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Chapter 2 

 

Sodiation as a tool for enhancing the diagnostic value of  

MALDI-TOF/TOF-MS spectra of complex astaxanthin ester 

mixtures from Haematococcus pluvialis 

The microalga Haematococcus pluvialis produces the pigment astaxanthin mainly in 
esterified form with a multitude of fatty acids, which results in a complex mixture of 
carotenol mono- and diesters. For rapid fingerprinting of these esters, matrix assisted 
laser desorption ionization time of flight mass spectrometry (MALDI-TOF/TOF-MS) 
might be an alternative to traditional chromatographic separation combined with MS. 
Investigation of ionization and fragmentation of astaxanthin mono- and diester 
palmitate standards in MALDI-TOF/TOF-MS showed that sodium adduct parent 
masses [M+Na]+ gave much simpler MS2 spectra than radical / protonated 
[M]+●/[M+H]+ parents. [M+Na]+ fragments yielded diagnostic polyene-specific 
eliminations and fatty acid neutral losses, whereas [M]+●/[M+H]+ fragmentation 
resulted in a multitude of non-diagnostic daughters. For diesters, a benzonium 
fragment, formed by polyene elimination, was required for identification of the second 
fatty acid attached to the astaxanthin backbone. Parents were forced into [M+Na]+ 
ionization by addition of sodium acetate and best signal to noise ratios were obtained 
in the 0.1 to 1.0 mM range. This method was applied to fingerprinting astaxanthin 
esters in a crude H. pluvialis extract. Prior to MALDI-TOF/TOF-MS, the extract was 
fractionated by normal phase Flash chromatography to obtain fractions enriched in 
mono- and diesters and to remove pheophytin a, which compromised monoester 
signals. All 12 types of all-trans esterified esters found in LC were identified with 
MALDI-TOF/TOF-MS, with the exception of two minor monoesters.  

 

 

Based on: Weesepoel, Y.; Vincken, J.-P.; Pop, R.M.; Liu, K.; Gruppen, H., Sodiation as a tool for 
enhancing the diagnostic value of MALDI-TOF/TOF-MS spectra of complex astaxanthin ester 
mixtures from Haematococcus pluvialis, Journal of mass spectrometry, 2013, 48, 862-874  
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INTRODUCTION 

The microalga Haematococcus pluvialis produces the red xanthophyll (oxygenated 
carotenoid) astaxanthin (3,3 -dihydroxy- - ’-carotene-4,4 -dione) in high quantities 
(2 - 3% (w/w) dry weight) (1). The 3-hydroxyl groups on the -rings can be free 
(unmodified astaxanthin), or esterified with fatty acids resulting in monoesters or 
diesters. Predominantly esterified with C16 and C18 fatty acids, monoesters are the 
most abundant (70-90% (w/w)) of the astaxanthin derivatives. Diesters (5-25% 
(w/w)) and unmodified form (5-10% (w/w)) constitute the remaining part, depending 
on growth conditions and harvest time (2). Astaxanthin ester accumulation by H. 
pluvialis is of interest nowadays due to their superior antioxidant properties (3). 
application as potential pigment in foods (4, 5) and improved bioavailability 
compared to free astaxanthin (6). 

In order to study the compatibility of esterified astaxanthins with food 
matrices, fractions enriched in natural astaxanthin esters are required. Preparative 
Flash chromatography is the method of choice to obtain such fractions (7). For correct 
pooling of the esters desired, characterization of the fractions obtained is necessary. 
Because individual astaxanthin esters have identical chromophores (8), analytical 
separation is required for correct identification. Reversed phase liquid 
chromatography (RP-LC) has been the most favoured technique for analysis of 
xanthophylls in the last decades (9, 10). In combination with soft ionization mass 
spectrometry, like atmospheric pressure chemical ionization (APCI) or electrospray 
ionization (ESI), fatty acids esterified to the xanthophyll can be characterized by 
parent mass fragmentation (11). Even though LC analysis time can be greatly reduced 
by ultra-high performance liquid chromatography (UHPLC), separation of a complex 
xanthophyll ester mixture is still laborious (12).  

Using matrix-assisted laser desorption ionization time of flight mass 
spectrometry (MALDI-TOF-MS), LC can be omitted, thereby offering the opportunity 
for high sample throughput and rapid fingerprinting of xanthophyll esters. Although 
used in the analysis of carotenoids in plant tissues (13), bacterial samples (14) and 
liquid food matrices (15) research on xanthophyll ester analysis using MALDI-
TOF/TOF-MS is scarce. 

Upon ionization in MALDI-TOF-MS, xanthophyll (esters) form a combination 
of radical [M]+●, protonated [M+H]+, and sodiated [M+Na]+ parent ions. Generation of 
diagnostic ions for identification of carotenoids using MALDI-TOF-MS is traditionally 
done by post-source-decay (PSD), although nowadays this is mostly referred to as 
TOF/TOF fragmentation (16). Generally, unambiguous proof for the presence of 
carotenoids is obtained by mass spectrometric detection of the in-polyene chain 
fragment toluene (neutral loss (NL) 92 Da) (17). Additionally, xylene (NL 106 Da) can 
be observed as co-fragment. The simultaneous occurrence of multiple parent ions not 
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only dilutes the signal intensity of each, but also complicates the interpretation of the 
PSD fragmentation spectra in particular. Unfortunately, there is an incomplete picture 
with respect to fragmentation pathways of the three kinds of parent ions upon PSD 
fragmentation. For instance, radical [M]+● parent ions of xanthophyll esters show a 
clear toluene loss in PSD fragmentation (16). In contrast, [M+H]+ parent ions do not 
form toluene or xylene fragments, at least not with ESI ion trap MS (7). When [M+Na]+ 
adducts of xanthophyll esters were ion trap fragmented, loss of toluene and xylene 
was more pronounced and fragmentation patterns showed less non-diagnostic 
fragments than with [M+H]+ adducts (7). Similar observations have been obtained for 
astaxanthin and canthaxanthin in ESI tandem quadrupole (18) and for fucoxanthin-
type carotenoids in APCI ion trap (19). Overall, it is unclear if the ionization and 
fragmentation behaviour described for [M+H]+ and [M+Na]+ ions with APCI or ESI ion 
trap are also applicable to MALDI-TOF/TOF-MS. This is particularly relevant, as it has 
been suggested that xanthophylls prefer to form [M+Na]+ adducts over [M]+● / [M+H]+ 
ions (18). 

Hence, in the present study a new MALDI-TOF/TOF-MS application was 
developed enabling the rapid analysis of astaxanthin esters. Ionization behaviour and 
fragmentation using TOF reacceleration of different type of parent ions were 
evaluated. The effect of sodium content on signal to noise ratios of two astaxanthin 
ester standards was demonstrated. Validation of the MALDI-TOF/TOF-MS method 
was done by characterization of astaxanthin esters in a H. pluvialis extract and pools 
enriched therein.  

MATERIALS AND METHODS 

Materials 
Haematococcus pluvialis dried flakes were obtained from Ingrepro B.V. (August 2009, 
Borculo, The Netherlands), (3RS,3’RS)-astaxanthin (97%), (3RS,3’RS)-astaxanthin 
monopalmitate (97%) and astaxanthin dipalmitate (98%) were purchased from 
Carotenature (Lupsingen, Switzerland). Methanol (99.8%), acetonitrile (99.97%) and 
ethyl acetate (99.9%) (all w/w) were obtained from Biosolve (Valkenswaard, The 
Netherlands). Sodium acetate (99.0% w/w) and potassium acetate (99.0% w/w) were 
purchased from Merck (Darmstadt, Germany). Dichloromethane (99.8%), hexane 
(98%) and formic acid (98.0%) were obtained from Sigma-Aldrich (St. Louis, MO, 
USA). MALDI-TOF-MS grade 2,5-dihydroxybenzoic acid (DHB) was obtained from 
Bruker Daltonics (Bremen, Germany), Dowex AG 50W-X8 resin was purchased from 
Bio-Rad Laboratories (Hercules, CA, USA), Maltodextrin DP 6 was purchased from 
AVEBE (Veendam, The Netherlands). Fat-free quartz sand was obtained from Büchi 
(Flawil, Switzerland).  
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Sample preparation 
A H. pluvialis hexane extract was obtained via pressurized solvent extraction. A 
stainless steel extraction tube (40 mL) contained 0.5 g of dried H. pluvialis flakes 
ground with 55 g of fat-free quartz sand and was applied to an E-916 Speed Extractor 
(Büchi, Flawil, Switzerland). Extraction was carried out using four subsequent 15 min 
cycles with n-hexane at 40 oC and 100 bar. Each extraction receptacle was protected 
from heat and light during the extraction to prevent light-induced isomerization and 
oxidation of carotenoids. Extracts were dried in reduced light using a rotary 
evaporator at 40 oC. Subsequently, samples were re-dissolved in ethyl acetate, then 
supplemented with acetonitrile to reach a ratio of ethyl acetate:acetonitrile 1:3 (v/v). 
Prior to UHPLC or Flash chromatography, samples were centrifuged (5 min; 21,380 

g; 5 oC).  

MALDI-TOF/TOF-MS  
A solution of 5 mg mL-1 DHB in 50% (v/v) methanol was used as matrix (13, 15). 
Sodium acetate was either omitted or added to the matrix in several concentrations to 
a maximum of 100 mM. Desalting was done by addition of a spatula (19.5 ± 1.9 mg) of 
Dowex 50W-X8 resin to 400 μL matrix and sample, stirring for 10 min, and 
subsequent centrifugation (5 min; 21,380 g; 5 oC).  Approximately 1 mg of crystalline 
astaxanthin monopalmitate (Ast C16:0) and dipalmitate (Ast C16:0/C16:0) were 
separatly dissolved in dichloromethane. Standards were diluted using n-hexane to 
concentrations of 19.5 ± 0.3 μg mL-1 for Ast C16:0 and 21.8 ± 0.3 μg mL-1 for Ast 
C16:0/C16:0. The concentrations were determined in hexane:dichloromethane 98:2 
(v/v) at 470 nm using the free astaxanthin molar extinction coefficient εmol of 125,100 
L mol-1 cm-1 (20).  The concentrations determined were subsequently corrected for 
the difference in molecular weight assuming that the fatty acid moiety had no 
influence on the εmol. Flash fractions were contained in the original solvent at the time 
of elution (acetonitrile/ethyl acetate) and concentrated under a stream of nitrogen in 
reduced light if the concentration was too low. In order to avoid phase separation in 
sample spots, the sandwich method was used: one μL DHB solution was applied onto a 
stainless steel sample plate (Bruker Daltonics), air dried and subsequently a layer of 1 
μL standard was applied, which was also air dried. This was covered with 1 μL DHB 
solution and air dried. For the H. pluvialis extract and Flash fractions, samples were 
mixed with DHB solution in a 1:1 (v/v) ratio on the sample plate and air dried.  

