/L. This corresponds to 61% of the orally supple-
mented dose. Additionally, retinyl palmitate was detected
[97]. Olmedilla-Alonso et al. compared 166 pairs of serum
and lithium-heparin plasma samples from healthy volun-
teers for comparability of determined concentrations of
o~ and B-carotene, and retinol [119]. Nakagawa et al.
determined o.- and B-carotene in human plasma and eryth-
rocytes by RP-HPLC-DAD-APCI-MS after off-line SPE.
This revealed an approximately 16-fold lower concentra-
tion in erythrocytes in comparison to plasma. Moreover,
differences in carotenoid content of plasma and erythro-
cytes were determined for men and women [95]. Hosotani
and Kitagawa measured B-carotene, retinol, and retinyl
palmitate in human serum and rat liver [124]. Zeng et al.
investigated the human carotenoid metabolism on male
volunteers by orally providing a single dose of 100 g
4,4’-dimethoxy-f-carotene,  ethyl-B-apo-8’-carotenoate
and PB-apo-8’-carotenal in peanut oil, respectively. Blood
was collected at defined time points. Concentration devel-
opment and peak concentrations were compared. -Apo-
8 -carotenal was not determined in pronounced amounts,
but rather [-apo-8°-carotenol and [-apo-8’-carotenyl
palmitate. The authors also proposed a degradation path-
way for B-apo-8°-carotenal [182].

Feces and urine

Zhu et al. performed a diet intervention study with phar-
macological doses of 1°C, -B-carotene and '3C, -B-retinyl
palmitate targeting for a steady-state level in serum.
Whereas '3C,,-B-carotene was detected in serum and
feces, 13C,,-B-retinyl palmitate was only observed in
serum [122]. *C-B-carotene was administered orally to a

male volunteer by a single dose of 306 |g. Extraction of
14C-B-carotene and radioactively labeled neutral and acidic
CPs was done from plasma, feces, and urine, respectively.
Neutral and acidic extractable compounds were distin-
guished by different sample extraction procedures.
Both classes were fractionated by RP-HPLC using the
isocratic mode with subsequent analyte determination by
accelerator MS that can measure the ratios of *C/!?C.
Due to saponification, retinyl esters were transformed to
retinol. Within the first 2 days after oral intake, 57.4% was
excreted via feces, whereas 42.6% of 14C—[_’)-carotene was
absorbed. Further cumulative losses from day 4 via urine
and feces were 0.98 and 8.98% of the original dose,
respectively [183].

Matrix effects

Matrix effects, that is, effects that entail different signal
intensities and thus an altered slope of the calibration
curve when comparing calibration data derived from
model samples (calibration standards) with real samples,
will impair accuracy and precision of quantitative data and
detection sensitivity. An adverse, or more rarely, enhanc-
ing impact on the ionization efficiency in MS, that is, ion
suppression or ion enhancement, represent causative rea-
sons and will entail a reduction or increase in the signal
intensity [113,184,185]. The degree of ion suppression (or
enhancement) can thus differ between different biological
materials, animal species, and biological lots, and might
also be influenced by conditions and duration of storage.
Thereby, absolute and relative matrix effects have been
distinguished [184]. The exact mechanism of matrix
effects in MS is still disputed. Most likely, matrix com-
pounds coexisting with analytes affect the ionization and
spray processes. In the latter case, the fission process
forming continuously smaller droplets might be hampered
by matrix compounds that influence pH, electrolyte con-
centration, and solvent composition of the sprayed solu-
tion and thus of ES droplets [185,186]. Processes that
are likely to prevent analytes from forming either an
individual ion or a charged cluster in the gas phase are
discussed elsewhere [186].

The immanent importance of matrix effects has also
been raised in a “Guidance for Industry”, addressing
method validation issued by the FDA and related organi-
zations. Therein, a method validation based on the relevant
biological matrix (or matrices) is suggested [187]. More-
over, matrix effects are not only related to the original
sample but depend also on the sample preparation and the
selected ionization technique and thus the ES-interface
applied in MS [184,185]. Matuszewski et al. [184]
described a validation strategy where (i) neat solvents
were spiked, or the sample matrix was fortified with ana-
lytes (ii) after or (iii) before the sample extraction proce-
dure. An assessment of the respective signals allowed for
a differentiation between matrix effect, recovery, and “pro-
cess efficiency”. A comparison of signals derived from (ii)
and (i) provides the absolute matrix effect. In case of a



direct comparison of signals that are derived from differ-
ent matrix batches spiked with analytes subsequent to the
extraction, relative matrix effects can be addressed. The
inclusion of an internal standard (IS) can compensate for
this effect as long as the ratio between IS and analyte
signal is maintained. The same authors have also addressed
a comparison of slopes of the calibration curves but have
not provided the statistical evaluation procedure [184]. In
our recent paper, a statistical evaluation of calibration
slopes acquired for volatile CPs of B-carotene from model
solutions and spiked cell culture medium was done on a
significance level of 5% [111]. Some authors have pro-
posed replacing plasma with phosphate buffered saline
(PBS) either alone or in combination with 5% serum albu-
min, to mimic plasma matrix during calibration [135].

Internal standards

IS compounds are added to standard solutions and samples
for reasons of correction in the quantification step. As
given elsewhere, an IS has to meet several requirements
in order to execute its task appropriately [82]. Different
compounds have been used as IS when analyzing 3-caro-
tene and its related CPs, including methylisoeugenol
[35,111] and linalool [111], both preferably for volatile
CPs, whereas echenelon [95,120,145], squalene [88], and
also -apo-8°-carotenal have been applied for non-volatile
CPs [42]. In the latter case, it has to be assured that this
compound is not among the generated CPs. In addition,
isotope-labeled 'C,-B-carotene was employed as IS
[122]. Moreover, deuterated compounds, for example,
13-cis-retinoic acid-ds, 4-oxo0-13-cis-retinoic acid-d,, and
all-trans-retinol-d, have been applied as IS when analyz-
ing retinoic acid and related isomers [113,149]. Retinyl
acetate has been used as IS as well, but its absence in
the sample has to be confirmed [97,119,143,144,188].
Moreover, retinal-O-ethyloxime and B-apo-12’-carotenal-
O-t-butyloxime have been employed as IS for retinol and
B-carotene [189]. Acitretin was applied as IS for retinoic
acids and related 4-oxo metabolites [135].

