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ABSTRACT: Food products enriched with fatty acid-esterified xanthophylls may result in deviating dietary apo-carotenoids.
Therefore, free astaxanthin and its mono- and dipalmitate esters were subjected to two degradation processes in a methanolic
model system: light-accelerated autoxidation and hypochlorous acid/hypochlorite (HOCl/OCl−) bleaching. Reversed phase
ultrahigh-performance liquid chromatography photodiode array with in-line electrospray ionization mass spectrometry (RP-
UHPLC-PDA-ESI-MS) was used for assessment of degradation products. Apo-astaxanthinals and -astaxanthinones containing 3
(apo-9) to 10 (apo-8′) conjugated double bonds were found upon autoxidation for all three types of astaxanthin (except free
apo-8′-astaxanthinal). Fragmentation of [M + H]+ and [M + Na]+ parent masses of apo-astaxanthins from dipalmitate
astaxanthin indicated palmitate esterification. Astaxanthin monopalmitate degradation resulted in a mixture of free and palmitate
apo-astaxanthins. HOCl/OCl− rapidly converted the astaxanthins into a mixture of epoxy-apo-9- and epoxy-apo-13-
astaxanthinones. The palmitate ester bond was hardly affected by autoxidation, whereas for HOCl/OCl− the ester bond of the
apo-astaxanthin palmitoyl esters was degraded.

KEYWORDS: apo-astaxanthins, UHPLC-PDA-ESI-MS, fatty acid ester, xanthophyll, light-accelerated degradation,
hypochlorite bleaching

■ INTRODUCTION

For many years, the addition of artificially produced
carotenoids to food products has been common practice in
the food industry. Recent market demands toward natural
substitutes have stimulated research on obtaining and utilizing
carotenoids of natural origin. Algae, such as Haematococcus
pluvialis, can be used for producing these natural carotenoids.1

H. pluvialis produces the red carotenoid astaxanthin (3,3′-
dihydroxy-β,β-carotene-4,4′-dione, Figure 1) in 2−3% (w/w)
dry weight (dw) quantities. Different from its chemically
synthesized astaxanthin analogue, H. pluvialis astaxanthin
predominantly exists as mono- and diesterified fatty acid
forms, 70−90 and 5−25%, respectively.2,3
Carotenoids are regarded as powerful antioxidants, which

degrade during processing and dietary uptake of foods. This
process has been investigated especially for β,β-carotene.
Various types of degradation reactions are associated with
food processing and dietary uptake and evidently result in many
degradation products.4 In Figure 1, three reactions, generally
known to occur upon carotenoid degradation, are putatively
projected on astaxanthin (esters). Cleavage of conjugated
double bonds (CDBs) results in a series of apo-astaxanthin
(astaxanthins with a shortened carbon skeleton), aldehydes, and
ketones (reactions 1, R1a and R1b, respectively). Depending on
which CDB is disrupted, a pair of aldehydes (R1a) or a ketone
and an aldehyde (R1b) is formed. Epoxidation of the 5−6 CDB
of astaxanthin can result in 5,6-epoxy-astaxanthins (reaction 2,
R2a). This process can also yield 5,8-furanoid-astaxanthins,
which can be formed directly or via acidic rearrangement from
the 5,6-epoxide form (R2b). Furthermore, the cleavage of the
fatty acid ester might result in free astaxanthin or astaxanthin

monoester (reaction 3, R3). Finally, the degradation products
resulting from R1, R2, and R3 can undergo additional
degradation via R1 or R2, until they end up as structures
with little resemblance to the original carotenoid.4−8 Also, cis−
trans isomerization might be regarded as a degradation
reaction,4 but is not further considered here.
A common carotenoid degradation reaction that results in R1

and R2 degradation products is oxidation. A relatively mild
form of oxidation, occurring during product processing and
storage, is autoxidation. This reaction can occur spontaneously
and is accelerated by light sensitization, oxygen, and/or
elevated temperatures. During autoxidation the CDBs of the
carotenoid chromophore are reduced or cleaved, resulting in
numerous products. Autoxidation is generally believed to
proceed via carbon−peroxyl triplet radicals, which propagate
the reaction via intramolecular homolytic substitution.9 In
contrast, a relatively aggressive oxidative agent is hypochlorous
acid (HOCl). In the human body, HOCl can be formed upon
inflammatory reactions by the enzyme myeloperoxidase in
polymorphonuclear leukocytes.10 There, HOCl is primarily
produced to eliminate harmful bacteria or toxins, but it is also
known to damage surrounding tissue.11,12 Also, the dietary
carotenoids present in the bloodstream13,14 can be converted
by HOCl into oxidation products that might be toxic.15,16