MALDI-TOF/TOF-MS spectra were recorded using an Ultraflextreme 
workstation controlled by FlexControl 3.3 software (Bruker Daltonics) equipped with 
a N2 laser of 337 nm and operated in positive mode. Calibration was performed using 
maltodextrin DP6 and a mass scan range from 550 to 1,500 Da was used. Spectra were 
recorded by automatic operation. For full MS spectra, the reflector mode was used 
with 26.40 and 13.70 kV. For TOF/TOF fragmentation, parent and fragment ions were 
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reaccelerated using a LIFT device located in the flight tube with reflector voltages of 
29.50 and 13.95 kV. The precursor ion selector was set at 0.45% of the desired parent 
mass, the LIFT voltages were set at 19.00 and 3.15 kV, and the LIFT metastable 
suppressor was disabled. FlexAnalysis 3.3 (Bruker Daltonics) was used for data 
reprocessing. A successful measurement was defined as an astaxanthin ester signal to 
noise (S/N) ratio with a minimum value of 3 units. The S/N was defined as the ratio of 
the astaxanthin parent signal to the standard deviation of the instruments background 
noise. Both values were calculated for every individual sample spot. The Sophisticated 
Numerical Annotation Procedure (SNAP, Bruker Daltonics) algorithm was used for 
isotope ratio determinations. MassFrontier 7.0 (Thermo Scientific) was used for 
prediction of fragmentation pathways. 

RP-UHPLC analysis 
Separation and identification of xanthophylls and porphyrins in the H. pluvialis extract 
and the Flash fractions were carried out using an Accela UHPLC system (Thermo 
Scientific, San Jose, CA, USA) equipped with pump, degasser, auto sampler, photo 
diode 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 into an Aquity UHPLC Shield C18 BEH column (2.1 × 150 mm, 1.7 μm particle 
size; Waters, Milford, MA, USA) fitted to a Vanguard pre-column (2.1 × 5 mm, 1.7 μm 
particle size; Waters). The eluents were the following: 50% (v/v) acetonitrile in 
demineralized water (A), acetonitrile (B) and ethyl acetate (C), all containing 0.1% 
(v/v) formic acid as mobile phase modifier. The flow rate was 300 μL/min and the 
sample injection volume was 3.0 μL. The elution program was started from 25% (v/v) 
A, 75% (v/v) B and followed by: 0 - 7 min – linear gradient to 100% (v/v) B; 7 - 15 min 
– isocratic at 100% (v/v) B; 15 - 22.5 min – linear gradient to 87.5% (v/v) B, 12.5% 
(v/v) C; 22.5 - 24 min – linear gradient to 70% (v/v) B, 30% (v/v) C; 24 - 34 min – 
linear gradient to 100% (v/v) C; 34 - 35 min – isocratic at 100% (v/v) C. The eluent 
was adjusted to its initial composition in 5 min, followed by equilibration for 10 min. 
Detection wavelengths for UV-Vis were set at 470 ± 0.5 nm (astaxanthin) and 660 ± 
0.5 nm (porphyrins). Data were recorded at 10 Hz. 

Electrospray ionisation ion trap mass spectrometry (ESI-IT-MS) 
Mass spectrometric data were recorded in positive ion mode. Nitrogen was used as 
both sheath gas (5 arbitrary units) and auxiliary gas (2 arbitrary units). Most settings 
were optimized via automatic tuning using ‘Tune Plus’ (Xcalibur 2.10, Thermo 
Scientific). The system was tuned with 5 μL/min direct injection of 1 μg/mL 
(3RS,3’RS)-astaxanthin in acetonitrile : ethyl acetate : hexane (73.5 : 24.5 : 2.0 (v/v)) 
containing 0.1% (v/v) formic acid, the ion transfer tube was 400 oC and the source 
voltage 3.5 kV. Data were recorded over the m/z range 550-1,000 (0-7.5 min), 650-
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1,000 (7.5-22 min) and 1,000-1,250 (22-35 min). 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). 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 (CID) was set to 35%. Dynamic exclusion 
was used for fragmentation of astaxanthin [M+H]+, [M+Na]+ and [M+K]+ parent ions 
within a single chromatographic peak. Data acquisition and reprocessing were done 
with Xcalibur 2.10 (Thermo Scientific). 

NP-Flash chromatography 
A Reveleris Flash chromatography system (Grace, Deerfield, IL, USA) was used to 
obtain pools of astaxanthin monoesters and diesters. Two-hundred and fifty 
milligrams of H. pluvialis extract in n-hexane were applied to a Reveleris 40 g silica 
column (45 mL column volume, particle size 40 μm, Grace). The flow rate was 
maintained at 40 mL/min, n-hexane (A) and ethyl acetate (B) were used as eluents. 
The elution program was started at 100% (v/v) A and then a block gradient as follows: 
0 - 3 min – isocratic at 100% (v/v) A; 3 - 6 min – isocratic at 5% (v/v) B; 6 - 9 min – 
isocratic at 10% (v/v) B; 9 - 12 min – isocratic at 20% (v/v) B. Separation was stopped 
after 12 min and fractions were pooled visually by colour. Pools were concentrated 
under N2 flow in reduced light for UHPLC-ESI-MS or MALDI-TOF/TOF-MS analysis. 

RESULTS AND DISCUSSION 

RP-UHPLC-ESI-MS characterization of pigments in H. pluvialis extract 
Fifty-eight carotenoids and porphyrins were identified in the H. pluvialis hexane 
extract by RP-UHPLC separation (Figure 1A). PDA visible absorption, full MS and MS2 
spectra were used for peak assignment of free carotenoids and porphyrins (Table 1) 
and astaxanthin esters (Table 2) (7, 21). Astaxanthin in all-trans (peak 2) and its 
geometrical cis isomers (peaks 3 and 4) were in the free (non-esterified) form (Figure 
1B). Besides, 9’-cis-neoxanthin, lutein, and canthaxanthin were found with absorption 
spectra and MS data matching those of the all-trans forms (22, 23). Porphyrins were 
detected at 660 nm (Figure 1A). The absorption spectrum of peak 56 showed a 
hypsochromic shift compared to the chlorophyll a spectrum (no further data shown) 
and was, therefore, annotated as pheophytin a. Pheophytin a had a parent mass of m/z 
871 and MS2 fragmentation showed the loss of the phytyl tail [M-278]+● and the loss of 
acetic acid [M-278-60]+●. Besides the epimer of pheophytin a (peak 58), also 
hydroxylated allomer forms were found (peaks 55 and 57) (24). Peak 53 was 
identified as chlorophyll b by absorption spectrum, parent mass and fragmentation 
ions of phytyl and acetic acid (22).  
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 Esterified astaxanthins exhibited a 1-2 nm hypsochromic shift compared to 
free astaxanthin as reported earlier (7). For identification of fatty acids esterified to 
astaxanthin, MS2 data were required. Astaxanthin monoesters (Figure 1A, peaks 8-
29) represented the major part of the xanthophylls present in the extract. The final 
part of the chromatogram consisted of astaxanthin diesters (Figure 1C, peaks 30-52), 
emphasizing the diversity of differently esterified carotenoids in H. pluvialis. Besides 
the main esterified all-trans-astaxanthin isomers, also cis isomers were found, which 
eluted after the respective all-trans form. Astaxanthin cis isomers had a hypsochromic 
shift in the absorption maximum (10-15 nm) and an extra peak emerging at 370 nm 
(so-called ‘cis peak’), which was not always detected, and which is known to be more 
prominent when the position of the cis bond was closer to the centre of the polyene 
chain (Figure 1D) (8, 22). Up to 4 cis forms were identified and putatively annotated 
as reported previously. 
  

 

Figure 1. RP-UHPLC profile of crude H. pluvialis extract. A Chromatogram of carotenoids (450 nm, 
continuous line) and chlorophylls (660 nm, dotted line). B Excerpt profile of free xanthophylls. C 
Excerpt profile of astaxanthin diesters. D Visible spectra of all-trans astaxanthin C18:3 (continuous 
line) and cis-astaxanthin C18:3 (dotted line).  
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 All esterified astaxanthin esters showed three types of ionization in ESI-IT-
MS; [M+H]+, [M+Na]+ and [M+K]+. Radical ions were not observed when using this 
type of mass spectrometry. Identification of astaxanthin esters was always done using 
the following diagnostic fragments: (i) in-polyene chain elimination of toluene (NL 92 
Da) and xylene (NL 106 Da), and (ii) neutral losses of one or two esterified fatty 
acid(s). The fragment representing the free astaxanthin molecule can be used as 
confirmation of the type of carotenoid, together with the absorption spectrum of the 
chromatographic peak. Fragment ions were calculated and are depicted in Figure 2, 
the fragmentation data are provided in Table 2. Fragment structures for [M+K]+ ions 
were similar to those for [M+Na]+ and, therefore, neither annotated in Table 2 nor 
depicted in Figure 2B. 

For in-polyene chain elimination, the toluene fragment intensity (I) was low 
for [M+H]+ fragment ions (average relative intensity 10%), whereas it was the main 
fragment ion of [M+Na]+ and [M+K]+. Elimination of xylene (II) was observed for 
[M+Na]+ and [M+K]+ ions (average relative intensity 15%), while it was absent for 
[M+H]+ ions. Three main fragments of the release of the esterified fatty acid could be 
identified for [M+H]+ ions: (i) Sequential loss of the fatty acid after β-ring hydroxyl 
group loss (III and IV), (ii) loss of the fatty acid (V), and (iii) loss of the fatty acid in the  
ketene form (VI), which was in most cases not pronounced. Fragment VI represented 
also the mass of the free astaxanthin (proton inclusive). The water loss exhibited by 
[M+H]+ ions (III) gave the most abundant fragment. This is undesirable, because it did 
not contribute to structure elucidation and suppressed the diagnostic ions. 
Additionally, more minor fragments, which could be associated to fatty acid losses, 
were found (data not shown). These fragments had no particular contribution in the 
elucidation of the astaxanthin ester structure. This was in contrast to [M+Na]+ and 
[M+K]+ ions, for which only fragments V was found and where the salt ions acted as 
suppressors of water loss, thereby elevating the signal of the diagnostic ions (I, II and 
V). For the astaxanthin diesters, similar fragmentation patterns for [M+H]+ (except for 
water loss III) and [M+Na]+ / [M+K]+ ions were observed. Due to the low abundance of 
diesters and more extensive degradation (for example III and IX) during 
fragmentation, suitable [M+H]+ spectra were scarcely observed. The [M+Na]+ and 
[M+K]+ ions showed again more diagnostic and simpler fragmentation spectra by 
single losses of fatty acids (III fragments) than the [M+H]+. Fragments of [M+H]+ and 
[M+Na]+ ions were in accordance with previously reported data (7). 
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Table 2. Esterified astaxanthins tentatively assigned by RP-UHPLC-ESI-MS in the hexane extract of H. 
pluvialis. Roman numbers refer to fragment ions in Figure 2. 

 
 
 
 
 
 

III-2nd

(DE only)b

[M+H]+ 827.9 N.D. N.D. 609.7(50) 579.5(100) N.A.

[M+Na]+ 849.9 759.8(100) 745.7(30) N.D. 601.6(35) N.A.

[M+H]+ 829.9 737.8(10) 727.8(10) 811.8(100) 579.5(40) N.A.

[M+Na]+ 851.9 759.8(100) 745.8(30) N.D. 601.6(40) N.A.

[M+H]+ 856.0 763.7(10) 749.8(5) 837.8(100) 579.5(30) N.A.

[M+Na]+ 878.0 785.8(100) 771.7(30) N.D. 601.5(30) N.A.