Method validation and analyte quantification

The ICH guideline Q2(R1) [190], an IUPAC guideline
[191], as well as an industrial guideline [187] outline the
parameters that should be addressed during method vali-
dation (mostly for single laboratory validation). Relevant
validation issues comprise trueness, precision (including
repeatability and intermediate precision, and in some
cases even reproducibility), specificity or selectivity, limit
of detection (LOD), limit of quantification (LOQ), linear-
ity, sensitivity, range, and robustness (sometimes also
stated as ruggedness). Furthermore, recovery and stability
testing have been listed [187]. All cited guidelines also
include suggestions on how testing should be executed
practically, and provide equations for calculation of
validation parameters [187,190,191]. Moreover, method
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testing can comprise full validation and partial validation.
The latter has to be executed if, for instance, changes in
instruments, sample processing, matrix, or method trans-
fer has been done [187]. In addition, calculation of mea-
surement uncertainty is briefly addressed as well [191],
with a comprehensive introduction given elsewhere [192].
In the context of estimation of method trueness, usually
stated as bias, and thus also for quantification, strictly
speaking, an accepted reference value is required. Ideally,
trueness should be derived from certified reference mate-
rials (CRMs) that are traceable to international standards
and provide an (expanded) combined standard uncertainty
[191,192]. However, disposability of CRMs is limited and
mostly restricted to selected analytes and/or analyte com-
binations available in defined matrices. Recently, the
National Institute of Standard and Technology (NIST) has
— together with other institutions — prepared and character-
ized standard reference material (SRM) 3276 delivering
carrot extract in oil that provides, inter alia, certified
values for trans-o-, trans-f3-, and total B-carotene [84],
including expanded uncertainties. The SRM also con-
tained BHT for stability improvement of the analytes [84].
Variations in the matrix composition and their effects on
method validation should be given particular attention and
be addressed separately [191]. Details have been outlined
in a previous section. However, with a few exceptions
[111,116,184], this has mostly been disregarded.
Publications mostly cover selected validation aspects,
such as precision of retention times, peak areas and recov-
eries, LOD, LOQ, or working range. Some selected cases
are discussed exemplarily in this paragraph. For method
validation, Breithaupt included LOD, LOQ, calibration
based on peak areas (covering 0.5-25 mg/L), and recovery
based on LLE, that is, >97.9%, for B-carotene, B-apo-8°-
carotenal, and B-apo-8’-carotenoic acid ethyl ester [120].
On-line SPE coupled with RP-HPLC allowed for recover-
ies between 92.1% and 93.5% for 13-cis-retinal, all-trans-
retinal, and related 4-oxo metabolites, with a precision of
0.9-8.7% (n = 6). Inter-assay accuracy was between 92.5%
and 96.7%. Authors tested a working range of 0.3—100 ng/
mL and also the stability of analytes in plasma under dif-
ferent storage conditions. Whereas analyte content
decreased over 9 months at — 20°C, this was not the case
at — 80°C. Human plasma samples could even be stored
for 2 years under these conditions [135]. Hosotani and
Kitagawa [124] validated a RP-HPLC-UV-Vis method for
determination of B-carotene, retinol, and retinyl palmitate
in human serum and rat liver tissue. Recovery of -caro-
tene was from 99.7+3.0% to 107.1 £6.2%, whereas
retinol and retinyl palmitate were recovered at 92.8 = 7.8%
and 98.8 == 7.3% (both as retinol, due to sample saponifica-
tion), with n =6 in both cases. Precision of determined
analyte concentrations was from 4.7% to 7.1% for intra-
day, and from 2.7% to 6.4% for inter-day assay [124].
However, full validation of analytical methods applied
for the identification and quantification of -carotene and
CPs are rare, not to mention comprehensive and correct
statistical evaluations therein. Paliakov et al. [148] validated
their UHPLC-UV method by determining accuracy, preci-
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sion, linearity, LOD, LOQ, sample stability, and recovery.
Moreover, they also evaluated matrix effects by comparing
slopes of calibration curves. However, validation
addressed B-carotene but not related CPs. Van Meulebroek
et al. [89] presented a fully validated UHPLC-APCI-
Orbitrap (Exactive) MS method for analysis of carotenoids
in tomatoes. Data were compared to UHPLC-DAD-MS/
MS results acquired with a TSQ triple-quadrupole MS.
The Orbitrap Exactive MS instrument was operated at a
resolution of 100 000 (full width at half-maximum,
FWHM) and used a high energy collision dissociation
(HCD) cell at 40 eV for fragmentation. However, HCD
was not applied during actual measurements. The system
provided high mass resolution and improved mass accu-
racy. The selected mass extraction window was <5 ppm,
since mass deviation was < 1.5 ppm for -carotene. Preci-
sion of retention times in UHPLC hyphenated to APCI-
Orbitrap MS or UV-Vis-MS/MS was <0.58%. The
selectivity/specificity of the Orbitrap MS approach sur-
passed that of UV-Vis and triple-quadrupole MS. All three
methodic approaches were validated and compared in
terms of LOD and LOQ (based on six-point calibration
curves) and linearity was determined between 0.5 and
5.0 ng/uL in case of B-carotene. The coefficient of deter-
mination r? served apparently as an indicator of linearity.
Due to the previously addressed absence of appropriate
CRMs, trueness and recovery were derived from spiking
experiments, applying 1.00, 2.00, and 3.00 ng/uL for
either method [89].

Contrary to all other validation approaches published
so far in the context of B-carotene and CPs, our groups
have jointly published two comprehensive papers pro-
viding full validation of a GC-EI-MS method for vola-
tile CPs and an UHPLC-DAD-ESI-Orbitrap MS method
for non-volatile CPs and -carotene, with preceding off-
line SPE for all analytes [111,116]. The GC-EI-MS
method covered B-CC, B-10, DHA, and 1,1,6-trimeth-
yltetraline. Validation covered instrumental aspects
including repeatability and inter-day precision of reten-
tion times and IS-corrected peak areas. Instrumental
linearity testing covered 0.5-4.5 ug/mL and 1.0-50 pg/
mL for all analytes. Homoscedasticity was statistically
confirmed at 1.0 pg/mL and 50 pg/mL. LOD and LOQ
calculations were based on calibration curves [111].
Contrary to most publications, linearity was not evalu-
ated by the erroneously used coefficient of determina-
tion that only provides information about the correlation
between concentration and the measured signal [193].
Instead, the Mandel fitting test was used for statistical
evaluation [111,194]. Additionally, intra-day and inter-
day precision as well as linearity, LOD, and LOQ were
also determined with spiked culture medium for the
entire analysis method including preceding off-line
SPE. Moreover, specificity was determined by extract-
ing a blank matrix after incubation with primary
target cells, all with concomitant statistical evaluation.
Slopes for (i) instrumental and (ii) SPE-implementing
calibration curves, were compared for significance of
differences [111].

An equally comprehensive validation concept has been
pursued for the UHPLC-DAD-ESI-Orbitrap MS approach,
addressing B-carotene and non-volatile CPs. Again, (i)
instrumental validation of UHPLC-DAD and UHPLC-
ESI-Orbitrap MS alone as well as (ii) in combination with
off-line SPE, were performed. Linearity testing comprised
a range of 0.025-5.00 pg/mL, tested either entirely or
subdivided into three concentration domains. Besides the
Mandel fitting test, significance testing of the intercept
as well as homoscedasticity testing were performed.
Moreover, relevant parameters, including specificity, were
additionally determined for off-line SPE-UHPLC-DAD-
ESI-Orbitrap MS. Inter-day recoveries were compared
by one-way ANOVA. SPE recoveries were additionally
crosschecked after addition of 10% (v/v) fetal calf serum,
thus modifying the matrix [116].

Conclusions

The pro-oxidative and carcinogenic effects that have been
encountered for some proband groups within two compre-
hensive intervention trials with B-carotene have fostered
the interest in revealing the causative rationale. Thereby,
cleavage products (CPs) of B-carotene have moved into
scientific focus. The in vivo situation in humans has been
mimicked by in vitro and animal models. In either case,
analytical tools are indispensable in revealing generated
CPs, for their unambiguous identification as well as for
their quantification in biological matrices. Moreover, this
also requires the characterization of standard and treat-
ment solutions to determine the analyte content, and the
stability and batch consistency of these solutions. Ana-
lytical methods that mostly miss provision of mass infor-
mation, preferably with high accuracy, fail to confirm
compound identity unequivocally. This refers to chromato-
graphic methods combined with UV detection. UV spec-
tra represent at best a co-decisive parameter for analyte
identification. Ideally, mass information derived from MS
measurements should be complemented by the fragmenta-
tion pattern achieved by MS? or MS™ and the isotope
pattern. Together with retention times and UV spectra
orthogonal property arrays become disposable, allowing
an enhanced validity of identification.