HOCl occurs in equilibrium with its corresponding base OCl−,
and together they are referred to as HOCl/OCl− or
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hypochlorite. The reaction products formed from β,β-carotene
by hypochlorite bleaching were β-apo-13-carotenone, β-apo-15-
carotenal, and β-apo-14′-carotenal. Furthermore, smaller
volatiles derived from C7−C8 (e.g., β-cyclocitral) and C9−10
(e.g., β-ionone, dihydroactinidiolide) cleavages were found.17,18

Unlike β,β-carotene, xanthophylls (oxygenated carotenoids),
comprising, among others, astaxanthin, canthaxanthin, lutein,
and zeaxanthin, have not gained much attention, with respect to
neither autoxidation nor hypochlorite bleaching. Furthermore,
the fate of the fatty acid ester has not been assessed. For
hypochlorite bleaching, it has been reported that the
xanthophylls lutein, zeaxanthin, α-cryptoxanthin, (β-)-
cryptoxanthin, and anhydrolutein were degraded, but no
reaction products were described.19 Upon oxidation of
canthaxanthin by nickel peroxide, mainly apo-canthaxanthinals
and canthaxanthinones were found.20 It was also shown that
upon autoxidation of free astaxanthin a series of apo-
astaxanthinals and -astaxanthinones were found with apo-13-
astaxanthinone as the main reaction product.21 Treatment by
peroxynitrite resulted in a mixture of apo-astaxanthins and
nitro-astaxanthins.22 The stability of the ester bond connecting
astaxanthin and a fatty acid has never been assessed using light-
accelerated autoxidation or hypochlorite bleaching, although
the deliberate removal of the fatty acid by means of methanolic
saponification and lipases has been reported.23,24

As a consequence of esterfication with fatty acids, the
number of potential xanthophyll oxidative degradation products
is expected to be larger than that for nonesterified xanthophylls.
Therefore, this study reports on the analysis of apo-astaxanthin
mixtures using a new method comprising reversed phase
ultrahigh-performance liquid chromatography (RP-UHPLC) in

combination with in-line electrospray ionization mass spec-
trometry (ESI-MS). For triggering the formation of reaction
products through the various routes R1a, R1b, R2a, R2b and
R3, light-accelerated autoxidation and hypochlorite bleaching
were performed on astaxanthin, astaxanthin monopalmitate
ester, and astaxanthin dipalmitate ester. The experiments were
performed in pure solvent to minimize matrix effects.

■ MATERIALS AND METHODS
Materials. (3RS)-Apo-12′-astaxanthinal (>98% w/w), (3RS,3′RS)-

astaxanthin (97% w/w), (3RS,3′RS)-astaxanthin monopalmitate (97%
w/w), and (3RS,3′RS)-astaxanthin dipalmitate (98% w/w) were
purchased from CaroteNature (Lupsingen, Switzerland). ULC-MS
grade methanol absolute (≥99.9% w/w), acetonitrile (≥99.9% w/w),
water and formic acid (99% w/w), AR grade ethyl acetate (99.8% w/
w), and HPLC grade chloroform (≥99.9% v/v, corrected for stabilizer,
stabilized by 0.5−1.5% (w/v) ethanol) were purchased from Biosolve
(Valkenswaard, The Netherlands). Sodium hypochlorite solution
(active Cl 12.3−14.9% w/v) in H2O was purchased from Carl Roth
(Karlsruhe, Germany).

Preparation of Carotenoid Stock Solutions. Apo-12′-astax-
anthinal, free astaxanthin, astaxanthin monopalmitate, and astaxanthin
dipalmitate were separately dissolved in chloroform. All stock solution
concentrations were determined spectrophotometrically in hexane/
chloroform (minimum 98% (v/v) n-hexane). Astaxanthin concen-
trations were determined at 470 nm using the absorption coefficient
A1 cm
1% of 2100 L g−1 cm−1.25 For astaxanthin monopalmitate and

dipalmitate, concentrations were subsequently corrected for the
difference in molecular weight, assuming that the fatty acid moiety
did not contribute to absorption, yielding values of A1 cm

1% of 1501 and
1167 L g−1 cm−1, respectively. For apo-12′-astaxanthinal, concen-
trations were determined at 421 nm using A1 cm