[M+H]+ 882.0 789.7(50) 775.8(15) 863.9(100) 579.5(30) N.A.

[M+Na]+ 904.0 811.9(100) 797.9(30) 886.0(5) 601.6(25) N.A.

[M+H]+ 855.9 N.D. N.D. N.D. N.D. N.A.

[M+Na]+ 878.0 785.8(100) 771.8(30) 859.9(10) 601.6(30) N.A.

[M+H]+ N.D. N.D. N.D. N.D. N.D. N.A.

[M+Na]+ 932.8 839.9(10) 825.9(25) 913.9(80) 601.6(15) N.A.

[M+H]+ 856.0 N.D. N.D. N.D. N.D. N.A.

[M+Na]+ 878.0 785.8(100) 771.8(25) 859.9(10) 601.6(30) N.A.

[M+H]+ 858.0 765.9 (3) 751.8(5) 839.8(100) 579.6(40) N.A.

[M+Na]+ 880.0 787.8(100) 771.8(30) 859.9(10) 601.6(30) N.A.

[M+H]+ 857.9 N.D. N.D. N.D. N.D. N.A.

[M+Na]+ 880.0 787.8(100) 773.8(25) 859.9(5) 601.6(50) N.A.

[M+H]+ 884.0 791.8(10) 777.8(5) 866.0 (40) 579.5(10) N.A.

[M+Na]+ 906.0 813.8(100) 799.8(30) 887.9(5) 601.6(40) N.A.

[M+H]+ 858.0 765.8(5) 751.24(5) 839.9(100) 579.5(30) N.A.

[M+Na]+ 878.0 787.8(100) 773.8(30) N.D. 601.6(70) N.A.

[M+H]+ 858.0 765.8(3) 751.7(5) 839.9(100) 579.6(80) N.A.

[M+Na]+ 880.0 787.8(100) 773.8(30) N.D. 601.6(30) N.A.

[M+H]+ 858.0 N.D. N.D. 839.9(40) 579.6(100) N.A.

[M+Na]+ 880.0 787.8(100) 773.8(30) N.D. 601.6(35) N.A.

[M+H]+ 860.0 N.D. 753.9(5) 841.9(100) 579.5(50) N.A.

[M+Na]+ 882.1 789.8(100) 775.8(25) N.D. 601.6(40) N.A.

[M+H]+ 860.0 N.D. N.D. N.D. N.D. N.A.

[M+Na]+ 882.0 789.9(100) 775.8(20) N.D. 601.6(40) N.A.

[M+H]+ 886.0 N.D. N.D. N.D. N.D. N.A.

[M+Na]+ 908.0 815.8(100) 801.8(30) N.D. 601.6(30) N.A.

[M+H]+ 860.0 N.D. N.D. N.D. N.D. N.A.

[M+Na]+ 882.0 789.8(100) 775.8(30) N.D. 601.6(50) N.A.
22 14.63

cis- ast 
C18:2

464

21 13.98
cis- ast 
C18:2

469

21 13.98
cis- ast 
C20:3

469

19 13.27
cis- ast 
C18:3

370, 462

20 13.69
al l -trans -
ast C18:2

475

17 12.82
cis-ast 
C18:3

463

18 13.12
cis- ast 
C18:3

370, 462

15 12.29
cis- ast 
C18:3

469

16 12.71
cis- ast 
C20:4

472

13 11.79
cis- ast 
C18:4

378, 460

14 12.01
al l -trans -
ast C18:3

477

12 11.51
cis -ast 
C18:4

380, 454

12 11.51
cis- ast 
C22:3

380, 454

10 10.76
al l -trans -
ast C18:4

477

11 11.28
cis -ast 
C20:5

470

474

Peak no a Rt (min) Compound max (nm)
Ionization 

type

MS2 product ions assigned in Figure 2 in m/z  (relative intensity)

Parent ion I II III V

8 9.69
al l -trans -
ast C16:4

474

9 10.46
al l -trans-
ast C16:3
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Table 2. Continued  

 
 
 

III-2nd

(DE only)b

[M+H]+ 860.0 N.D. N.D. N.D. N.D. N.A.

[M+Na]+ 882.0 789.8(100) 775.8(30) N.D. 601.6(40) N.A.

[M+H]+ 860.0 N.D. N.D. 841.9(30) 579.5(20) N.A.

[M+Na]+ 882.0 789.9(100) 775.8(30) N.D. 601.6(40) N.A.

[M+H]+ 862.0 N.D. N.D. 843.9(50) 579.6(30) N.A.

[M+Na]+ 884.0 791.8(100) 777.8(30) 853.8(5) 601.6(40) N.A.

[M+H]+ 835.0 N.D. 729.8(10) 817.9(100) 579.6(60) N.A.

[M+Na]+ 858.0 765.8(100) 751.8(25) 840.0(10) 601.6(40) N.A.

[M+H]+ 862.0 N.D. N.D. 844.0(60) 579.5(10) N.A.

[M+Na]+ 884.0 791.9(100) 777.8(20) 853.8(5) 579.6(25) N.A.

[M+H]+ 862.0 N.D. N.D. N.D. N.D. N.A.

[M+Na]+ 884.0 791.8(100) 777.8(25) N.D. 601.5(35) N.A.

[M+H]+ 836.0 N.D. N.D. 817.9(100) 579.6(70) N.A.

[M+Na]+ 858.0 765.8(100) 751.8(25) 839.9(100) 601.6(40) N.A.

[M+H]+ 1120.2 1028.1(10) 1014.1(5) 842.0(50) N.A. 839.9(40)

[M+Na]+ 1142.3 1050.1(100) 1036.2(20) 861.9(20) N.A. 864.0(40)

[M+H]+ N.D. N.D. N.D. N.D. N.A. N.D.

[M+Na]+ 1116.2
10.24.1(100

)
1010.1(30) 866.0(30) N.A. 834.0(30)

[M+H]+ 1120.2 1028.1(10) N.D. 841.9(60) N.A. 839.9(50)

[M+Na]+ 1142.2 1050.2(100) 1036.1(15) 862.0(30) N.A. 863.9(25)

[M+H]+ N.D. N.D. N.D. N.D. N.A. N.D.

[M+Na]+ N.D. N.D. N.D. N.D. N.A. N.D.

[M+H]+ 1120.2 1028.1(15) 1014.1(5) 841.8(45) N.A. 840.0(40)

[M+Na]+ 1142.3 1050.2(100) 1036.2(15) 864.0(35) N.A. 861.9(30)

[M+H]+ 1146.2 1054.1(10) 1040.1(5) 843.9(30) N.A. 864.0(50)

[M+Na]+ 1167.3 1076.2(100) 1061.3(20) 866.0(15) N.A. 885.9(20)

[M+H]+ 1120.2 1028.1(5) N.D 841.9(25) N.A. 840.0(20)

[M+Na]+ 1142.3 1050.2(100) 1036.2(20) 863.9(20) N.A. 862.0(30)

[M+H]+ 1122.2 N.D. 1016.2(5) 841.9(50) N.A. N.A.

[M+Na]+ 1144.2 1052.2(100) 1038.3(25) 863.9(45) N.A. N.A.

[M+H]+ 1122.2 1030.1(10) 1016.0(5) 844.0(60) N.A. 839.8(45)

[M+Na]+ 1144.3 1052.2(100) 1038.3(25) 865.9(10) N.A. 862.0(20)

[M+H]+ 1096.1 1004.1(10) N.D. 839.8(25) N.A. 818.0(25)

[M+Na]+ 1118.2 1026.2(100) 1012.1(15) 861.8(15) N.A. 840.1(25)

[M+H]+ 1122.1 1030.0(15) 1016.0(5) 844.1(40) N.A. 840.0(30)

[M+Na]+ 1144.2 1052.1(100) 1036.1(25) 866.0(25) N.A. 861.9(35)

[M+H]+ 1122.2 1029.9(10) 1015.9(5) 839.9(35) N.A. 840.1(50)

[M+Na]+ 1144.3 1052.0(100) N.D. 861.9(30) N.A. 862.0(30)
41 27.12

cis- ast 
C18:1/C18:3

470

38 26.82
al l -trans -

ast 
C18:1/C18:3

476

39 26.93
al l -trans -
ast 
C16:0/C18:3

477

40 27.06
cis- ast 
C18:1/C18:3

471

35 26.40
cis- ast 
C18:1/C20:5

380, 468

36 26.53
cis- ast 
C18:2/C18:3

380, 466

37 26.69
al l -trans -
ast 
C18:2/C18:2

476

32 26.07
cis-ast 
C18:2/C18:3

475

33 26.20
cis- ast 
diester

473

34 26.27
cis- ast 
C18:2/C18:3

473

29 18.19
cis- ast 
C16:0

374, 462

30 25.79
al l -trans -
ast 
C18:2/C18:3

477

31 25.90
al l -trans -
ast 
C16:3/C18:1

476

26 16.46
al l -trans -
ast C16:0

476

27 17.33
cis- ast 
C18:1

465

28 18.02
cis- ast 
C18:1

370, 465

23 15.00
cis- ast 
C18:2

374, 464

24 15.19
cis- ast 
C18:2

370, 464

25 16.22
al l -trans -
ast C18:1

477

Rt (min) Compound max (nm)
Ionization 

type

MS2 product ions assigned in Figure 2 in m/z  (relative intensity)

Parent ion I II III V
Peak no a
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Table 2. Continued 

 
aDouble assigned peaks numbers were co-eluting astaxanthins. bDiesters have a second III 
fragment, because they can contain two different fatty acids. N.D.: Not detected. N.A.: Fragment V 
is not applicable for diesters. Monoesters do not have two esterified fatty acids, so fragment III – 
2nd is not applicable. 
 

From this data, it was clear that astaxanthin ester salt adducts showed less 
extensive degradation upon fragmentation than the protonated form. Ionization of salt 
adducts leads to fragment ions with an increased diagnostic value, and more straight 
forward interpretation of spectra. Therefore, also for MALDI-TOF/TOF-MS analysis, 
salt adducts were hypothesized to be the most suitable ions for mass spectrometric 
identification of astaxanthins. 

III-2nd

(DE only)b

[M+H]+ 1096.2 N.D. N.D. N.D. N.A. N.D.

[M+Na]+ 1118.2 1026.1(100) 1012.2(30) 861.9(30) N.A. 839.9(60)

[M+H]+ 1124.2 1032.1(15) 1018.0(5) 844.0(40) N.A. 842.0(40)

[M+Na]+ 1146.3 1054.2(100) 1040.3(20) 866.1(20) N.A. 864.0(40)

[M+H]+ 1098.1 1006.1(10) N.D. 842.0(45) N.A. 817.9(25)

[M+Na]+ 1120.2 1028.2(100) 1014.2(20) 864.0(35) N.A. 840.0(20)

[M+H]+ 1124.2 1032.0(20) 1018.0(5) 844.0(40) N.A. 841.9(20)

[M+Na]+ 1146.1 1054.1(100) 1039.9(40) 865.9(15) N.A. 864.0(35)

[M+H]+ 1098.1 N.D. N.D. 842.0(40) N.A. 819.9(35)

[M+Na]+ 1120.0 1028.0(100) 1013.1(15) 864.0(20) N.A. 839.9(15)

[M+H]+ 1124.3 N.D. N.D. N.D. N.A. N.D.