Besides identification, quantification is of equal rele-
vance. Strictly speaking, this requires the availability of
CRMs covering individual target matrices and including
B-carotene and relevant CPs. CRMs provide a certified
reference value with a related combined standard uncer-
tainty for either analyte. Polemically stated, the restricted
availability of CRM matrices for B-carotene (not even
addressing CPs) can currently be considered as one of the
major limitations. Since biological hypotheses have to be
tested statistically, analytical results form their scientific
backbone. Inappropriate and non-validated methods will
result in misleading conclusions and wrong explanation
models. Moreover, the analytical decision tree is foliated
with a plethora of pitfalls. Thus, an appropriate analytical
approach has to consider (i) preparation, stability, and



quality control of treatment and standard solutions, (ii)
sample preparation and extraction, (iii) selection of ade-
quate separation methods and detection principles, (iv)
full-method validation with comprehensive statistical
evaluation, as well as (v) related quantification aspects
(e.g., matrix effects, related bias, and uncertainties). Gen-
erally, the selected analytical pathway might already pre-
determine the analyte portfolio that can be addressed. In
this context, a selected sample preparation and extraction
strategy might fail, for instance, in picking all relevant
analytes, particularly low-abundance species. The situa-
tion might be aggravated by limitations of method sensi-
tivity. The physicochemical properties of the target
compounds determine the pre-concentration strategy and
applicable separation strategy. B-Carotene and long-chain
CPs are mostly separated by RP-HPLC, preferably employ-
ing C18 columns. In case a differentiation between cis-
and trans-isomers is requested, C30 columns are applied.
Due to its favorable separation performance, UHPLC can
be considered a prospective ascending technique. Detec-
tion is mostly done with DAD and APCI-MS or ESI-MS.
Due to their volatility, short-chain CPs are analyzed with
GC-MS and EI ionization preferentially.

Moreover, the limited number of commercial stan-
dards imposes analytical constraints. Reinforced efforts
in broadening the availability of commercial standard
compounds in defined quality, together with instrumental
and methodological improvements, prepare the ground
for deeper insights in the B-carotene paradox. Conse-
quently, this calls for an interdisciplinary alliance, for
example, between analytical chemistry, cell biology,
physiology, and pharmacology. This will entail progres-
sive amendments in either field, fostered by the interac-
tive cooperation.

Acknowledgement

This work was supported by the Austrian Science Fund
(FWF): P20096-B05.

Declaration of interest

The authors report no conflicts of interest. The authors
alone are responsible for the content and writing of the

paper.

References

[1] Olson JA. Carotenoids and human health. Arch Latinoam
Nutr 1999;49:7S-11S.

[2] von Lintig J, Vogt K. Filling the gap in vitamin A research.
Molecular identification of an enzyme cleaving beta-carotene
to retinal. J Biol Chem 2000;275:11915-11920.

[3] von Lintig J, Wyss A. Molecular analysis of vitamin A
formation: cloning and characterization of beta-carotene
15,15’ -dioxygenases. Arch Biochem Biophys 2001;385:
47-52.

(10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

(20]

(21]

(22]

Analysis of B-carotene and oxidation products 675

Eckl PM, Alija A, Bresgen N, Bojaxhi E, Vogl C,
Martano G, et al. Carotenoids and Mutagenesis. Carotenoids
and Vitamin A in Translational Medicine, Oxidative Stress
and Disease: CRC Press; 2013. pp. 151-170.

Sies H, Stahl W, Sundquist AR. Antioxidant functions of
vitamins. Vitamins E and C, beta-carotene, and other
carotenoids. Ann N Y Acad Sci 1992;669:7-20.

Mortensen A, Skibsted LH, Sampson J, Rice-Evans C,
Everett SA. Comparative mechanisms and rates of free
radical scavenging by carotenoid antioxidants. FEBS Lett
1997;418:91-97.

Palozza P, Krinsky NI. The inhibition of radical-initiated
peroxidation of microsomal lipids by both alpha-tocopherol
and beta-carotene. Free Radic Biol Med 1991;11:407-414.
El-Habit OHM, Saada HN, Azab KS, Abdel-Rahman M,
El-Malah DF. The modifying effect of B-carotene on gamma
radiation-induced elevation of oxidative reactions and geno-
toxicity in male rats. Mutat Res 2000;466:179-186.

Astorg P, Gradelet S, Leclerc J, Canivenc MC, Siess MH.
Effects of beta-carotene and canthaxanthin on liver xenobi-
otic-metabolizing enzymes in the rat. Food Chem Toxicol
1994;32:735-742.

Gradelet S, Astorg P, Leclerc J, Chevalier J, Vernevaut MF,
Siess MH. Effects of canthaxanthin, astaxanthin, lycopene
and lutein on liver xenobiotic-metabolizing enzymes in the
rat. Xenobiotica 1996;26:49-63.

Gradelet S, Leclerc J, Siess M-H, Astorg PO. B-Apo-8'-
carotenal, but not B-carotene, is a strong inducer of liver
cytochromes P4501A1 and 1A2 in rat. Xenobiotica 1996;
26:909-919.

Jewell C, O’Brien NM. Effect of dietary supplementation
with carotenoids on xenobiotic metabolizing enzymes in the
liver, lung, kidney and small intestine of the rat. Br J Nutr
1999;81:235-242.

Palozza P, Serini S, Maggiano N, Angelini M, Boninsegna A,
Di Nicuolo F, et al. Induction of cell cycle arrest and apop-
tosis in human colon adenocarcinoma cell lines by beta-
carotene through down-regulation of cyclin A and Bcl-2
family proteins. Carcinogenesis 2002;23:11-18.

Zhang LX, Cooney RV, Bertram JS. Carotenoids enhance
gap junctional communication and inhibit lipid peroxidation
in C3H/10T1/2 cells: relationship to their cancer chemopre-
ventive action. Carcinogenesis 1991;12:2109-2114.

Elliott R. Mechanisms of genomic and non-genomic actions
of carotenoids. Biochim Biophys Acta 2005;1740:147-154.
Gaziano JM, Manson JE, Branch LG, Colditz GA, Willett WC,
Buring JE. A prospective study of consumption of caroten-
oids in fruits and vegetables and decreased cardiovascular
mortality in the elderly. Ann Epidemiol 1995;5:255-260.
Gey KF, Moser UK, Jordan P, Stahelin HB, Eichholzer M,
Ludin E. Increased risk of cardiovascular disease at subopti-
mal plasma concentrations of essential antioxidants: an
epidemiological update with special attention to carotene and
vitamin C. Am J Clin Nutr 1993;57:787S-797S.

Ito Y, Kurata M, Suzuki K, Hamajima N, Hishida H,
Aoki K. Cardiovascular disease mortality and serum carote-
noid levels: a Japanese population-based follow-up study.
J Epidemiol 2006;16:154—160.

Seddon JM, Ajani UA, Sperduto RD, Hiller R, Blair N,
Burton TC, et al. Dietary carotenoids, vitamins A, C, and E,
and advanced age-related macular degeneration. Eye Disease
Case-Control Study Group. JAMA 1994;272:1413-1420.
Gale CR, Hall NF, Phillips DI, Martyn CN. Plasma antioxi-
dant vitamins and carotenoids and age-related cataract.
Ophthalmology 2001;108:1992—1998.

Jacques PF, Chylack LT, Jr. Epidemiologic evidence of a role
for the antioxidant vitamins and carotenoids in cataract
prevention. Am J Clin Nutr 1991;53:3525-355S.

Ziegler RG. Vegetables, fruits, and carotenoids and the risk
of cancer. Am J Clin Nutr 1991;53:251S-259S.



676 H. Stutzetal.

(23]

(24]

[25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

Omenn GS, Goodman GE, Thornquist MD, Balmes J,
Cullen MR, Glass A, et al. Risk factors for lung cancer and
for intervention effects in CARET, the Beta-Carotene and
Retinol Efficacy Trial. J Natl Cancer Inst 1996:88:
1550-1559.