1% of 2276 L g−1 cm−1.26

Figure 1. Chemical structures of astaxanthin and examples of degradation reactions and products. Reaction 1 (R1a and R1b) CDB cleavage; reaction
2 (R2a and R2b), 5,6-epoxide and 5,8-furanoid formation; reaction 3 (R3), de-esterification. Free astaxanthin, Q1 = Q2 = H; astaxanthin
monopalmitate, Q1 = (CO)C15H31 and Q2 = H; astaxanthin dipalmitate, Q1 = Q2 = (CO)C15H31.
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Light-Accelerated Autoxidation. Free astaxanthin, astaxanthin
monopalmitate, and astaxanthin dipalmitate were separately diluted in
methanol to concentrations of 18.0, 19.6, and 24.0 μM, respectively.
Aliquots (1.5 mL) were transferred to quartz cuvettes (type 114-QS,
Hellma Analytics, Müllheim, Germany) closed with stoppers. A
headspace of approximately 50 μL was left, filled with atmospheric air.
Three cuvettes for each type of astaxanthin were irradiated for 3 h in a
Suntest XLS+ (Atlas MTS, Chicago, IL, USA) equipped with a 1700
W xenon arc lamp and window glass filter. Irradiation energy was set
to 30 W m−2, and black standard temperature was maintained at 79
°C, which corresponded to a methanol sample temperature of 55 °C.
The triplicates were pooled per type of astaxanthin and evaporated to
dryness under a stream of nitrogen. Next, samples were redissolved in
ethyl acetate and subsequently supplemented with acetonitrile to reach
a ratio of ethyl acetate/acetonitrile 1:3 (v/v). Prior to UHPLC
injection, samples were filtered using Whatman Rezist 13 0.45 μm
PTFE syringe filters (GE Life Sciences, Fairfield, CT, USA).
Hypochlorite Bleaching. Bleaching of astaxanthin with hypo-

chlorite was adapted from ref 15. Free astaxanthin, astaxanthin
monopalmitate, and astaxanthin dipalmitate were diluted in 900 μL of
methanol to concentrations of 30.3, 32.9, and 40.4 μM, respectively.
Subsequently, degradation was carried out by the addition of 65 μL of
approximately 12% (w/v) NaOCl solution and incubation for 10 min
at room temperature in daylight. Estimation of the decrease in
absorbance at 470 nm in time was made by comparison with a
methanol/hypochlorite blank. Subsequently, the methanol layer was
extracted three times using 900 μL of n-hexane each time. The n-
hexane layers were pooled and evaporated to dryness under a stream
of nitrogen in the dark. Rearrangement of 5,6-epoxides into 5,8-
furanoids was performed by dissolving the evaporated hexane layer in
2.0 mL of 100% (v/v) ethanol. Eight hundred microliters of the
ethanol-resolved degradation products was acidified with 50 μL of 0.1
M HCl.27,28 Prior to UHPLC analysis, samples were prepared as for
light-accelerated autoxidation.
RP-UHPLC-PDA-ESI-MS Analysis of Degradation Products.

Separation and identification of carotenoid degradation products were
carried out using a Thermo Accela UHPLC system (Thermo
Scientific, San Jose, CA, USA) equipped with a pump, degasser,
autosampler, and photodiode array (PDA) detector and coupled in-
line to a LTQ-Velos double ion trap mass spectrometer equipped with
a heated ESI probe (Thermo Scientific). Samples were injected onto
an Acquity UPLC BEH Shield RP18 column (2.1 × 150 mm, 1.7 μm
particle size; Waters, Milford, MA, USA) fitted to a Vanguard
precolumn (2.1 × 5 mm, 1.7 μm particle size; Waters). The flow rate
was 300 μL min−1, operated at 23 °C. The eluents used were the
following: 1% (v/v) acetonitrile in Millipore water (A), acetonitrile
(B), and ethyl acetate (C), all containing 0.10% (v/v) formic acid as a
mobile phase modifier. The elution program was started from 95% (v/
v) A/5% (v/v) B and followed by 0−20 min linear gradient to 100%
(v/v) B, 20−25 min isocratic at 100% (v/v) B, 25−32 min linear
gradient to 100% (v/v) C, and 32−35 min isocratic at 100% (v/v) C.
The eluent was adjusted to its initial composition in 10 min, followed
by equilibration for 5 min. Detection wavelengths for UV−vis were set

at 280 ± 0.5, 370 ± 0.5, and 450 ± 0.5 nm. Data were recorded at 10
Hz.