[M+Na]+ 1146.2 1054.1(100) 1040.1(25) 865.9(40) N.A. 863.9(30)

[M+H]+ 1126.2 N.D. 1020.0(5) 843.8(45) N.A. N.A.

[M+Na]+ 1148.2 1056.2(100) 1042.2(20) 866.0 (50) N.A. N.A.

[M+H]+ 1100.1 1008.2(15) 994.1(5) 844.0(55) N.A. 817.8(40)

[M+Na]+ 1122.3 1030.2(100) 1016.2(15) 865.9(20) N.A. 840.0(30)

[M+H]+ 1074.2 982.1(15) 968.0(5) 817.9(40) N.A. N.A.

[M+Na]+ 1096.3 1004.2(100) 990.2(15) 840.0(35) N.A. N.A.

[M+H]+ 1146.2 N.D. N.D. N.D. N.A. N.D.

[M+Na]+ 1168.2 N.D. N.D. N.D. N.A. N.D.

[M+H]+ 1120.1 N.D. N.D. N.D. N.A. N.D.

[M+Na]+ 1142.2 N.D. N.D. N.D. N.A. N.D.
52 29.02

cis- ast 
diester

380, 470

49 28.09
al l -trans -

ast 
C16:0/C18:1

478

50 28.18
al l -trans -
ast 
C16:0/C16:0

476

51 28.57
cis- ast 
diester

380, 473

46 27.74
cis- ast 
C16:0/C18:2

380, 467

47 27.84
cis- ast 
C18:2/C18:1

380. 467

48 28.00
al l -trans -
ast 
C18:1/C18:1

478

43 27.41
al l -trans -
ast 
C18:1/C18:2

477

44 27.51
al l -trans -
ast 
C16:0/C18:2

476

45 27.65
cis- ast 
C18:1/C18:2

380, 469

42 27.30
cis- ast 
C16:0/C18:3

380, 461

Peak no a Rt (min) Compound max (nm)
Ionization 

type

MS2 product ions assigned in Figure 2 in m/z  (relative intensity)
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 Figure 3. MALDI-TOF-MS spectra of Ast C16:0 and Ast C16:0/C16:0. A and B untreated, C and D 
desalted, E and F in the presence of 10 mM NaOAc. 

MALDI-TOF-MS ionization, desalting and salting of astaxanthin esters 
Two standards, astaxanthin monopalmitate (Ast C16:0) and astaxanthin dipalmitate 
(Ast C16:0/C16:0) were used to compare the ionization behaviour and fragmentation 
patterns of different astaxanthin ionization states. MALDI-TOF-MS spectra of 
untreated Ast C16:0 and Ast C16:0/C16:0 spots showed four types of ionization: 
radical ion [M]+●, protonated [M+H]+, sodiated [M+Na]+ and potassiated [M+K]+ ions 
(Figures 3A and B). The distribution of the total signal over four different ionization 
types was unfavourable, because fewer ions per type were available for fragmentation 
and more complex spectra were obtained. Especially for Ast C16:0/C16:0, the [M]+●/ 
[M+H]+ signal was low compared to that of the salted ionization states. 

In order to enhance the limit of detection, different strategies might be 
employed. First, [M+Na]+ and [M+K]+ ions might be suppressed at the ion gate of the 
MALDI (15), but in the case of astaxanthin esters this would lead to a major signal loss 
because of the prevalence to form [M+Na]+ and [M+K]+ ions. Physical removal of salt 
ions using an ion-exchange resin, like Dowex, was a second option (Figures 3C and D) 
and prevented the formation of [M+Na]+ and [M+K]+ ions. The disadvantage of these 
approaches is that they favoured the [M]+● and [M+H]+ ions, which might lead to 
complicated MS2 spectra. The third option was to convert all astaxanthin ions to a 
single salt adduct by addition of sodium actetate (NaOAc) to the DHB matrix (Figures 
3E and F), with the possible advantage of obtaining less complex parent mass and MS2 
spectra. 
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Figure 4. Effect of increasing NaOAc concentrations on signal to noise (S/N) 
ratios of [M+Na]+ adducts (n = 10 per salt concentration) for A Ast C16:0 and B 
Ast C16:0/C16:0. Numbers above the data points express the success rate of 
finding a measurement with signal threshold S/N > 3. The horizontal dashed 
lines represent the average S/N (n = 10) of untreated [M]+● ions and (Dowex) 
desalted [M]+● ions.  

To make a quantitative decision on which of the approaches described above 
would give highest signal to noise (S/N) ratios, series of ten spots of either desalted 
samples or samples to which different amounts of NaOAc were added, were compared 
to each other (Figure 4). For the desalted Ast C16:0 spots, the overall [M]+● signal to 
noise (S/N) ratio decreased compared to the untreated [M]+● S/N (Figure 4A) and 8 
out of 10 spots gave signals above the minimum threshold (S/N = 3). For [M+Na]+ 
ions, the S/N ratios were drastically increased with an optimum between 0.1 – 1.0 mM 
sodium ions and all spots were above the minimum threshold value. Higher 
concentrations of sodium resulted in a collapse of S/N ratios and for 100 mM sodium 
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only 3 out of 10 spots were above the minimum threshold. Although addition of 
sodium increased S/N ratios, the standard deviation between measurements also 
increased. This might be explained by the formation of hot spots in the crystallized 
matrix due to the presence of salt. Therefore, one should be cautious with using this 
approach when quantification is important. 

For the Ast C16:0/C16:0 standard, a similar trend was observed, although less 
clear and with lower S/N ratios (Figure 4B) than for the Ast C16:0 standard. Although 
the [M]+● S/N and success rate of Ast C16:0/C16:0 improved after desalting, the use of 
the ion-exchange resin in dichloromethane/hexane resulted in several interfering 
peaks in the m/z 550-800 region (results not shown), which was undesirable.  

MALDI-TOF/TOF-MS fragmentation of [M]+●/ [M+H]+ and [M+Na]+  
As described above, sodiated astaxanthin ester ions gave more simple fragmentation 
patterns in ESI-IT-MS than their respective protonated ions. To investigate if this was 
also the case for MALDI-TOF/TOF-MS and whether unambiguous identification of the 
astaxanthin ester structure using only TOF fragmentation was possible, full 
fragmentation spectra of Ast C16:0 [M]+● / [M+H]+ and [M+Na]+ ions were recorded 
(Figure 5) and fragment structures were assigned (Figure 2). 

The fragmentation pattern of the sodiated adduct of Ast C16:0 upon TOF 
fragmentation showed similar behaviour compared to ESI-IT-MS fragmentation and 
showed less extensive degradation compared to the MALDI [M]+● / [M+H]+ parents 
(Figure 2B). Toluene [M+Na-92]+ (I) and xylene [M+Na-106]+ (II) losses found at m/z 
765.5 and 751.4 were most abundant. The signal intensity of xylene eliminations were 
around 10 to 20% of that of the toluene loss. Fragment V (m/z 601.3) indicated the 
loss of C16:0 and showed the molecular mass of astaxanthin without the -ring 
hydroxyl group. Based on literature data (25) on fragmentation of diosphenol acetate 
endgroups in carotenoids, the formation of fragment VIII (m/z 465.2) could be 
explained by the rearrangement of electrons from the C5-C6 and C18 double bond in 
the β end group to form a stabilized benzonium ion, closing at C18 to C9 (inset Figure 
5B). The remainder of the carotenoid was eliminated at the C9-C10 position. The 
esterified fatty acid was still attached to the β end group of the benzonium ion (similar 
as with an acetate group (26)). A similar fragmentation principle was observed with 
Ast C16:0/C16:0 [M+Na]+. As expected, a fragment of astaxanthin with one of the two 
C16:0 fatty acids still esterified was found at m/z 839.5 (III). Remarkably, the loss of 
both fatty acids (in ESI-IT-MS this fragment had an average m/z of 583.6) was not 
observed. Instead, similar to Ast C16:0, fragment VIII at m/z 465.2 was found. 
Although other fragmentation pathways might be proposed, most probably a tandem 
fragmentation of the first C16:0 resulting in m/z 839.5 and subsequent formation of 
the benzonium ion and elimination at C9-C10 position occurred. 
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For Ast C16:0 [M]+● and [M+H]+, fragmentation was carried out on a mixed population, 
because attempts to individually fragment both ionization states resulted in loss of 
parent ion signal. The [M]+●/[M+H]+ fragmentation pattern (Figure 5A) showed a 
multitude of daughter ions, which could be assigned to structures originating from 
both ionization types. Furthermore, only a small part of these fragments had 
diagnostic value. The [M-92]+● (I) was relatively low in intensity and could be assigned 
to fragmentation of the [M]+● ion. The [M-106]+● was not observed and, therefore, 
assignment of a polyene moiety was not conclusive. Fragmentation of single fatty acid 
losses with m/z 579.3 could be assigned for both [M-C16:0] +● and [M+H-C16:0]+ (V). 
Furthermore, the fatty acid loss of C16:0 in the ketene form at m/z 597.3 could also be 
assigned to both [M]+● and [M+H]+ ionization states (VI). The main peak at m/z 550.3 
could be assigned to fragment VII, formed from fragment V by ring-opening, similar to 
the previously reported β-ring opening of free carotenoids (26). The proposed 
fragments might have been observed earlier, but were not annotated for TOF or ESI-
IT-MS fragmentation (7, 15). In the lower m/z 100 to 400 region, a multitude of 
fragments possibly originating from polyene tail fragmentations and fatty acids were 
found. Except for fragment m/z 201.1 (inset Figure 5A), the main fragments at m/z 
 

 
Figure 5. MALDI-TOF/TOF-MS fragmentation spectra of Ast C16:0 for A [M]+●/ [M+H]+ and B 
[M+Na]+. Roman numbers refer to structures in Figure 2. 
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377.2, 173.1 and 147.1 could not be related to Ast C16:0 in a logical way without 
considering major rearrangements as was proposed above for the benzonium 
fragment VIII upon fragmentation of [M+Na]+. 

For Ast C16:0/C16:0 [M]+● and [M+H]+ (Figure 2A), a similar fragmentation 
pattern was found with neutral loss of toluene (I), fatty acid loss (III) and fatty acid 
loss in the ketene form (IX). Also in this case, the main fragment (m/z 788.5) was 
formed by β-ring opening (X). This fragment was probably formed in a similar way as 
fragment VII. In the lower m/z region, again a fragment with m/z 201.1 was found, as 
well as other lower  fragments with m/z values identical as found for Ast C16:0.  

Overall, sodiated fragmentation patterns were similar for TOF and ESI-IT-MS 
fragmentation and were less complex compared to [M]+● / [M+H]+ fragmentation. This 
might be due to the freedom of movement of the radical or proton in the polyene 
chain. The latter resulted in numerous intra-molecular rearrangements. Although one 
might argue that these small fragments have diagnostic value for the presence of a 
polyene moiety, it is evident that correct annotation of peaks in mass spectra will be 
difficult when analysing complex mixtures of xanthophyll esters. Similar types of re-
arrangements might also be proposed when fragmenting [M+Na]+ ions in TOF 
fragmentation, but apparently the number of sites for sodium attachment are limited. 
This makes [M+Na]+ TOF fragmentation a very useful tool for unambiguous 
determination of astaxanthin esters. Along with restricted fragmentation, the second 
advantage of sodiated fragmentation is the higher sensitivity (higher S/N ratios), 
which was observed previously in LC-MS experiments (11, 19). 