Omenn GS, Goodman GE, Thornquist MD, Balmes J,
Cullen MR, Glass A, et al. Effects of a combination of beta
carotene and vitamin A on lung cancer and cardiovascular
disease. N Engl J Med 1996;334:1150-1155.

Blumberg J, Block G. The alpha-tocopherol, beta-carotene
Cancer Prevention Study in Finland. Nutr Rev 1994;52:
242-245.

Wang XD, Russell RM. Procarcinogenic and anticarcino-
genic effects of B-carotene. Nutr Rev 1999;57:263-272.
Margalit DN, Kasperzyk JL, Martin NE, Sesso HD,
Gaziano JM, Ma J, et al. Beta-carotene antioxidant use dur-
ing radiation therapy and prostate cancer outcome in the
Physicians’ Health Study. Int J Radiat Oncol Biol Phys
2012;83:28-32.

IUPAC Commission on the Nomenclature of Organic
Chemistry and IUPAC-IUB Commission on Biochemical
Nomenclature: Tentative Rules for the Nomenclature of
Carotenoids. J Biol Chem 1972;247:2633-2643.
Sommerburg O, Langhans CD, Arnhold J, Leichsenring M,
Salerno C, Crifd C, et al. B-carotene cleavage products after
oxidation mediated by hypochlorous acid-a model for neu-
trophil-derived degradation. Free Radic Biol Med 2003;35:
1480-1490.

Babior BM. The respiratory burst of phagocytes. J Clin
Invest 1984;73:599-601.

Hampton MB, Kettle AJ, Winterbourn CC. Inside the neu-
trophil phagosome: oxidants, myeloperoxidase, and bacterial
killing. Blood 1998;92:3007-3017.

Alija AJ, Bresgen N, Sommerburg O, Langhans CD,
Siems W, Eckl PM. B-carotene breakdown products enhance
genotoxic effects of oxidative stress in primary rat hepato-
cytes. Carcinogenesis 2006;27:1128-1133.

Aljja A, Bresgen N, Sommerburg O, Langhans C, Siems W,
Eckl P. Cyto- and genotoxic potential of B-carotene and
cleavage products under oxidative stress. Biofactors 2005;24:
159-163.

Alija AJ, Bresgen N, Sommerburg O, Siems W, Eckl PM.
Cytotoxic and genotoxic effects of B-carotene breakdown
products on primary rat hepatocytes. Carcinogenesis 2004;25:
827-831.

Waché Y, Bosser-DeRatuld A, Lhuguenot JC, Belin JM.
Effect of cis/trans isomerism of B-Carotene on the ratios of
volatile compounds produced during oxidative degradation.
J Agric Food Chem 2003;51:1984-1987.

Zeb A. Oxidation and formation of oxidation products of
B-carotene at boiling temperature. Chem Phys Lipids 2012;
165:277-281.

Bechoff A, Dhuique-Mayer C, Dornier M, Tomlins KI,
Boulanger R, Dufour D, Westby A. Relationship between
the kinetics of B-carotene degradation and formation of nori-
soprenoids in the storage of dried sweet potato chips. Food
Chem 2010;121:348-357.

Boon CS, McClements DJ, Weiss J, Decker EA. Factors
influencing the chemical stability of carotenoids in foods.
Crit Rev Food Sci Nutr 2010;50:515-532.

Handelman GJ, van Kuijk FJGM, Chatterjee A, Krinsky NI.
Characterization of products formed during the autoxidation
of B-carotene. Free Radic Biol Med 1991;10:427-437.
Rodriguez EB, Rodriguez-Amaya DB. Formation of apoc-
arotenals and epoxycarotenoids from [-carotene by chemical
reactions and by autoxidation in model systems and proc-
essed foods. Food Chem 2007;101:563-572.

Sy C, Dangles O, Borel P, Caris-Veyrat C. Iron-induced
oxidation of (all-E)-B-carotene under model gastric condi-
tions: kinetics, products, and mechanism. Free Radic Biol
Med 2013;63:195-206.

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

Nonier MF, De Gaulejac NV, Vivas N, Vitry C. Characteri-
zation of carotenoids and their degradation products in oak
wood. Incidence on the flavour of wood. Comptes Rendus
Chimie 2004;7:689-698.

Fenton HJH. Oxidation of tartaric acid in presence of iron.
J Chem Soc Trans 1894;65:899-910.

Halliwell B, Gutteridge JM. Oxygen free radicals and iron
in relation to biology and medicine: some problems and
concepts. Arch Biochem Biophys 1986;246:501-514.

Agil A, Fuller CJ, Jialal I. Susceptibility of plasma to ferrous
iron/hydrogen peroxide-mediated oxidation: demonstration
of a possible Fenton reaction. Clin Chem 1995;41:
220-225.

Buettner GR. Spin trapping: ESR parameters of spin adducts.
Free Radic Biol Med 1987;3:259-303.

Nohl H, Jordan W. The involvement of biological quinones
in the formation of hydroxyl radicals via the Haber—Weiss
reaction. Bioorg Chem 1987;15:374-382.

Lai CS, Piette LH. Spin-trapping studies of hydroxyl radical
production involved in lipid peroxidation. Arch Biochem
Biophys 1978;190:27-38.

Halliwell B, Gutteridge J. Free radicals in biology and medi-
cine. 4th ed. New York: Oxford University Press Inc. 2007.
Polyakov NE, Leshina TV, Konovalova TA, Kispert LD.
Carotenoids as scavengers of free radicals in a Fenton
reaction: antioxidants or pro-oxidants? Free Radic Biol Med
2001;31:398—404.

Woodall AA, Lee SW-M, Weesie RJ, Jackson MJ, Britton G.
Oxidation of carotenoids by free radicals: relationship
between structure and reactivity. Biochim Biophys Acta
1997;1336:33-42.

Han RM, Zhang JP, Skibsted LH. Reaction dynamics of
flavonoids and carotenoids as antioxidants. Molecules 2012;
17:2140-2160.

Li C, Jackson RM. Reactive species mechanisms of cellular
hypoxia-reoxygenation injury. Am J Physiol Cell Physiol
2002;282:C227-241.

Li C, Wright MM, Jackson RM. Reactive species
mediated injury of human lung epithelial cells after hypoxia-
reoxygenation. Exp Lung Res 2002;28:373-389.

Killilea DW, Hester R, Balczon R, Babal P, Gillespie MN.
Free radical production in hypoxic pulmonary artery smooth
muscle cells. Am J Physiol Lung Cell Mol Physiol 2000;
279:L.408-412.

Krenitsky TA, Tuttle JV, Cattau EL, Jr., Wang P.
A comparison of the distribution and electron acceptor
specificities of xanthine oxidase and aldehyde oxidase. Comp
Biochem Physiol B 1974;49:687-703.

Al-Mehdi AB, Zhao G, Dodia C, Tozawa K, Costa K,
Muzykantov V, et al. Endothelial NADPH oxidase as the
source of oxidants in lungs exposed to ischemia or high K.
Circ Res 1998:83:730-737.

Bresgen N, Karlhuber G, Krizbai I, Bauer H, Bauer HC,
Eckl PM. Oxidative stress in cultured cerebral endothelial
cells induces chromosomal aberrations, micronuclei, and
apoptosis. J Neurosci Res 2003;72:327-333.

Vogt M, Bauer MK, Ferrari D, Schulze-Osthoff K. Oxidative
stress and hypoxia/reoxygenation trigger CD95 (APO-1/Fas)
ligand expression in microglial cells. FEBS Lett 1998;429:
67-72.