Mass spectrometric data were recorded in positive ion mode.
Nitrogen was used as both sheath (30 arbitrary units) and auxiliary gas
(10 arbitrary units). Settings of the mass spectrometer were tuned by 3
μL min−1 direct injection of apo-12′-astaxanthinal in a mixture of ethyl
acetate/acetonitrile 1:3 (v/v). Most settings were optimized via
automatic tuning by using LTQ Tune Plus 2.7 (Thermo Scientific).
The temperature of the ion transfer tube was 450 °C and the source
voltage, 3.5 kV. Data were recorded over the m/z segments 150−350
(0.50−10.00 min), 250−500 (10.00−15.40 min), 350−500 (15.40−
19.00 min), 420−680 (19.00−23.00 min), 400−575 (23.00−24.40
min), 400−590 (24.40−24.95 min), 542−650 (24.95−26.80 min),
615−720 (26.80−29.30 min), and 615−1250 (29.30−37.00 min).
Within these segments dynamic data-dependent MS2 fragmentation
was performed on the most intense parent ion (x = 1) and
subsequently on the second most intense parent (x = 2). Dynamic
exclusion was used to identify coeluting apo-astaxanthins. Also, it
served the purpose of fragmenting both [M + H]+ and [M + Na]+

spectra within one chromatographic peak. A repeat count of two MS2

spectra per parent ion and a maximum of x = 25 or within a time frame
of 5.0 s were used as settings. The collision-induced dissociation was
set to 35%. Data acquisition and reprocessing were done with Xcalibur
2.2 (Thermo Scientific).

■ RESULTS AND DISCUSSION

Time Course of Color Loss of Various Astaxanthins.
The astaxanthin degradation was performed by light-accelerated
autoxidation via exposure to high-intensity light conditions and
elevated temperatures. Conventional autoxidation in darkness
at lower temperatures could take up to several weeks.29

Exposure of the parental all-trans forms of the three types of
astaxanthin to light-accelerated autoxidation decreased the
absorption at 470 nm (Figure 2A). After 180 min of exposure, a
decrease of 13% for the free astaxanthin was observed, 30% of
the monoester, and 44% of the diester. Subsequently, UHPLC-
PDA-ESI-MS was used to assess the degradation products
formed. As it is known that β,β-carotene forms small volatile
compounds upon extensive degradation,8,9 our degradation
experiments were terminated with a high proportion of residual
parent material, so that an overview of intermediate
degradation products would be obtained. After 45 min, the
absorption of the free astaxanthin and monoester was not
reduced (Figure 2A). Their absorption spectra showed only a
hypsochromic shift of 3−5 nm (data not shown). In contrast,
the diester already showed a decrease in A470 of 14% within 45
min. This indicated that esterification can influence color
stability, which has also been reported before.30,31

The three types of astaxanthin were also exposed to
bleaching with astaxanthin/HOCl ratios in the range of 1:3.5

Figure 2. Decrease in visible absorption of various astaxanthins subjected to (A) light-accelerated autoxidation and (B) hypochlorite bleaching over
time at 470 nm followed by spectrophotometry: free astaxanthin (□); astaxanthin monopalmitate (△); astaxanthin dipalmitate (◇).
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and 1:5.0 (mol/mol). These ratios were reported to occur
(locally) in inflamed tissues in the body.18 The three types of
astaxanthins all showed a ∼100% decrease in A470 upon
bleaching, within 10 min (Figure 2B). This indicated that the
reaction approached the end-point. No noticeable differences in
stability between the free and monopalmitate astaxanthin
degradation were observed, whereas the dipalmitate astaxanthin
showed a more rapid degradation, as was also observed with
light-accelerated autoxidation. No plausible explanation for this
difference could be provided. Due to the different nature of the
light-accelerated autoxidation and hypochlorite bleaching, they
resulted in different sets of degradation products, which were
used to design the LC-MS analysis method.
Free Apo-astaxanthinals and Apo-astaxanthinones