Sodiated MALDI-TOF/TOF-MS characterization of H. pluvialis astaxanthin esters 
To verify that addition of NaOAc and the fragmentation of sodium adducts was also 
effective in analysis of complex astaxanthin ester mixtures found in nature, MALDI-
TOF/TOF-MS analysis of a crude H. pluvialis extract, as well as of pools enriched in 
astaxanthin monoesters and diesters, was performed. 

Crude H. pluvialis extract analysis 

Assuming that all astaxanthin esters are in the sodiated state with 1 mM NaOAc, 
analysis windows were chosen from m/z 830 to 950 (C16:0 to C20:n) for monoesters 
and from m/z 1080 to 1200 (C16:0/C16:0 to C20:n/C20:n) for diesters, in accordance 
with fatty acid esterified carotenoids found during LC-MS analysis (Table 2). Both 
monoesters (Figure 6A) and diesters (not shown) could be visualized by the sodiated 
parent masses. However, the main ion found in the monoester m/z region was 
identified as pheophytin a as confirmed with TOF fragmentation (Figure 6A). 
Pheophytin a was not ionized in the [M+Na]+ from, but remained in [M]+● / [M+H]+ 
form as also was observed in ESI-MS (Figure 1 and Table 1). Unambiguous 
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identification of astaxanthin monoesters by TOF fragmentation was challenging, 
because the monoesters were present in the regions flanking m/z 871 (m/z 857 to 
885). Even at the smallest possible mass gate range, fragment ions of pheophytin a 
overruled astaxanthin ester signals. For astaxanthin diesters, the measurement was 
particularly difficult, because of their low abundance and diversity in the extract. 

 
Figure 6. Description see pp. 48.  
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Figure 6 (pp. 47). MALDI-TOF-MS spectra using 1 mM NaOAc. A Monoester region of crude H. 
pluvialis extract with schematic pheophytin a fragmentation. B NP-Flash enriched astaxanthin 
monoester pool. C NP-Flash enriched astaxanthin diester pool. Astaxanthin esters are annotated 
with the (combination of) fatty acids concerned. Annotations displayed in bold were unambiguously 
identified by fragmentation of the respective parent masses. 

Monoester analysis 

To facilitate recording TOF fragmentation spectra, NP-Flash chromatography was 
used for removal of pheophytin a in the monoester region and for enrichment of the 
diesters. In Figure 6B an astaxanthin monoester pool, consisting of chromatographic 
peaks 8 to 29 (Figure 1), was analysed. Clearly, removal of pheophytin a was effective 
for amplification of the astaxanthin ester signal. Considering the fatty acids to be 
esterified to astaxanthin, as measured by ESI-MS, the main parent masses that were 
expected were astaxanthin esterified to C16:0, C18:1 to C18:4 and C20:3 to C20:5, 
along with their respective isotopes. These main parent masses were indeed found as 
sodiated parent masses. Also, other possible higher fatty acids (for example m/z 
937.6) were observed, but these were not elaborated further.  

To unambiguously prove the structure of the esters, a quartet of C18:4 to 
C18:1 [M+Na]+ ions were simultaneously TOF fragmented (Figure 7A). Fragments 
still containing fatty acids were observed as signals with similar intensities as 
observed with the [M+Na]+ parent group. Similar to sodiated C16:0 monoester 
fragmentation, the loss of toluene (I) and xylene (II) was observed. Since no other 
singlet peaks were observed than the one at m/z 601.3 (V), the latter unambiguously 
proved the presence of astaxanthin as the only carotenoid. The quartet of peaks at m/z 
485.2 to 491.3, were assigned to fragment VIII. The peak at m/z 698.9 could not be 
explained and was not observed with astaxanthin C16:0 standard fragmentation. 
Indications for the presence of a C18:0 monoester were found by two small diagnostic 
peaks at m/z 793.9 (I) and 779.7 (II), although no clear parent mass was observed. 
The monoester C16:0 was annotated similarly as described in Figure 5B.  Similarly, 
the other monoester groups in Figure 6B were fragmented. Astaxanthin monoesters 
with a C20:n fatty acid had a TOF fragmentation spectrum containing I and II, but 
fragments V and VIII were not detected. This was due to interfering fragments in the 
m/z 878.0 to 883.0 region, which might be caused by a contaminating compound 
(results not shown). 
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Figure 7. MALDI-TOF/TOF-MS fragmentation of groups of astaxanthin esters using 1 mM NaOAc. A 
Fragmentation spectrum of astaxanthin C18:1, C18:2, C18:3 and C18:4. B Fragmentation spectrum 
of astaxanthin C18:n/C18:n group. Roman character-annotated peaks refer to structures in Figure 2. 

Diester analysis 

Identification of the fatty acids attached to diesters was possible in a similar way, but 
more complicated, as numerous assignments could be given to individual parent 
masses (Figure 6C). Assuming that the fatty acids attached to diesters are similar as 
to those present in the monoesters, a theoretical number of 6 groups of peaks should 
be observed: C16:0/C16:0, C16:0/C18:n, C16:0/C20:n, C18:n/C18:n, C18:n/C20:n and 
C20:n/C20:n (C18:n, n = 1 to 4; C20:n, n = 3 to 5). In the MALDI-TOF-MS spectrum 
shown, four distinct groups were observed, the C16:0/C20:n and C18:n/C18:n group 
were overlapping. Furthermore, the C20:n/C20:n group in the m/z 1187 to 1195 
region was present, but in negligible quantities compared to the other diesters as 
expected from LC-MS analysis. 

Similar to fragmentation of monoesters, a quintet of C18:n/C18:n and 
C16:0/C20:n parents was TOF fragmented and resulted in four diagnostic fragment 
groups for identification (Figure 7B). The presence of a polyene tail was shown by 
fragment groups I and II and could be related to the parent masses directly. The group 
representing structure III was important to demonstrate which fatty acids were split 
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from the quintet of parent masses. In this case strong proof was found for losses of 
C18:1 to C18:4 fatty acids. Negligible signals were found for losses of C16:0 and C20:n 
fatty acids in the flanking regions of group III. As could be expected from our LC 
analysis, the amounts of astaxanthin decorated with a combination of C16:0 and C20:n 
fatty acids were low. 

Although it was clear that fragment group III represented several daughter 
ions which underwent C18:n fatty acid fragmentation, it was unclear to which parent 
these daughters belonged. For the sake of clarity, the annotation of parent mass m/z 
1141.7 is illustrated in Figure 8 as an example. Three combinations of C18 fatty acids 
were possible in order to obtain m/z 1141.7. Both fatty acids attached to astaxanthin 
should have a corresponding fragment ion in group III, where the neutral loss is 
represented by one of the fatty acids. No neutral losses corresponding to C18:5 and 
C18:0 were observed, ruling out the option of Ast C18:5/C18:0. Fatty acid losses of 
C18:1 to C18:4 were found, showing that the other two options displayed in Figure 8 
indeed occurred. In order to confirm the other fatty acids of the Ast C18:3/C18:2 and 
Ast C18:4/C18:1, the benzonium fragments (VIII) were required. In the case of 
diesters, group VIII always had a neutral loss of 375 Da compared to group III. This 
neutral loss was 17 Da less than for monoester VIII fragments and could be explained 
by the loss of one OH group upon fragmentation of the first fatty acid of the diester. 
For both Ast C18:3/C18:2 and Ast C18:4/C18:1, the fragments in group III had a 
corresponding fragment in group VIII, confirming that both compounds were present. 
Similarly, groups of C16:0/C16:0 and C16:0/C18:n diesters were successfully 
identified. 

 

Figure 8. Example of step-by-step identification of astaxanthin diesters, associated to parent mass 
m/z 1141.7 from Figure 7B. Roman numbers refer to Figure 2. 
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CONCLUDING REMARKS 

MALDI-TOF/TOF-MS was superior in rapid fingerprinting of complex astaxanthin 
ester mixtures over LC-MS and showed excellent accuracy in mass spectrometric data. 
Only few minor monoesters, which were found in LC analysis (C16:4 and C16:2), were 
not found upon MALDI-TOF/TOF-MS analysis. The advantage of simultaneous 
fragmentation of groups of similar astaxanthins in the sodiated form gave clearly 
grouped fragments, which were diagnostic for the structure of the astaxanthin esters.  
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Chapter 3 

 

Nitrogen-depleted Chlorella zofingiensis produces 
astaxanthin, ketolutein and their fatty acid esters:  

a carotenoid metabolism study 
 
Natural carotenoids such as astaxanthin, β,β-carotene and lutein are pigments with a 
high market value. We studied the effects of nitrogen depletion on the carotenoid 
metabolism of Chlorella zofingiensis (Chlorophyta) and the subsequent treatment with 
diphenylamine (DPA), an inhibitor of the biosynthesis of secondary ketocarotenoids. 
Pigments were identified and quantified based on reversed phase ultra-high 
performance liquid chromatography photo diode array tandem mass spectrometry 
(RP-UHPLC-PDA-MSn). Nitrogen depletion (without DPA) resulted in a degradation of 
chlorophylls and primary carotenoids and an accumulation of astaxanthin, ketolutein, 
canthaxanthin, adonixanthin, and β,β-carotene. The DPA treatment decreased the 
overall production of β,β-carotene derivatives (sum of astaxanthin, canthaxanthin, 
echinenone and adonixanthin), however, the production of ketolutein and degradation 
of primary carotenoids were not modified. This suggests that the regulatory 
mechanisms controlling the flux towards ketolutein and primary carotenoids were not 
affected by the decreased levels of β,β-carotene derivatives. In addition, DPA 
increased production of the individual carotenoids  adonixanthin and echinenone. 
Insight into the regulation of microalgal carotenoid biosynthesis as demonstrated in 
this paper is essential when a large-scale carotenoid production process is to be 
optimized or a recombinant C. zofingiensis strain is to be designed with the intention 
of excessively producing primary or secondary carotenoids. 
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Gruppen, H., Wijffels, R.H., Nitrogen-depleted Chlorella zofingiensis produces astaxanthin, ketolutein 
and their fatty acid esters: a carotenoid metabolism study. Accepted for publication in Journal of 
applied phycology, DOI 10.1007/s10811-014-0333-3 
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INTRODUCTION 

Natural carotenoids such as astaxanthin, β,β-carotene and lutein are pigments with a 
high market value. It has been claimed that these carotenoids beneficially affect health 
due to their anti-oxidative activity (1). Possible production organisms of naturally 
derived carotenoids that have gained significant attention are microalgae, because 
they contain an extensive number of various carotenoids, part of which can be 
produced in concentrations exceeding those ascertained in higher plants by one or 
more orders of magnitude. Nevertheless, economically feasible microalgal carotenoid 
production will require process and/or strain optimization (2). 