Dougherty CJ, Kubasiak LA, Prentice H, Andreka P,
Bishopric NH, Webster KA. Activation of c-Jun N-terminal
kinase promotes survival of cardiac myocytes after oxidative
stress. Biochem J 2002;362:561-571.

Brunmark A, Cadenas E. Redox and addition chemistry of
quinoid compounds and its biological implications. Free
Radic Biol Med 1989;7:435-477.

Watanabe N, Forman HJ. Autoxidation of extracellular
hydroquinones is a causative event for the cytotoxicity of
menadione and DMNQ in A549-S cells. Arch Biochem
Biophys 2003;411:145-157.



[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

(73]

[74]

[75]

[76]

(771

(78]

[79]

(80]

(81]

Bachur NR, Gordon SL, Gee MV, Kon H. NADPH cyto-
chrome P-450 reductase activation of quinone anticancer
agents to free radicals. Proc Natl Acad Sci U S A 1979;76:
954-957.

Berlin V, Haseltine WA. Reduction of adriamycin to a
semiquinone-free radical by NADPH cytochrome P-450
reductase produces DNA cleavage in a reaction mediated by
molecular oxygen. J Biol Chem 1981;256:4747-4756.

Shi MM, Kugelman A, Iwamoto T, Tian L, Forman HJ.
Quinone-induced oxidative stress elevates glutathione and
induces gamma-glutamylcysteine synthetase activity in rat
lung epithelial L2 cells. J Biol Chem 1994;269:26512-26517.
Benevides CMdJ, Veloso MCdAC, de Paula Pereira PA,
Andrade JBd. A chemical study of B-carotene oxidation by
ozone in an organic model system and the identification of
the resulting products. Food Chem 2011;126:927-934.

Zeb A, Murkovic M. Determination of thermal oxidation and
oxidation products of B-carotene in corn oil triacylglycerols.
Food Res Int 2013;50:534-544.

El-Tinay AH, Chichester CO. Oxidation of B-carotene. Site
of initial attack. J Org Chem 1970;35:2290-2293.
Hammond GS, Sen JN, Boozer CE. The efficiency of radical
production from azo-bis-isobutyronitrile. J] Am Chem Soc
1955;77:3244-3248.

Salgo MG, Cueto R, Winston GW, Pryor WA. Beta carotene
and its oxidation products have different effects on micro-
some mediated binding of benzo[a]pyrene to DNA. Free
Radic Biol Med 1999;26:162-173.

Rodrigues E, Mariutti LRB, Chisté RC, Mercadante AZ.
Development of a novel micro-assay for evaluation of per-
oxyl radical scavenger capacity: Application to carotenoids
and structure—activity relationship. Food Chem 2012;135:
2103-2111.

Palozza P, Luberto C, Bartoli GM. The effect of fatty acid
unsaturation on the antioxidant activity of B-carotene and
o-tocopherol in hexane solutions. Free Radic Biol Med
1995;18:943-948.

Miiller L, Frohlich K, Bohm V. Comparative antioxidant
activities of carotenoids measured by ferric reducing antioxi-
dant power (FRAP), ABTS bleaching assay (0dTEAC), DPPH
assay and peroxyl radical scavenging assay. Food Chem
2011;129:139-148.

Kennedy TA, Liebler DC. Peroxyl radical oxidation of
B-carotene: formation of B-carotene epoxides. Chem Res
Toxicol 1991:4:290-295.

Adhikari S, Kapoor S, Chattopadhyay S, Mukherjee T.
Pulse radiolytic oxidation of B-carotene with halogenated
alkylperoxyl radicals in a quaternary microemulsion: forma-
tion of retinol. Biophys Chem 2000;88:111-117.

Zhang J-P, Fujii R, Koyama Y, Rondonuwu FS, Watanabe Y,
Mortensen A, Skibsted LH. The 1B -type singlet state of
[-carotene as a precursor of the radical cation found in chlo-
roform solution by sub-picosecond time-resolved absorption
spectroscopy. Chem Phys Lett 2001;348:235-241.
Konovalova TA, Kispert LD, Konovalov VV. Photoinduced
electron transfer between carotenoids and solvent molecules.
J Phys Chem B 1997;101:7858-7862.

Everett SA, Dennis MF, Patel KB, Maddix S, Kundu SC,
Willson RL. Scavenging of nitrogen dioxide, thiyl, and
sulfonyl free radicals by the nutritional antioxidant beta-
carotene. J Biol Chem 1996;271:3988-3994.

Waché Y, Bosser-DeRatuld A, Ly HM, Belin J-M.
Co-oxidation of B-carotene in biphasic media. J Mol Catal
B: Enzym 2002;19-20:197-201.

Wu Z, Robinson DS, Hughes RK, Casey R, Hardy D,
West SI. Co-oxidation of -carotene catalyzed by soybean
and recombinant pea lipoxygenases. J Agric Food Chem
1999:;47:4899-4906.

Feltl L, Pacakova V, Stulik K, Volka K. Reliability of
carotenoid analyses: A review. Curr Anal Chem 2005;1:
93-102.

[82]

[83]

[84]

(85]

(86]

[87]

[83]

[89]

[90]

(91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

Analysis of B-carotene and oxidation products 677

Aust O, Sies H, Stahl W, Polidori MC. Analysis of lipophilic
antioxidants in human serum and tissues: tocopherols and
carotenoids. J Chromatogr A 2001;936:83-93.

Craft NE, Soares JH. Relative solubility, stability, and
absorptivity of lutein and B -carotene in organic solvents.
J Agric Food Chem 1992;40:431-434.

Sharpless K, Thomas J, Duewer D, Putzbach K, Rimmer C,
Sander L, et al. Preparation and characterization of standard
reference material 3276, carrot extract in oil. Anal Bioanal
Chem 2007;389:207-217.

Treszczanowicz T, Kasprzycka-Guttman T, Treszczanowicz AJ.
Solubility of B-Carotene in binary solvents formed by some
hydrocarbons with cyclohexanone and 1-Octanol. J Chem
Eng Data 2001;46:1494—-1496.

Treszczanowicz T, Kasprzycka-Guttman T, Treszczanowicz AJ.
Solubility of B-Carotene in binary solvents formed by some
hydrocarbons with 2,5,8-Trioxanonane, 2-Propanone, and
Cyclohexanone. J Chem Eng Data 2006;52:261-264.
Treszczanowicz T, Kasprzycka-Guttmans T, Treszczanowicz
AJ. Solubility of B-Carotene in binary solvents formed by
some hydrocarbons with tert-Butyl Methyl Ether and with
tert-Amyl methyl ether. J Chem Eng Data 2005;50:
973-976.

Hagiwara T, Yasuno T, Funayama K, Suzuki S. Determina-
tion of lycopene, a-carotene and B-carotene in serum by
liquid chromatography-atmospheric pressure chemical ioni-
zation mass spectrometry with selected-ion monitoring.
J Chromatogr B 1998;708:67-73.

Van Meulebroek L, Vanden Bussche J, Steppe K,
Vanhaecke L. High-resolution Orbitrap mass spectrometry
for the analysis of carotenoids in tomato fruit: validation and
comparative evaluation towards UV-VIS and tandem mass
spectrometry. Anal Bioanal Chem 2014;406:2613-2626.
Rodriguez AM, Sastre S, Ribot J, Palou A. Beta-carotene
uptake and metabolism in human lung bronchial epithelial
cultured cells depending on delivery vehicle. Biochim
Biophys Acta Mol Basis Dis 2005;1740:132—138.
Franssen-van Hal NLW, Bunschoten JE, Venema DP,
Hollman PCH, Riss G, Keijer J. Human intestinal and lung
cell lines exposed to B-carotene show a large variation in
intracellular levels of B-carotene and its metabolites. Arch
Biochem Biophys 2005;439:32—41.