(R1a, R1b). The absorbance maxima of the various degradation
products of astaxanthin (esters) are expected to be related to
the number of CDBs present in the molecules. To detect the
widest array of apo-astaxanthins possible by PDA, detection
wavelengths were set at 450, 370, and 280 nm. Using these
three wavelengths, upon light-accelerated autoxidation a
plethora of peaks was found, of which 44 could be tentatively
annotated (Figure 3 and Table 1). Free apo-astaxanthinals and
-astaxanthinones were found at different detection wavelengths
and eluted between approximately 7.0 and 18.0 min. For the
astaxanthin dipalmitate samples no PDA response was
observed, indicating that no free apo-astaxanthinals and
-astaxanthinones were formed. A first ascertainment of the
apo-astaxanthinals and -astaxanthinones was done by locating
their predicted m/z values with the full scan MS data
accompanying a chromatographic peak (Table 1). Using this
approach, the matching protonated parent masses ([M + H]+)
for apo-9- and apo-13-astaxanthinone and apo-11-, apo-15-,
apo-14′-, apo-12′-, and apo-10′-astaxanthinal were found upon
treatment of both free and monopalmitate astaxanthin. The
accompanying absorption spectra of these apo-astaxanthins had
increasing λmax values from apo-9-astaxanthinone (260−270
nm) to apo-10′-astaxanthinal (452 nm). The smallest aldehyde,
apo-7-astaxanthinal, was probably also formed. However, our
approach will not visualize this compound due to its limited
conjugated system or likely volatile properties. Nevertheless,
the MS trace showed [M + H]+ (m/z 183) values that could
potentially be associated with apo-7-astaxanthinal, but no
diagnostic MS2 fragments could be obtained for a reliable
annotation.
The identification was further verified by analyzing MS2

fragmentation of all [M + H]+ parents annotated and
comparison with the MS2 spectrum of the apo-12′-astaxanthinal
standard, which had retention time, parent mass, and MS2

fragmentation similar to those of the apo-12′-astaxanthinal
formed (peak 12) in our degradation study. The MS2 spectra of
the apo-astaxanthinals and -astaxanthinones all showed similar
fragmentation behavior upon CID fragmentation (Supporting
Information Table S1). In Figure 4A fragmentation of apo-12′-
astaxanthinal is displayed as an example. The most intense
neutral loss in the MS2 spectra of the free apo-astaxanthinals
and -astaxanthinones was 18 Da, yielding the fragment m/z
363.2. The loss originates from the hydroxyl group at C3,
analogous to water neutral loss with the (native) astaxanthin
molecule.32 The second water loss, yielding the fragment with
m/z 345.1, might have originated from the loss of the aldehyde
group at C12′. An exception to this dominant water loss was
found for apo-11-astaxanthinal, which showed a neutral loss of
42 Da (m/z 205) as the main fragment. This preference for

ejecting 42 Da instead of 18 Da could not be explained. CID
fragmentation of [M + H]+ apo-12′-astaxanthinal, and all of the
other free apo-astaxanthin aldehydes and ketones described,
resulted in a multitude of smaller fragments, typical for
carotenoids.7 In our study, these smaller mass fragments at,
for example, m/z 201, 187, 185, 173, 161, 157, 147, 145, 135,
133, and 119 could be interpreted similarly as for apo-
carotenals and -carotenones derived from β,β-carotene upon
EI-MS, in which a saturated carbon−carbon bond is fragmented
and the molecular ion is rearranged. A series of polyene
fragmentations and tandem rearrangements resulted in multiple

Figure 3. RP-UHPLC-UV chromatograms of free astaxanthin, its
monoester, and its diester in methanol after 3 h of light-accelerated
degradation: (A) 280 nm; (B) 370 nm; (C) 450 nm. F, free all-trans-
and cis-astaxanthin; M, all-trans- and cis-astaxanthin monoester
palmitate; D, all-trans- and cis-astaxanthin diester palmitate; ∗, ghost
peak; †, peak 29; ‡, peak 34; §, peaks 46, 47, and 48; ¤, peaks 49, 50,
and 51.
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ejections of CH4 and CH2, giving rise to this wide array of
smaller MS2 fragment ions.7 Fragments resulting from toluene
and xylene polyene elimination products were low in
abundance and could in the case of apo-12′ astaxanthinal be
annotated to m/z 289.1 and 275.1. Other fragment ions could
not be rerouted to a fragmentation of the parent ion.
Apo-astaxanthinal and Apo-astaxanthinone Palmi-

tate Esters (R1a, R1b). When astaxanthin monopalmitate
and dipalmitate were subjected to light-accelerated autoxida-
tion, additional peaks appeared in the hydrophobic region of
the chromatogram (21.5−30 min) (Figure 3). Again, a first
annotation was performed by tracing their respective parent
masses (Table 1). Upon assessment of the UV−vis absorption
spectra of the peaks, a similar trend was observed as for the free
apo-astaxanthinals and -astaxanthinones (Figure 5). The
absorption maxima slightly deviated from previously reported
λmax values of purified free apo-astaxanthinals and -astaxanthi-
nones (1−14 nm), possibly due to the use of the different LC
solvents and coelution with other reaction products.21 This led

to the conclusion that a series of apo-9- to apo-8′-astaxanthinals
and -astaxanthinones palmitate esters were formed.