Microalgal carotenoids can be categorized into primary and secondary 
carotenoids. Primary carotenoids are functionally bound to the photosystems inside 
the chloroplast, whereas secondary carotenoids are not bound to the photosystems. 
An even more significant difference is their concentration under various growth 
conditions. Under prolonged limited-light growth conditions, secondary carotenoids 
are generally absent or present only in extremely low concentrations, and primary 
carotenoids are generally present in their maximal concentration (typically, below 0.5 
% dw (w/w)) (2). Under adverse growth conditions (referred to as ‘stress’ conditions), 
primary carotenoids are generally degraded and, in certain green algae, secondary 
carotenoids are produced in excessive amounts (up to 10 % dw (w/w)) (3). As a 
consequence of these different responses, overproduction of the primary and 
secondary carotenoids requires different approaches. Secondary carotenoid 
overproduction necessitates optimization of the process (stress) conditions, which 
may be enhanced by additional genetic engineering. Although subsaturating light 
conditions result in minor increases in primary pigment concentrations, actual 
overproduction of primary carotenoids requires modification of the carotenoid 
biosynthesis routes, i.e. with genetic engineering (2). Both approaches share that 
insight into pigment metabolic regulation is crucial. 
Chlorella zofingiensis is one of the most important carotenogenic green algae in 
relationship to biotechnological applications (4). In this species, lycopene, which can 
be converted into β,ε-carotene (α-carotene) or β,β-carotene (Figure 1), is the 
precursor of all primary and secondary carotenoids. Hydroxylation of α-carotene 
yields lutein, the most abundant primary carotenoid of C. zofingiensis (5). 
Hydroxylation of β,β-carotene provides zeaxanthin, which can be epoxidised twice, 
resulting in violaxanthin which can then be isomerised, leading to neoxanthin. Under 
adverse growth conditions, C. zofingiensis can accumulate multiple secondary 
carotenoids including astaxanthin, canthaxanthin, and adonixanthin (6, 7). 
Presumably, β,β-carotene is transferred first to the cytosol where it is subsequently 
converted into astaxanthin (Figure 1). This conversion requires two oxygenation and 
two hydroxylation reactions. Oxygenations are catalysed by β,β-carotene ketolase 
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 Figure 1. Putative carotenoid biosynthetic pathways in C. zofingiensis. Solid arrows indicate single 
steps. Dashed arrows indicate lumped reactions. Double arrow indicates dislocation. Question marks 
indicate unresolved steps in the pathway. BKT indicates conversions catalysed by β,β-carotene 
ketolase, which are inhibited by diphenylamine. Uncertain dislocation of zeaxanthin is indicated with 
solid arrows (9-11, 15-18). 
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(BKT), and hydroxylations are catalysed by a β,β-carotene hydroxylase (CHYb). 
Esterification of astaxanthin results in monoesters and diesters which appear to 
accumulate in triacylglyceride (TAG) oil bodies (Figure 1) (4). It has been postulated 
that, in C. zofingiensis, zeaxanthin can also be a precursor of astaxanthin through 
conversion into adonixanthin (Figure 1). However, this pathway has not yet been 
fully resolved (8, 9). Furthermore, the accumulation of canthaxanthin in a relatively 
high concentration has led to the speculation that this carotenoid is an end product 
rather than a precursor of astaxanthin (8). This speculation requires further 
confirmation. Finally, it was recently reported that BKT converts the primary 
carotenoid lutein into the secondary carotenoid ketolutein under adverse growth 
conditions (10). As this ascertainment is contradictory with all other available 
literature, this requires confirmation. Thus, whereas primary carotenoid biosynthesis 
pathways in C. zofingiensis are thoroughly investigated, those for secondary 
carotenoids require further elucidation. Furthermore, the metabolic regulation of 
primary and secondary carotenoid biosynthesis is extensively under-investigated 
which is, as stated, of utmost importance when designing a metabolically engineered 
carotenoid production strain or optimizing a large-scale carotenoid production 
process. The aim of this paper was to obtain additional insight into the pathways and 
regulation of carotenoid metabolism of C. zofingiensis.  

This was accomplished by depleting C. zofingiensis of nitrogen, which 
effectively induces secondary carotenogenesis, and subsequently adding 
diphenylamine (DPA), an inhibitor of BKT (9, 11, 12). Since BKT catalyses multiple 
secondary carotenoid conversions (Figure 1), inhibition was expected to lead to 
insight into the pathway of astaxanthin biosynthesis as it did, for example, in the green 
alga Haematococcus pluvialis (11-14). Additionally, as primary and secondary 
carotenoids of C. zofingiensis possess a common metabolic precursor, and BKT 
catalyses the first step of secondary carotenogenesis, inhibition with DPA was 
expected to alter the primary pigment metabolism (e.g. lutein biosynthesis) and reveal 
insights in carotenoid metabolic regulation. To ensure that the entire collection of 
carotenoids of C. zofingiensis would be revealed, carotenoids were identified 
employing reversed phase liquid chromatography and additional mass spectrometry. 
 
MATERIALS AND METHODS 

Materials 
(3RS)-Adonirubin (95%), (3S,3’R)-adonixanthin (99%), (3RS,3’RS)-astaxanthin (97%), 
(3RS,3’RS)-astaxanthin monopalmitate (97%), (3RS,3’RS)-astaxanthin dipalmitate 
(98%), canthaxanthin (98%), echinenone (98%), (rac.)-3-hydroxyechinenone (97%), 
lutein (96%) and (3R,3’R)-zeaxanthin (97%) (all w/w) were purchased from 
CaroteNature (Lupsingen, Switzerland). Violaxanthin (98%), lycopene (92%), 
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cryptoxanthin (β-cryptoxanthin) (98%), antheraxanthin (97%), α-cryptoxanthin 
(98%), and β,ε-carotene (α-carotene) (88%) (all w/w) were purchased in 
approximately 1 mg mL-1 ethanol or acetone solutions from DHI laboratory products 
(Hørsholm, Denmark). Chlorophyll a (90.0% w/w) was purchased from Wako Pure 
Chemical Industries (Osaka, Japan). Methanol (99.8%), acetonitrile (99.97%), ethyl 
acetate (99.9%) and chloroform (stabilized with 0.5-1.5% (w/v) ethanol, purity after 
correction for stabilizer 99.9%) were obtained from Biosolve (Valkenswaard, the 
Netherlands). Dichloromethane (99.8%), acetone (99.8%), n-hexane (98%), formic 
acid (98.0%), sodium chloride (99.0% w/w), β,β-carotene (97% w/w) and butylated 
hydroxytoluene (BHT) (99% w/w) were obtained from Sigma-Aldrich (St. Louis, MO, 
USA). Demineralized water was prepared using a Milli-Q water purification system 
(Millipore, Billerica, MA, USA). 
 
Cultivation 
Chlorella zofingiensis UTEX B32, recently suggested to be renamed to Chromochloris 
zofingiensis (Fucíková and Lewis, 2012), was obtained from the University of Texas 
Culture Collection of Algae (UTEX) and cultivated in (replete) modified M-8 medium 
(Table 1) (modified from Mandalam and Palsson 1998). Nitrogen-depleted medium 
was similarly prepared with the exception that KNO3 was substituted with KCl (at a 
concentration of 29.67 mM) to retain a total osmolarity of 0.323 Osm. It was assumed 
that the organic pH buffer Hepes, which contains two nitrogen atoms, was not 
consumed by C. zofingiensis.  

Cultures were pre-cultivated in 250-mL shake flasks containing 100 mL 
(replete) medium that were situated in a culture chamber at 28 °C in continuous light 
emanating from white fluorescent tubes with a light intensity of 231-255 μmol 
photons m−2 s−1 and continuously shaken at 100 rpm with a head space containing an 
air/CO2 ratio of 95/5% (v/v). 

To achieve nitrogen starvation, cells were washed with a nitrogen-depleted 
medium. Washing was performed by centrifugation of cells at 700 rpm (94×g) for 10 
min and subsequent resuspension of cell pellet in 25 mL of nitrogen-depleted 
medium. Following two washing occurrences, cells were inoculated in 250-mL shake 
flasks containing 150 mL of nitrogen-depleted medium at a dry weight cell 
concentration of 1.7 g L-1. Cells were placed into a culture chamber in the same 
conditions as described for the pre-cultivation. Every two days, beginning at day zero, 
a sample was taken for cell dry weight measurements and pigment extraction and 
quantification. Due to increasing biomass concentrations, sample volumes decreased 
over time. The extracted sample volumes were: 16 mL, 10 mL, 10 mL, 7 mL, 5.5 mL, 
5.5 mL, 5.5 mL, 5.5 mL (at day 0, 2, 4, 6, 8, 10, 12 and 14, respectively). A 10 mM DPA 
stock solution (in DMSO) was prepared and retained in the dark to prevent DPA 
degradation. Beginning in day two, 1 mL DPA stock solution was added to each culture 
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immediately  following sampling. This resulted in concentration increases of 60 μM 
DPA for the DPA treated cultures. To the control cultures, only 1 mL of DMSO (without 
DPA) was added. 

To obtain nitrogen-replete and nitrogen-depleted C. zofingiensis cells for 
Freeze Fracture Scanning Electron Micrographs, C. zofingiensis cells were pre-cultured 
in a shake flask under a low incident light intensity (20 μmol photons m−2 s−1) and 
diluted 10 times in nitrogen-depleted medium to achieve a concentration of ~0.3 g/L. 
This shake flask, containing a volume of 110 mL, was incubated under a low incident 
light intensity (20 μmol photons m−2 s−1). Cells achieved nitrogen depletion after 
approximately one week. Two weeks later, samples were taken from the nitrogen-
replete pre-culture and from the nitrogen depleted culture for Freeze Fracture 
Scanning Electron Microscopy and dry weight, pigment, and triacylglyceride (TAG) 
analysis.  
 
Table 1. Composition of (replete) modified M-8 medium. 

Compound Concentration (μmol L-1) Compound Concentration (μmol L-1) 
Hepes 100.00·103 MnCl2.4H2O 65.59 
KNO3 29.67·103 ZnSO4.7H2O 11.13 

NaHCO3 10.00·103 CuSO4.5H2O 7.33 
Na2HPO4.2H2O 6.90·103 H3BO3 1.00 
MgSO4.7H2O 1.62·103   

Na2EDTA.2H2O 447.94 Vitamins (μg L-1)  
NaFeEDTA 277.85 Thiamine 200.00 
CaCl2.2H2O 90.00 Biotine 1.00 

 
Biomass determination 
Cell dry weight measurements were performed in duplicate by filtering and drying the 
biomass as described by (19). 
 
Freeze fracture scanning electron microscopy 
A small droplet containing nitrogen-replete or nitrogen-depleted C. zofingiensis cells 
was placed on copper hollow rivets and promptly frozen in liquid ethane. The rivets 
were situated in a cryo-sample holder in liquid nitrogen and thereafter transferred to 
the cryo-preparation system (MED 020/ VCT 100, Leica, Vienna, Austria) onto the 
sample stage at -93˚ C and at 1.3 x 10-6 Torr. Thereafter, the samples were fractured 
and freeze dried for 5 min and subsequently sputter coated with a layer of 10 nm 
Tungsten at -93˚ C. The samples were cryo-shielded and transferred into the field 
emission scanning microscope (Magellan 400, FEI, Eindhoven, The Netherlands) onto 
the sample stage at -120°C at 1.6x10-6 Torr. The analysis was performed at a working 
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distance of 4-4.5 mm with SE detection at 2 kV and 6.3 pA. Contrast and sharpness of 
digital images were optimized with Photoshop CS5. 
 