Tibaduiza EC, Fleet JC, Russell RM, Krinsky NI. Excentric
cleavage products of B-carotene inhibit estrogen receptor
positive and negative breast tumor cell growth in vitro and
inhibit activator protein-1-mediated transcriptional activa-
tion. J Nutr 2002;132:1368-1375.

Chhabra RS, Herbert RA, Roycroft JH, Chou B, Miller RA,
Renne RA. Carcinogenesis studies of tetrahydrofuran vapors
in rats and mice. Toxicol Sci 1998;41:183—-188.

Gamer AO, Jaeckh R, Leibold E, Kaufmann W, Gembardt C,
Bahnemann R, van Ravenzwaay B. Investigations on cell
proliferation and enzyme induction in male rat kidney and
female mouse liver caused by tetrahydrofuran. Toxicol Sci
2002;70:140-149.

Nakagawa K, Kiko T, Hatade K, Asai A, Kimura F,
Sookwong P, et al. Development of a high-performance
liquid chromatography-based assay for carotenoids in human
red blood cells: Application to clinical studies. Anal
Biochem 2008;381:129-134.

Arora A, Willhite CA, Liebler DC. Interactions of B-carotene
and cigarette smoke in human bronchial epithelial cells.
Carcinogenesis 2001;22:1173-1178.

Barua AB. Intestinal absorption of epoxy-beta-carotenes by
humans. Biochem. J. 1999;339:359-362.

Guttman A, Brunet S, Cooke N. Capillary electrophoresis
separation of enantiomers using cyclodextrin array chiral
analysis. LC GC Int 1996;14:88-100.

Snopek J, Jelinek I, Smolkova-Keulemansova E. Chiral
separation by analytical electromigration methods.
J Chromatogr A 1992;609:1-17.



678 H. Stutzetal.

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Stutz H, Malissa Jr H. Separation of 18 modern plant protect-
ants using cyclodextrin modified micellar electrokinetic
chromatography including an ion-pairing reagent. Mikro-
chim Acta 1998;129:271-280.

Bikadi Z, Kurdi R, Balogh S, Szeman J, Hazai E.
Aggregation of cyclodextrins as an important factor to
determine their complexation behavior. Chem Biodiv 2006;
3:1266-1278.

Polyakov NE, Leshina TV, Konovalova TA, Hand EO,
Kispert LD. Inclusion complexes of carotenoids with cyclo-
dextrins: IHNMR, EPR, and optical studies. Free Radic Biol
Med 2004;36:872-880.

Wackerbarth H, Stoll T, Gebken S, Pelters C, Bindrich U.
Carotenoid-protein interaction as an approach for the formu-
lation of functional food emulsions. Food Res Int 2009;42:
1254-1258.

Siems W, Capuozzo E, Crifo C, Sommerburg O,
Langhans C-D, Schlipalius L, et al. Carotenoid cleavage
products modify respiratory burst and induce apoptosis of
human neutrophils. Biochim Biophys Acta Mol Basis Dis
2003;1639:27-33.

Yuan Y, Gao Y, Zhao J, Mao L. Characterization and stabil-
ity evaluation of P-carotene nanoemulsions prepared by
high pressure homogenization under various emulsifying
conditions. Food Res Int 2008;41:61-68.

Sharpless KE, Margolis S, Brown Thomas J. Determination
of vitamins in food-matrix Standard Reference Materials.
J Chromatogr A 2000;881:171-181.

Taylor P. Ostwald ripening in emulsions. Adv Colloid Inter-
face Sci 1998;75:107-163.

Yuan Y, Gao Y, Mao L, Zhao J. Optimisation of conditions
for the preparation of B-carotene nanoemulsions using response
surface methodology. Food Chem 2008;107:1300-1306.
Ribeiro HS, Chu B-S, Ichikawa S, Nakajima M. Preparation
of nanodispersions containing [-carotene by solvent
displacement method. Food Hydrocolloids 2008;22:12-17.
Tan CP, Nakajima M. B-Carotene nanodispersions: prepara-
tion, characterization and stability evaluation. Food Chem
2005;92:661-671.

Martano G, Vogl C, Bojaxhi E, Bresgen N, Eckl P, Stutz H.
Solid-phase extraction and GC-MS analysis of potentially
genotoxic cleavage products of B-carotene in primary cell
cultures. Anal Bioanal Chem 2011;400:2415-2426.

Oliver J, Palou A. Chromatographic determination of
carotenoids in foods. J Chromatogr A 2000;881:543-555.
Midttun @, Ueland PM. Determination of vitamins A, D and
E in a small volume of human plasma by a high-throughput
method based on liquid chromatography/tandem mass
spectrometry. Rapid Commun Mass Spectrom 2011;25:
1942-1948.

Morais H, Rodrigues P, Ramos C, Forgacs E, Cserhati T,
Oliveira J. Effect of ascorbic acid on the stability of
B-carotene and capsanthin in paprika (Capsicum annuum)
powder. Food/Nahrung 2002;46:308-310.

Careri M, Elviri L, Mangia A. Liquid chromatography-
electrospray mass spectrometry of B-carotene and xantho-
phylls: Validation of the analytical method. J Chromatogr A
1999:;854:233-244.

Martano G, Bojaxhi E, Forstenlehner IC, Huber CG,
Bresgen N, Eckl PM, Stutz H. Validation and application of
sub-2 um core—shell UHPLC-UV-ESI-Orbitrap MS for
identification and quantification of B-carotene and selected
cleavage products with preceding solid-phase extraction.
Anal Bioanal Chem 2014;406:2909-2924.

Rentel C, Strohschein S, Albert K, Bayer E. Silver-Plated
vitamins: A method of detecting tocopherols and carotenoids
in LC/ESI-MS coupling. Anal Chem 1998;70:4394-4400.
Yakushina L, Taranova A. Rapid HPLC simultaneous deter-
mination of fat-soluble vitamins, including carotenoids, in
human serum. J Pharm Biomed Anal 1995;13:715-718.

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

Olmedilla-Alonso B, Granado-Lorencio F, Blanco-Navarro 1.
Carotenoids, retinol and tocopherols in blood: Comparability
between serum and plasma (Li-heparin) values. Clin
Biochem 2005;38:444-449.

Breithaupt DE. Simultaneous HPLC determination of caro-
tenoids used as food coloring additives: applicability of
accelerated solvent extraction. Food Chem 2004;86:
449-456.

Nakornriab M, Sriseadka T, Wongpornchai S. Quantification
of carotenoid and flavonoid components in brans of some
thai black rice cultivars using supercritical fluid extraction
and high-performance liquid chromatography-mass spec-
trometry. J Food Lipids 2008;15:488-503.

Zhu D, Wang Y, Pang Y, Liu A, Guo J, Bouwman CA, et al.
Quantitative analyses of B-carotene and retinol in serum and
feces in support of clinical bioavailability studies. Rapid
Commun Mass Spectrom 2006;20:2427-2432.

Heudi O, Trisconi M-J, Blake C-J. Simultaneous quantifica-
tion of Vitamins A, D3 and E in fortified infant formulae by
liquid chromatography—mass spectrometry. J Chromatogr A
2004;1022:115-123.

Hosotani K, Kitagawa M. Improved simultaneous determina-
tion method of P-carotene and retinol with saponification
in human serum and rat liver. J Chromatogr B 2003;791:
305-313.

Petronilho S, Coimbra MA, Rocha SM. A critical review on
extraction techniques and gas chromatography based deter-
mination of grapevine derived sesquiterpenes. Anal Chim
Acta 2014:;846:8-35.