Figure 4. (A) MS2 spectrum of [M + H]+ apo-12′-astaxanthinal; (B) MS2 spectrum of [M + H]+ apo-12′-astaxanthinal palmitate ester; (C) MS2

spectrum of [M + Na]+ apo-12′-astaxanthinal palmitate ester. ∗, examples; fragmentation can occur at multiple C−C bonds in the polyene moiety.
Roman numerals refer to MS2 fragments in Supporting Information Table S2.

Figure 5. Overlay of UV−vis absorbance spectra of several apo-
astaxanthin palmitate ester ketones and aldehydes.
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Similar to the astaxanthin esters, MS2 spectra were used to
identify the apo-astaxanthin backbone and the esterified fatty
acid (Supporting Information Table S2).32 As an example, the
fragmentation of [M + H]+ apo-12′-astaxanthinal palmitate
(peak 40) is explained (Figure 4B). Again, water loss, yielding
fragment m/z 601.4 (I) was observed, but this time resulting
from the aldehyde or ketone group. Most abundant were the
fragments at m/z 381.2 (II), representing the apo-12′-
astaxanthinal backbone, and m/z 363.2 (III), which represented
the apo-astaxanthin that ejected C16:0. The typical polyene
elimination products toluene (92 Da) and xylene (106 Da)
were found at m/z 527.3 and 513.4, respectively, albeit in low
intensities. Toluene and xylene neutral losses were formed only
for apo-12′-astaxanthins and larger apo-astaxanthins and not for
the smaller ones. Furthermore, tandem losses of water and
palmitate yielded the fragment at m/z 345.2 (IV). Also, tandem
losses of palmitate ketene and toluene (yielding m/z 289.1) and
palmitate and toluene (yielding m/z 271.1) were observed.
Contrary to the free apo-7-astaxanthinal, molecular ions of the
palmitate ester of apo-7-astaxanthinal (peak 20) could be
detected between Rt values of 21.8 and 22.4 min. Upon
fragmentation of both the [M + H]+ and [M + Na]+ parents
(m/z 421.2 and 443.1, respectively), diagnostic fragments I, II,
and III could be annotated (Supporting Information Table S2).
As an additional confirmation of the apo-astaxanthinal and

-astaxanthinone palmitoyl structures, esterified astaxanthin
sodium adducts [M + Na]+ were analyzed. It has been shown
that upon fragmentation, the MS2 of sodiated ions strongly
deviated from the protonated MS2 fragmentation.32,33 This was
also the case for apo-astaxanthin palmitate esters as shown in
Figure 4C. No fragments similar to II were found in this case;
only the palmitate loss III is visible at m/z 385.2 (for apo-7-
astaxanthinal and apo-9-astaxanthinone a neutral loss of 238 Da
was visible). The main fragment at m/z 465.3 represented a
sodiated benzonium ion and could be explained, similarly as for
astaxanthin esters, by ring closure at C18 to C9 after electron
rearrangement at C5−C6 (Figure 4C inset).33,34 Remarkably,
the formation of this benzonium ion was dominant over the
other fragments and could already be observed with apo-9-
astaxanthinone. As the sodiated parent mass of apo-9-
astaxanthinone is m/z 483.3, one might argue that the m/z
465.4 fragment represents a simple water loss.
Other Apo-astaxanthins and cis-Apo-astaxanthins

(R1a, R1b). Besides aldehyde and keto functional groups, we
also screened for apo-astaxanthinols and apo-astaxanthinoic
acids. Only one apo-astaxanthinol could be annotated. Instead
of the parent mass of apo-8′-astaxanthinal, an m/z of 449.2 was
detected, suggestive for apo-8′-astaxanthinol (peak 16, Table 1
and Figure 3C). The presence of a C7−C8 CDB apo-8′-
degradation product indicated that probably the corresponding
apo-7-astaxanthin was also formed.
In Table 1, it can be observed that similar apo-astaxanthinal

or -astaxanthinone structures were annotated to multiple
chromatographic peaks (e.g., peaks 4/5, 7/8, 9/10, 14/15,
and 39/43). Probably these represented different cis-apo-
astaxanthin geometrical isomers. As also cis-isomers were
formed from all-trans-astaxanthin (results not shown), this
conclusion seems plausible. Assignment of the geometrical
isomers using blue shifts in λmax compared to the all-trans
isomer is common practice. As these compounds were present
in trace amounts, and because it was not always possible to
baseline separate degradation products to obtain a spectrum

representing a single compound, cis and all-trans annotations
were not pursued.