TAG extraction, identification and quantification 
All lipophilic components were obtained by a sequence of mechanical cell disruption 
and solvent based (methanol/chloroform) lipid extraction as described by (20). The 
TAG fraction was obtained using a solid phase extraction (SPE) column as described 
by (21) with 10 mL 7:1 (v/v) hexane:diethylether as eluent. Solvents were evaporated 
and fatty acids of TAG were transesterified to fatty acid methyl esters (FAMEs). FAMEs 
were identified and quantified utilizing GC-FID as described by (21). 
 
Pigment extraction 
Pigment extracts were obtained by a sequence of mechanical cell disruption and 
solvent based (methanol/chloroform) pigment extraction as described by (22) with 
the exception that, after sampling, the cells were centrifuged for 5 min at 2500 rpm 
(1204×g). The cell pellet was transferred to a bead beating tube and centrifuged again 
for 5 min at 2500 rpm (1204×g). Supernatant was discarded, and cells were stored at -
80 °C. The cells were subsequently freeze dried. One mL of methanol/chloroform was 
added to the bead beating tube where after the cells were physically disrupted by 
employing a Precellys® 24 bead beater (Bertin Technology, Montigny-le-Bretonneux, 
France). To inhibit cell heating, 60 s of disruption at 2500 rpm (1204×g) was followed 
by 5 min of cooling on ice. For each sample, three series of disruption/cooling cycles 
were performed. After extraction, the dried chloroform fraction was resolved in 
acetone : methanol 7 : 3 (v/v) containing 0.10% (w/v) BHT and supplemented to 75% 
(v/v) acetonitrile for LC analysis. 
 
Separation, identification and quantification of pigments 
Separation and identification of carotenoids and porphyrins were performed on an 
Accela UHPLC system (Thermo Scientific, San Jose, CA, USA) equipped with a pump, 
degasser, auto sampler, and photo diode array (PDA) detector, coupled in-line to a 
LTQ-VelosPro dual-pressure ion trap mass spectrometer equipped with a H-ESI probe 
(Thermo Scientific). Samples (5.0 μL) were quantitatively injected on an Aquity UPLC 
Shield C18 BEH column (2.1 × 150 mm, 1.7 μm particle size; Waters, Milford, MA, USA) 
fitted to a Vanguard pre-column (2.1 × 5 mm, 1.7 μm particle size; Waters). The 
eluents were (A) 50% (v/v) acetonitrile in demineralized water, (B) acetonitrile and 
(C) ethyl acetate which all contained 0.10% (v/v) formic acid. The flow rate was 
maintained at 300 μL min-1. The program was initiated from 25% A / 75% B and then 
as follows: to 15 min – linear gradient to 100% B; to 22.5 min – isocratic at 100% B; to 
29.5 min – linear gradient to 87.5% B/ 12.5% C; to 31.5 min – linear gradient to 70% 
B / 30% C; to 41.5 min – linear gradient to 100% C; to 42.5 min - isocratic at 100% C. 
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After 42.5 min, the eluent composition reverted to its initial composition in 7.5 min 
followed by an equilibration phase of 2.5 min. Detection wavelengths for UV-Vis were 
adjusted to 450 nm (carotenoids) and 660 nm (porphyrins) with a 1 nm wavelength 
step and 9 nm filter bandwidth. 

All mass spectrometric data was recorded as described by Mulders et al. (2013) 
with the exception that data was recorded over the m/z range 500 - 620 (0.0 - 17.0 
min), 500 - 900 (17.0 – 30.0 min) and 1000 – 1250 (30.0 - 42.5 min). Data acquisition 
and reprocessing were performed with Xcalibur 2.10 (Thermo Scientific). The 
standards employed for identification of carotenoids and their corresponding 
absorption coefficients are depicted in Table 2. The criteria for compound 
identification included identical retention time, UV-Vis absorption and spectral fine 
structure, and parent mass as well as MS2 fragmentation pattern with one of the 
standards. Compounds without a matching standard were identified with comparison 
to literature data (23, 24). Unknown compounds were not annotated in Figure 2 and 
Table 3 for the sake of clarity. Chlorophyll b, in high concentrations, exhibited 
fronting in this LC system. 

For quantification, lutein, canthaxanthin, and chlorophyll a were exploited. 
Approximately 1 mg of lutein and canthaxanthin were initially dissolved in 
dichloromethane and subsequently diluted with 4 volumes of ethanol (lutein) or n-
hexane (canthaxanthin). Further dilution in ethanol or n-hexane respectively was 
performed in order to measure within the linear range of the spectrophotometer. 
Therefore, the content of dichloromethane was lower than 0.5% (v/v) upon 
determination of the concentrations of lutein and canthaxanthin.  Chlorophyll a was 
first dissolved in ethyl acetate and subsequently diluted with 3 volumes of 90% (v/v) 
aqueous acetone. Standard concentrations were measured prior to UHPLC analysis, 
employing their respective absorption coefficients (A ): 2550 L g-1 cm-1 (445 nm, 
100% ethanol) for lutein; 2200 L g-1 cm-1 (469 nm 100% cyclohexane) for 
canthaxanthin; and 887 L g-1 cm-1 (664 nm, 90% (v/v) aqueous acetone) for 
chlorophyll a (24). PDA calibration was performed utilizing five different 
concentrations of the standards injected in duplicate. For this calibration, the 
response of the all-trans and cis structure of the carotenoid standards was considered 
equal for quantification. The detector was ascertained as linear for lutein and 
canthaxanthin between 0.07 and 8.20 μg mL-1 with a minimum R2 of 0.998. For 
chlorophyll a, the detector was linear between 0.23 and 23.38 μg mL-1 with an R2 of 
0.978. 

Carotenoids were quantified as lutein equivalents employing the lutein 
calibration curve. The responses were corrected using the A illustrated in Table 2 
with the exception of canthaxanthin. An absorption coefficient of 2500 L g-1 cm-1 was 
utilized for unknown carotenoids (e.g. lutein-like components) and carotenoids of 
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which the absorption coefficient was not documented (e.g. ketolutein). Fatty acid 
esterified astaxanthin and ketolutein were assumed to possess similar molar 
extinction coefficients as their non-esterified analogues, and were expressed as 
equivalents of their respective non-esterified analogues in mole L-1 culture volume or 
% g/g dw. Chlorophyll b (A  514 L g-1 cm-1, 647 nm, 90% (v/v) aqueous acetone) 
and derivatives were expressed via chlorophyll a using the chlorophyll a calibration 
curve. The detector response was corrected for chlorophyll b using the ratio of the 
absorption coefficients of chlorophyll a and b.  

 
Table 2. Absorption coefficients used for quantification of carotenoids found in C. zofingiensis. 
Compound A  

(L g-1 cm-1) 
Ref. Compound A  

(L g-1 cm-1) 
Ref. 

9’-cis-Neoxanthin 2330 (24) Lutein 2550 (24) 
 

Violaxanthin 2450 (24) Lutein-like carotenoid 2500 (23) 
 

Neochrome 2270 (24) Canthaxanthin 2200 (24) 
 

Astaxanthin  
(free, monoester and diester) 

2060 (24) Echinenone 2160 (24) 

Ketolutein  
(free, monoester and diester) 

2500    (23) β,β-Carotene 2590 (24) 

Adonixanthin 2500 (23) 
 

   

 
RESULTS AND DISCUSSION 

To obtain additional insight into the pathways and regulation of the carotenoid 
metabolism of C. zofingiensis, cells were nitrogen depleted to induce secondary 
carotenogenesis and subsequently DPA-treated to inhibit ketocarotenoids 
biosynthesis. 60 μM DPA was introduced to nitrogen-depleted cultures every two days 
beginning on day two. Every two days, cell dry weights and pigment compositions 
were analysed. Below, chlorophylls and carotenoids ascertained in nitrogen-replete 
and nitrogen-depleted C. zofingiensis cells are identified and the degradation and 
accumulation kinetics of the overall biomass and the annotated pigments upon 
nitrogen depletion and DPA treatment are discussed (Figures 2 – 7)and Figure S1). 
To properly represent net accumulation/degradation  of pigments, pigment kinetics 
are depicted in moles per litre culture volume. For a reference, pigment contents on a 
dry weight basis are depicted in Figure S2. Conclusions concerning the carotenoid 
metabolism are summarized graphically in Figure 8. Finally, oil droplet formation in 
nitrogen-depleted C. zofingiensis cells is elaborated to support the presumed location 
of carotenoid accumulation.  
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Pigment identification 
A profound variation in the carotenoid profile of extracts between the nitrogen-
replete and nitrogen-depleted C. zofingiensis cells was observed (Figure 2). The key 
findings were the emergence of ketolutein and ketolutein esters upon nitrogen 
depletion, confirming the finding by Bauch (2011). For both chromatograms, peaks 
are annotated in Table 3. 
 

 
Figure 2. Representative RP-UHPLC chromatograms (450 and 660 nm summed) of C. zofingiensis 
extract. A Nitrogen-replete cells, B nitrogen-depleted cells and C enlargement of chromatogram of 
nitrogen-depleted cells RT 33.0 to 36.5 min.  
 

The annotation of ketolutein (β,ε-end groups) was performed by comparison 
with adonixanthin (β,β-end groups). Although the molecular weight of both 
carotenoids is comparable, pronounced differences in visible absorption spectra and 
MS2 spectra were found (Figures 3A - C). The spectral fine structure of ketolutein had 
two absorption maxima, where adonixanthin had one maximum. Furthermore, the 
spectral fine structure of ketolutein excluded the possibilities of having a carotenoid 
epoxide or a carotenoid with an allenic group, or both (e.g. diadinoxanthin). The 8 nm 
hypsochromic shift of ketolutein, compared to adonixanthin, indicated the presence of 
a smaller conjugated system. This hypsochromic shift can be attributed to the 
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presence of an ε-end group. A similar hypsochromic shift has also been documented 
for zeaxanthin (β,β-end groups, max (II) = 450 nm in hexane) and lutein (β,ε-end 
groups, max (II) = 445 nm in hexane) (24). Similar observations were made when 
comparing this for the group of the ketoluteins, (comprising of four reported 
stereoisomers fritschiellaxanthin, 4-ketolutein F, α-doradexanthin and 4-ketolutein D) 
to adonixanthin (25).  

Additional evidence for an ε-end group was ascertained in the MS2 
fragmentation spectra of ketolutein and adonixanthin. It has been reported that the 
C6-C7 bond adjacent to a hydroxylated ε-end group is more prone to fragmentation 
than that adjacent to a hydroxylated β-end group in the case of electron impact mass 
spectrometry (26). Extrapolating this for ketolutein in combination with the milder 
CID fragmentation, observation of at least one fragment with a neutral loss of 138 Da 
was expected. In the MS2 spectrum of ketolutein, two such neutral losses were found 
as the two primary fragments: one direct loss at m/z 444.3 and a loss combined with 
an in-chain polyene elimination of toluene (92 Da) at m/z 352.3 (Figure 3B). For 
adonixanthin, the neutral loss of 138 was not found, and only (combinations of) water 
and toluene losses were ascertained (Figure 3C). Similar observations were made 
with fragmentation of lutein and zeaxanthin (24, 26, 27). From a biological point of 
view, it seems likely that the ketolutein found represents fritschiellaxanthin, one of 
the four reported stereoisomers of ketoluten. However, the exact R/S configuration 
was not determined by CD / NMR. Furthermore, no chemical standards were at our 
disposal to confirm this stereochemistry. Therefore, throughout this work, the generic 
annotation ketolutein is employed. 