Aubert C, Baumann S, Arguel H. Optimization of the
analysis of flavor volatile compounds by Liquid-Liquid
Microextraction (LLME). Application to the aroma analysis
of melons, peaches, grapes, strawberries, and tomatoes.
J Agric Food Chem 2005;53:8881-8895.

Fujise D, Tsuji K, Fukushima N, Kawai K, Harada K-i.
Analytical aspects of cyanobacterial volatile organic com-
pounds for investigation of their production behavior.
J Chromatogr A 2010;1217:6122-6125.

Silva Ferreira AC, Monteiro J, Oliveira C, Guedes de Pinho P.
Study of major aromatic compounds in port wines from
carotenoid degradation. Food Chem 2008;110:83-87.
Guedes De Pinho P, Gongalves RF, Valentdo P, Pereira DM,
Seabra RM, Andrade PB, Sottomayor M. Volatile composi-
tion of Catharanthus roseus (L.) G. Don using solid-phase
microextraction and gas chromatography/mass spectrometry.
J Pharm Biomed Anal 2009;49:674—-685.

Baltussen E, Janssen H-G, Sandra P, Cramers CA. A novel
type of liquid/liquid extraction for the preconcentration of
organic micropollutants from aqueous samples: Applications
to the analysis of PAH’s and OCP’s in water. ] High Res
Chromatogr 1997;20:395-399.

Baltussen E, Sandra P, David F, Cramers C. Stir bar sorptive
extraction (SBSE), a novel extraction technique for aqueous
samples: Theory and principles. J Microcolumn Sep 1999;
11:737-747.

Caven-Quantrill DJ, Buglass AJ. Comparison of micro-
scale simultaneous distillation-extraction and stir bar
sorptive extraction for the determination of volatile
organic constituents of grape juice. J Chromatogr A 2006;
1117:121-131.

Peng F, Sheng L, Liu B, Tong H, Liu S. Comparison of dif-
ferent extraction methods: steam distillation, simultaneous
distillation and extraction and headspace co-distillation, used
for the analysis of the volatile components in aged flue-cured
tobacco leaves. J Chromatogr A 2004;1040:1-17.

Beltran J, Serrano E, Lopez F, Peruga A, Valcarcel M,
Rosello S. Comparison of two quantitative GC—MS methods
for analysis of tomato aroma based on purge-and-trap and on
solid-phase microextraction. Anal Bioanal Chem 2006;385:
1255-1264.



[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

Wyss R, Bucheli F. Determination of endogenous levels of
13-cis-retinoic acid (isotretinoin), all-trans-retinoic acid
(tretinoin) and their 4-oxo metabolites in human and animal
plasma by high-performance liquid chromatography with
automated column switching and ultraviolet detection.
J Chromatogr B 1997;700:31-47.

Fernandes F, Pereira DM, Guedes de Pinho P, Valentio P,
Pereira JA, Bento A, Andrade PB. Headspace solid-phase
microextraction and gas chromatography/ion trap-mass
spectrometry applied to a living system: Pieris brassicae fed
with kale. Food Chem 2010;119:1681-1693.

Bao M-L, Barbieri K, Burrini D, Griffini O, Pantani F.
Determination of trace levels of taste and odor compounds
in water by microextraction and gas chromatography-ion-trap
detection-mass spectrometry. Water Res 1997;31:1719-1727.
Reinersdorff DV, Bush E, Liberato DJ. Plasma kinetics of
vitamin A in humans after a single oral dose of [8,9,19-13C]
retinyl palmitate. J Lipid Res 1996;37:1875-1885.
Handelman GJ, Haskell MJ, Jones AD, Clifford AJ. An
improved protocol for determining ratios of retinol-d4 to
retinol isolated from human plasma. Anal Chem 1993;65:
2024-2028.

McCaffery P, Evans J, Koul O, Volpert A, Reid K,
Ullman MD. Retinoid quantification by HPLC/MSn. J Lipid
Res 2002;43:1143-1149.

Lacker T, Strohschein S, Albert K. Separation and identifica-
tion of various carotenoids by C30 reversed-phase high-
performance liquid chromatography coupled to UV and
atmospheric pressure chemical ionization mass spectromet-
ric detection. J Chromatogr A 1999;854:37-44.

Emenhiser C, Englert G, Sander LC, Ludwig B,
Schwartz SJ. Isolation and structural elucidation of the pre-
dominant geometrical isomers of o-carotene. J Chromatogr
A 1996;719:333-343.

van Breemen RB, Nikolic D, Xu X, Xiong Y, van Lieshout M,
West CE, Schilling AB. Development of a method for quan-
titation of retinol and retinyl palmitate in human serum using
high-performance liquid chromatography—atmospheric pres-
sure chemical ionization—mass spectrometry. J Chromatogr
A 1998;794:245-251.

Barua AB, Olson JA. Reversed-phase gradient high-
performance liquid chromatographic procedure for simulta-
neous analysis of very polar to nonpolar retinoids, carotenoids
and tocopherols in animal and plant samples. J Chromatogr
B 1998;707:69-79.

Thibeault D, Su H, MacNamara E, Schipper HM. Isocratic
rapid liquid chromatographic method for simultaneous deter-
mination of carotenoids, retinol, and tocopherols in human
serum. J Chromatogr B 2009;877:1077-1083.

Zang L-Y, Sommerburg O, van Kuijk FJIGM. Absorbance
changes of carotenoids in different solvents. Free Radic Biol
Med 1997;23:1086-1089.

Rivera S, Vilar6 F, Canela R. Determination of carotenoids
by liquid chromatography/mass spectrometry: effect of
several dopants. Anal Bioanal Chem 2011;400:1339-1346.
Paliakov EM, Crow BS, Bishop MJ, Norton D, George J,
Bralley JA. Rapid quantitative determination of fat-soluble
vitamins and coenzyme Q-10 in human serum by reversed
phase ultra-high pressure liquid chromatography with UV
detection. J Chromatogr B 2009;877:89-94.

Arnold SLM, Amory JK, Walsh TJ, Isoherranen N.
A sensitive and specific method for measurement of multiple
retinoids in human serum with UHPLC-MS/MS. J Lipid Res
2012;53:587-598.

Barcelo-Barrachina E, Moyano E, Galceran MT. State-of-
the-art of the hyphenation of capillary electrochromatogra-
phy with mass spectrometry. Electrophoresis 2004;25:
1927-1948.

Huang P, Lubman DM. Separation of tryptic digests using a
modified buffer in pressurized capillary electrochromatography

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]
[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

679

Analysis of B-carotene and oxidation products

with an ion trap storage/reflectron time-of-flight mass spec-
trometer. Anal Chem 1998;70:3003-3008.

Ghosal S. Fluid mechanics of electroosmotic flow and
its effect on band broadening in capillary electrophoresis.
Electrophoresis 2004;25:214-228.

Berli CLA, Piaggio MV, Deiber JA. Modeling the zeta
potential of silica capillaries in relation to the background
electrolyte composition. Electrophoresis 2003;24:1587-1595.
Sander LC, Pursch M, Mirker B, Wise SA. Separation of
carotenoid isomers by capillary electrochromatography with
C30 stationary phases. Anal Chem 1999;71:3477-3483.
Adalid AM, Herrero-Martinez JM, Rosell6 S, Maquieira A,
Nuez F. Fast determination of prominent carotenoids in
tomato fruits by CEC using methacrylate ester-based mono-
lithic columns. Electrophoresis 2007;28:4120-4127.

van Breemen RB. Electrospray liquid chromatography-mass
spectrometry of carotenoids. Anal Chem 1995;67:2004-2009.
Kebarle P. A brief overview of the present status of the
mechanisms involved in electrospray mass spectrometry.
J Mass Spectrom 2000;35:804-817.