Epoxy-astaxanthins (R2a, R2b). The formation of
epoxides was observed for intact astaxanthin (esters) upon
light-accelerated degradation (Table 1). For the free
astaxanthin, parent masses associated with mono-, di-, and
triepoxides (e.g., epoxides on the C5−C6, C5′-C6′, and C15−
C15′ positions) were found (peaks 17−19), eluting together
with a plethora of other components just before the free
astaxanthin peak F at 370 nm (Figure 3B). Presumably, the
astaxanthin epoxides were also visible at 450 nm (Figure 3C),
because epoxides normally show a small hypsochromic shift
compared to astaxanthin, as will be elaborated later.
Fragmentation of the epoxides showed two consecutive water
losses and again a multitude of smaller fragments, the most
intense of which were annotated in Tables S1 and S2 of the
Supporting Information. Most likely, the epoxide groups were
in the 5,6-epoxide or the 5,8-furanoid position, reported
predominant in autoxidation of β,β-carotene.5,9 When the
carotenoid’s C5−C6 and C5′-C6′ positions are occupied with
epoxides, a third epoxide group might, for example, be located
at the 15−15′ position.9 Similarly, mono-, di-, and triepoxides
were found for astaxanthin monopalmitate (peaks 46−48) and
dipalmitate (peaks 49−51) (Table 1; Figure 3B,C). Also for the
monopalmitate, the formation of intact astaxanthin epoxides
upon autoxidation was observed as a large hump, which made it
difficult to pinpoint exact retention times.

Epoxy-apo-astaxanthinones and -astaxanthinals (R1a,
R1b, R2a, R2b). Two abundant free apo-astaxanthins, which
were found upon hypochlorite degradation of free astaxanthin,
its monopalmitate, and its dipalmitate, had parent masses of m/
z 239.1 and 305.1. These corresponded to the masses of epoxy-
apo-9-astaxanthinone (peak 2) and epoxy-apo-13-astaxanthi-
none (peak 6), respectively (Table 1; Figure 6). Furthermore,
for the astaxanthin monopalmitate and dipalmitate, the
esterified forms of the epoxy-apo-9-astaxanthinone with m/z
477.3 (peak 26) and epoxy-apo-13-astaxanthinone with m/z
543.4 (peak 29) were annotated. Following the identification
strategy used throughout this study, the epoxy palmitate ester
species were identified by fragments II and III (Figure 4B),
similar to apo-12′-astaxanthinal palmitate.
MS2 fragmentation could not clarify the position of the

epoxide groups, as both parent ions would result in similar
fragment ions.5,35 Therefore, further evidence for the
identification of the apo-9 and apo-13 epoxide ketones was
provided by the UV−vis absorption spectra. First, the epoxy-
apo-13-astaxanthinone (peak 6) and its palmitate ester (peak
29) showed a blue shift of approximately 5 nm in the UV−vis
absorption spectrum compared to apo-13-astaxanthinone
(palmitate ester) (Figure 7A). This indicated that the
conjugated system was only slightly shortened. The magnitude
of the hypsochromic shift is dependent on the position of the
epoxide group. Typically, a 5,6-epoxide group shortens the
conjugated system with only a single double bond, whereas
with a 5,8-furanoid group two double bonds are sacrificed. For
intact carotenoids, epoxidation results in blue shifts of 4−13 nm
for 5,6-epoxides (e.g., zeaxanthin−antheraxanthin) and blue
shifts of 23−28 nm for 5,8-furanoids (e.g., zeaxanthin−
mutatoxanthin).36 For the apo-9 epoxide ketones a blue shift
could not be detected due to the detection limits of the PDA
detector. Although the influence of a shortened carbon skeleton
of apo-astaxanthins on the magnitude of the hypsochromic shift
has never been reported, the observed blue shift indicated the
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presence of a 5,6-epoxide rather than a 5,8-furanoid group for
the apo-13 epoxide (peak 29).
Acidification of the apo-astaxanthin degradation products in

ethanol with 0.1 M hydrochloric acid, followed by RP-UHPLC
analysis, did not lead to unambiguous annotation of the 5,6 or
5,8 configuration of the epoxide group (Figure 7B).28 Peaks 21
and 26 (apo-9) remained intact, hinting at a 5,8-configuration.
Peak 29 (apo-13) only partially disappeared, and no ketone-
related new peaks appeared, hinting at either a 5,6-epoxide or a
5,8-furanoid configuration. However, for peak 29 the
hypsochromic shift after acidification was only 9 nm, which
might be attributed to the disappearance of apo-15-
astaxanthinal palmitate (peak 30) (Figure 7B). This small
hypsochromic shift would argue in favor of the 5,6-epoxide.
The acidification protocol was originally designed for intact