Mann M. Electrospray: Its potential and limitations as an
ionization method for biomolecules. Org Mass Spectrom
1990;25:575-587.

Gaskell SJ. Electrospray: Principles and practice. J Mass
Spectrom 1997;32:677-688.

Cole RB. Some tenets pertaining to electrospray ionization
mass spectrometry. J Mass Spectrom 2000;35:763-772.
Van Berkel GJ, McLuckey SA, Glish GL. Electrochemical
origin of radical cations observed in electrospray ionization
mass spectra. Anal Chem 1992;64:1586-1593.

Cai SS, Hanold KA, Syage JA. Comparison of atmospheric
pressure photoionization and atmospheric pressure chemical
ionization for normal-phase LC/MS chiral analysis of phar-
maceuticals. Anal Chem 2007;79:2491-2498.

Cai SS, Syage JA. Comparison of atmospheric pressure
photoionization, atmospheric pressure chemical ionization,
and electrospray ionization mass spectrometry for analysis of
lipids. Anal Chem 2006;78:1191-1199.

Wang Y, Xu X, van Lieshout M, West CE, Lugtenburg J,
Verhoeven MA, et al. A liquid chromatography — mass spec-
trometry method for the quantification of bioavailability
and bioconversion of B-carotene to retinol in humans. Anal
Chem 2000;72:4999-5003.

Van Berkel GJ, Zhou F. Chemical electron-transfer reactions
in electrospray mass spectrometry: effective oxidation
potentials of electron-transfer reagents in methylene chlo-
ride. Anal Chem 1994,66:3408-3415.

Xu X, Nolan SP, Cole RB. Electrochemical oxidation and
nucleophilic addition reactions of metallocenes in electro-
spray mass spectrometry. Anal Chem 1994;66:119-125.
Van Berkel GJ, Zhou F. Electrospray as a controlled-current
electrolytic cell: electrochemical ionization of neutral ana-
lytes for detection by electrospray mass spectrometry. Anal
Chem 1995;67:3958-3964.

Van Berkel GJ, Zhou F. Characterization of an electrospray
ion source as a controlled-current electrolytic cell. Anal
Chem 1995;67:2916-2923.

Blades AT, Ikonomou MG, Kebarle P. Mechanism of elec-
trospray mass spectrometry. Electrospray as an electrolysis
cell. Anal Chem 1991;63:2109-2114.

Galinato M, Niedzwiedzki D, Deal C, Birge R, Frank H.
Cation radicals of xanthophylls. Photosynth Res 2007;94:
67-78.

Dannenberg JJ. Theoretical investigation of carbenium ion
stabilization by trifluoroacetic acid. Angew Chem Int Ed
1975;14:641-642.

Vessecchi R, Crotti AEM, Guaratini T, Colepicolo P,
Galembeck SE, Lopes NP. Radical ion generation processes
of organic compounds in electrospray ionization mass spec-
trometry. Mini-Rev Org Chem 2007;4:75-87.



680 H. Stutzetal.

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

Murphy RC, Fiedler J, Hevko J. Analysis of nonvolatile
lipids by mass spectrometry. Chem Rev 2001;101:
479-526.

Schliicker S, Szeghalmi A, Schmitt M, Popp J, Kiefer W.
Density functional and vibrational spectroscopic analysis of
[B-carotene. J Raman Spectrosc 2003;34:413-419.

Schulz H, Baranska M, Baranski R. Potential of NIR-FT-
Raman spectroscopy in natural carotenoid analysis. Biopoly-
mers 2005;77:212-221.

Ayala-Zavala JF, Vega-Vega V, Rosas-Dominguez C,
Palafox-Carlos H, Villa-Rodriguez JA, Siddiqui MW, et al.
Agro-industrial potential of exotic fruit byproducts as a
source of food additives. Food Res Int 2011;44:1866-1874.
Ajila CM, Naidu KA, Bhat SG, Rao UJSP. Bioactive
compounds and antioxidant potential of mango peel extract.
Food Chem 2007;105:982-988.

Viiias P, Bravo-Bravo M, Lopez-Garcia I, Hernandez-Cérdoba
M. Quantification of -carotene, retinol, retinyl acetate and
retinyl palmitate in enriched fruit juices using dispersive
liquid—liquid microextraction coupled to liquid chromatogra-
phy with fluorescence detection and atmospheric pressure
chemical ionization-mass spectrometry. J Chromatogr A
2013;1275:1-8.

Rodriguez-Comesaia M, Garcia-Falcon MS, Simal-Gandara J.
Control of nutritional labels in beverages with added vita-
mins: screening of B-carotene and ascorbic acid contents.
Food Chem 2002;79:141-144.

Fleshman MK, Lester GE, Riedl KM, Kopec RE,
Narayanasamy S, Curley RW, et al. Carotene and novel apoc-
arotenoid concentrations in orange-fleshed cucumis melo
melons: Determinations of B-carotene bioaccessibility and
bioavailability. J Agric Food Chem 2011;59:4448-4454.
Commission Directive 2008/128/EC of 22 December laying
down specific purity criteria concerning colours in food-
stuffs. Brussels: Official Journal of the Eurpean Union; 2009.
p L 6/20-L 6/63.

Zeng S, Furr HC, Olson JA. Metabolism of carotenoid
analogs in humans. Am J Clin Nutr 1992;56:433—439.
Dueker SR, Lin Y, Buchholz BA, Schneider PD, Lamé MW,
Segall HJ, et al. Longterm kinetic study of B-carotene, using

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

accelerator mass spectrometry in an adult volunteer. J Lipid
Res 2000;41:1790-1800.

Matuszewski BK, Constanzer ML, Chavez-Eng CM.
Strategies for the assessment of matrix effect in quantitative
bioanalytical methods based on HPLC— MS/MS. Anal Chem
2003;75:3019-3030.

Taylor PJ. Matrix effects: the Achilles heel of quantitative
high-performance liquid chromatography—electrospray—tandem
mass spectrometry. Clin Biochem 2005;38:328-334.

King R, Bonfiglio R, Fernandez-Metzler C, Miller-Stein C,
Olah T. Mechanistic investigation of ionization suppression
in electrospray ionization. J Am Soc Mass Spectrom 2000;
11:942-950.

Guidance for Industry Bioanalytical Method Validation.
In: Department of Health and Human Services FDA, editor.
Volume 66: Federal Register; 2001. p 28526-28527.

Wang X-D, Russell RM, Liu C, Stickel F, Smith DE,
Krinsky NI. B-Oxidation in rabbit liver in vitro and in the
perfused ferret liver contributes to retinoic acid biosynthesis
from [-apocarotenoic acids. J Biol Chem 1996;271:
26490-26498.

Lunetta JM, Zulim RA, Dueker SR, Lin Y, Flaig V,
Schneider PD, et al. Method for the simultaneous determina-
tion of retinol and B-carotene concentrations in human
tissues and plasma. Anal Biochem 2002;304:100-109.

ICH. Validation of analytical procedures: text and methodol-
ogy Q2(R1). UK: ICH; November 2005.

Thompson M, Ellison SLR, Wood R. Harmonized guidelines
for single-laboratory validation of methods of analysis
(IUPAC Technical Report). Pure Appl Chem 2002;74:
835-855.

EURACHEM/CITAC Guide CG4: Quantifying Uncertainty
in Analytical Measurements. EURACHEM/CITAC; 2012.
133 p.

Einax J, Reichenbdcher M. Solution to quality assurance
challenge 2. Anal Bioanal Chem 2006;384:14—-18.

Funk W, Dammann V, Donnevert G. Quality assurance in
analytical chemistry: applications in environmental, food and
materials analysis, biotechnology, and medical engineering.
Weinheim: Wiley-VCH; 2007.