carotenoids, thus without the presence of reactive aldehyde and
ketone groups as in apo-astaxanthins. All apo-astaxanthin
aldehydes disappeared upon acidification, whereas the less
reactive ketones partially remained. Therefore, acidification
seems less suitable for distinguishing 5,6-epoxides and 5,8-
furanoids in the more reactive apocarotenoids.
Epoxidation of carotenoids with HOCl might proceed as has

been described for unsaturated fatty acids and cholesterol.37 In
Figure 7C this reaction is visualized as follows: the electrophilic
addition of HOCl to the 5−6 CDB results in intermediate 1.
The remaining OH− is added to either C5 or C6, resulting in
chlorohydrin carotenoids (2). The 5,6-epoxide (3) or 5,8-
furanoid (4) is subsequently formed by dehydrochlorination of
2.38 Additionally, the released HCl from 2 might trigger the
conversion of 3 into 4. Chlorohydrins might also be an end-
point in this type of reaction,37 but this was not the case here,
as indicated by the isotope ratio of parent mass m/z 305.1
(Figure 7D). The presence of a chlorohydrin structure would
have resulted in a relative intensity of 32% for the third parent
mass isotope (m/z 307.1), for which only a relative intensity of
3.8% was found. This supported the formation of 5,6-epoxides
or 5,8-furanoids and excluded the presence of a chlorohydrin
structure.
Epoxy-apo-astaxanthinals and -astaxanthinones were also

found in conjunction with reaction 1 upon light-accelerated
degradation. For free astaxanthin and astaxanthin monopalmi-
tate epoxy-apo-12′-astaxanthinal (peak 13) was annotated
(Table 1). The absorbance maximum of the epoxy-apo-12′-
astaxanthinal had a hypsochromic shift of approximately 20 nm
compared to apo-12′-astaxanthinal. Besides apo-astaxanthins
esterified with palmitate, also their epoxidized forms were
found upon degradation of astaxanthin monopalmitate and
dipalmitate. The palmitoyl esters of epoxy-apo-9-astaxanthi-
none (peak 21), epoxy-apo-15-astaxanthinal (peaks 32, 36, and
38), epoxy-apo-12′-astaxanthinal (peaks 39 and 43), and epoxy-
apo-15-astaxanthinoic acid (peak 33) were all traced. The
occurrence of multiple epoxides can be explained by either
isomerization of the polyene backbone (all-trans to cis
conversion), or the variation in 5,6-epoxide or 5,8-furanoid,
or a combination thereof.

Degradation of the Fatty Acid Ester (R3). Upon
examination of the diester chromatograms (Figures 3C and
6C), de-esterification was observed with especially the
hypochlorite bleaching treatment, as free apo-astaxanthins
(e.g., peaks 2−4 and 6−10) were formed. The de-esterification
did not lead to the annotation of any new compounds and
proceeded in conjunction with reaction 1 and, occasionally,
reaction 2. Most probably, the de-esterification proceeded via a
base-induced hydrolysis with the apo-astaxanthin as the leaving
group. The reactive nucleophile in this case is likely a
hypochlorite anion (OCl−) or a hydroxide (OH−) resulting
from the HOCl. As the degradation was performed in
methanol, also a methoxide anion (MeO−) might have served
as nucleophile, resulting in a fatty acid methyl ester.
For light-accelerated autoxidation, trace amounts of free

astaxanthin (peak F) and astaxanthin monopalmitate (peak M)
were found (Figure 3C). When the degradation was continued
to 7 h, also no accumulation of free astaxanthin and astaxanthin
monopalmitate was observed (data not shown). Observation of
the trace amounts of de-esterification products upon light-
accelerated autoxidation (e.g., a system that does not favor de-
esterification) underscores the sensitivity of the analysis
method employed.

Figure 6. RP-UHPLC-UV profiles of hypochlorite-degraded free,
monoester, and diester astaxanthin in methanol: (A) 280 nm; (B) 370
nm; (C) 450 nm. F, free all-trans- and cis-astaxanthin; M, all-trans- and
cis-astaxanthin monoester palmitate; D, all-trans- and cis-astaxanthin
diester palmitate; ∗, ghost peak.
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