The visible absorption spectra of ketolutein and peaks 22, 23, 25 and 36 were 
identical, indicating that ketolutein was also evident in its esterified form to one or 
two fatty acids (Figure 3A). Sodiated [M+Na]+ fragment spectra of the carotenoid 
esters were employed to confirm this as they exhibited more efficient ionization and 
less complex mass spectra (28, 29). In Figure 3D, the MS2 fragment spectrum of 
ketolutein ME C18:1 [M+Na]+ is depicted. The identification of this ester was 
performed similar to astaxanthin monoesters and diesters. In the case of monoesters, 
the fragment at m/z 587.5 was used to identify the attached fatty acid and to also 
confirm the molecular mass of ketolutein (e.g. 587.5 + H2O – Na = 582.5 Da). The 
visible spectra of peak group 36 exhibited similar spectral fine structures, indicating 
that the backbone was ketolutein. Identification of the fatty acids in these ketolutein 
diesters could not be performed due to lack of fragmentation data. Still, because 
astaxanthin mono- and diesters were predominantly esterified with C16:0 and C81:1 
fatty acids, the assumption could be made that this was also the case for ketolutein 
diesters. The fatty acid esterification was not exclusively with C16:0 and C18:1; lower 
abundances were also discovered for the C18:0, C18:2 and C18:3 fatty acid esters for 
astaxanthin mono- and diesters. 
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 Identification of the other primary and secondary pigments, e.g. 
canthaxanthin, adonixanthin, β,β-carotene, lutein, violaxanthin, and chlorophyll a and 
b were in accordance with previous reports of C. zofingiensis (5, 6, 9, 30). 9’-cis-
Neoxanthin, cis-neochrome-like, and the cis-lutein-like compounds were not 
previously documented in C. zofingiensis which were identified empirically by 
comparison to reference data. From Figure 1 also adonirubin, 3-hydroxyechinenone, 
lycopene, cryptoxanthin, α-cryptoxanthin, and β,ε-carotene were expected to be 
present. However, upon comparison with standards, they were not ascertained in our 
analysis. The presence of zeaxanthin could not be determining with certainty, 
although Wang and co-workers (2008) detected a substantial amount of this 
carotenoid. Zeaxanthin standards has similar retention time as peaks 9a/9b, but the 
UV-Vis and MS2 spectra did not match. This might be explained by coelution. 
 
Optimizing DPA concentration and addition frequency 
Although DPA is exploited in multiple studies to obtain insight into microalgae 
carotenoid accumulation (9, 11, 12), numbers regarding DPA degradation kinetics are 
minimal. To gain insight in the DPA degradation rate under the experimental 
conditions described in this work and to locate the most optimal DPA concentration 
with respect to the inhibition of carotenogenesis, a range of DPA concentrations was 
added to nitrogen-depleted C. zofingiensis, and the effect on pigment accumulation 
(carotenoids and chlorophylls) was examined. In individual experiments, DPA was 
added once after two days of nitrogen starvation in the following concentrations: 0 
(control), 10, 20, 30, 60, 100 or 200 μM. The most significant variation in pigment 
concentrations between the control and the DPA-treated culture was ascertained in 
the culture to which 60 μM DPA was added. In addition, the results suggested that 
DPA was inactivated after approximately three days following the addition (results 
not shown). Therefore, in the experiment described in the current paper, DPA was 
added every two days, resulting each time in a concentration increase of 60 μM, in 
order to maintain an effective DPA concentration for two weeks. 
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Biomass production 
During the entire cultivation period, the control and the DPA-treated cultures 
exhibited no significant variation in biomass production. Following a steep initial 
increase, biomass production levelled off around day eight for all cultures. Both the 
treated and the control cultures increased from 1.7 to 4.6 L g-1 in biomass 
concentration (Figure 4). As the medium was nitrogen-depleted from the beginning of 
cultivation, no additional nitrogen-containing cell material such as DNA and protein 
could be formed. Photosynthesis and carbon fixation still continued in the absence of 
nitrate. Therefore, it appears plausible that the ascertained biomass increase is due to 
carbon-rich storage compounds such as TAG. This has been described for nitrogen-
depleted C. zofingiensis by (21) who observed a biomass increase of 580 % dw and 
TAG accumulation of up to 40 % (w/w) dw. The absence of a significant variation in 
biomass production between the control and the treated cultures demonstrated that 
DPA did not affect the overall production of secondary storage compounds or carbon 
fixation. 

 
 

Figure 4. Time courses of dry weight biomass 
concentration of nitrogen-depleted C. zofingiensis 
exposed to no DPA (control) or exposed to repeated 
additions of DPA resulting each time in a concentration 
increase of 60 μM. Triangles indicate DPA additions. 
Absolute deviations from the mean of duplicate dry 
weight measurements were all less than 4%. 

 
Degradation of chlorophylls and primary carotenoids 
The chlorophylls and primary carotenoids found in the treated culture were identical 
to those ascertained in the control, specifically, chlorophyll a and b, lutein, 9’cis-
neoxanthin, and violaxanthin. The cellular contents of these pigments all decreased 
over time with no significant difference between the control and the treated culture 
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(Figure 5). This demonstrates that DPA did not affect the overall degradation of 
primary pigments. 

 
Figure 5. Time courses of A chlorophyll a, B chlorophyll b, C lutein, D 9’cis-neoxanthin and E 
violaxanthin in moles per litre culture volume of nitrogen-depleted C. zofingiensis exposed to no 
DPA (control) or exposed to repeated additions of DPA resulting each time in a concentration 
increase of 60 μM. Triangles indicate DPA additions. Lines are for visual guidance. 
 

Under nitrogen-replete conditions, the primary pigments comprised more 
than 99.9 % of the total pigment content of C. zofingiensis (Figures 5 and 6, t0). These 
pigments are located in the photosystems of the chloroplast, and all are capable of 
harvesting light energy (2, 31-33) which is converted into chemical energy. Active 
degradation of these individual pigments may be a strategy of the cell to manage the 
oversaturating light conditions that resulted from the nitrogen depletion, as was, for 
example, observed in Isochrysis galbana (34). However, the equiproportional decrease 
of chlorophyll a, b, and 9’-cis-neoxanthin lends support to the assumption that entire 
photosystems were degraded rather than specific light harvesting pigments.  

Remarkably, in both the control and the treated culture, violaxanthin was 
degraded at a significantly higher rate than the other primary pigments (Figure 5). 
Violaxanthin is a component of the violaxanthin cycle and can be converted into 
zeaxanthin under oversaturating light conditions via antheraxanthin, which is part of 
a photoprotective mechanism (35, 36). However, as no additional zeaxanthin or 
antheraxanthin was discovered in either the control or the treated culture, it is 
questionable whether this degradation cycle was genuinely operational in our 
experiments. It may be that violaxanthin, antheraxanthin and zeaxanthin were all 
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degraded. In addition, it is remarkable that, in both the control and in the treated 
culture, lutein was degraded at a lower rate compared to the other primary pigments. 

 
Accumulation of secondary carotenoids 
The secondary carotenoids ascertained in the treated culture were also the same as 
those discovered in the control, specifically, astaxanthin, ketolutein, canthaxanthin, 
adonixanthin, echinenone, and β,β-carotene. For the majority of these carotenoids, the 
cellular content was significantly different between the control and the treated culture 
(Figure 6), indicating that under nitrogen-deplete conditions DPA had a significant 
effect on the formation of secondary carotenoids.  

 
Figure 6. A Concentrations of total ketolutein (sum of free, mono- and diesters), B total astaxanthin 
(sum of free, mono- and diesters), C adonixanthin, D echinenone, E canthaxanthin, F β,β-carotene 
and G all β,β-carotene derivatives (sum of total astaxanthin, adonixanthin, echinenone and 
canthaxanthin) in moles per litre culture volume in nitrogen-depleted C. zofingiensis exposed to no 
DPA (control) or exposed to repeated additions of DPA resulting each time in a concentration 
increase of 60 μM. Triangles indicate DPA additions. Lines are for visual guidance. 
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Ketolutein. Ketolutein was the second most abundant secondary carotenoid 
in nitrogen-depleted C. zofingiensis. The cellular content increased gradually from zero 
to the final content with no significant variations between the control and the treated 
culture (Figure 6A). In all cultures, ketolutein was ascertained primarily as 
monoester, to a more moderate extent in the free form (unesterified), and to a very 
minimal extent as diester (esterified with C16:0 and C18:1 fatty acids).  
 The absence of a significant difference in ketolutein concentration between 
the control and the treated culture indicated that DPA did not affect the overall 
formation of ketolutein. Ketolutein most plausibly resulted from lutein oxygenation 
which requires one enzymatic conversion catalysed by a ketolase. Expression of the 
BKT gene (from H. pluvialis) in Chlamydomonas reinhardtii which naturally 
synthesises β,β-carotene, zeaxanthin, and lutein but no β-end group ketocarotenoids 
such as echinenone and adonixanthin, resulted in synthesis of ketolutein, whereas no 
β-end group ketocarotenoids were synthesised (37). This supports the premise that 
ketolutein emerged from lutein via oxidation by BKT. It is remarkable that the lutein 
to ketolutein conversion by BKT was not affected by DPA. This may be explained by 
assuming that the enzyme that catalysed ketolutein biosynthesis was insensitive to 
DPA, either because it was a completely different ketolase (encoded by a different yet-
unidentified gene), or because BKT may have been embedded in a multiprotein 
complex causing its insensitivity to DPA.  

Ketolutein was found esterified with similar fatty acids as astaxanthin. 
Surprisingly, ketolutein was found mainly as monoester, whereas astaxanthin was 
detected primarily as diester, despite the fact that they both possess two hydroxyl 
groups. This might suggest that either the β-end group is more easily acylated than the 
ε-end group or that the adjacent carbonyl is a prerequisite for acylation. 

 Astaxanthin. Astaxanthin was the most abundant secondary carotenoid in 
nitrogen-depleted C. zofingiensis. In both the control and the treated cultures, its 
content increased gradually. From the moment that DPA was added, the increase in 
the treated culture was half as high as in the control culture (Figure 6B), indicating 
that DPA significantly inhibited production of astaxanthin.  

Theoretically, adonixanthin and adonirubin may both be precursors of 
astaxanthin (Figure 1). Since adonixanthin was detected, the pathway to this 
carotenoid must have been present. Because adonixanthin was found in a very low 
concentration and only in the free form, it may be speculated that the pathway from 
adonixanthin to astaxanthin was existing as well. It remains ambiguous whether 
adonirubin was a precursor of astaxanthin as well since this carotenoid was lacking in 
nitrogen depleted C. zofingiensis. 

Adonixanthin. In both the control and the treated cultures, the cellular 
content of adonixanthin increased gradually. From the moment that DPA was added, 
the increase in the treated culture was approximately twice as high as in the control 
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culture (Figure 6C). This finding supports the speculation that, in nitrogen depleted C. 
zofingiensis, adonixanthin was converted into astaxanthin. 

Adonixanthin may be formed from echinenone via 3-hydroxyechinenone or 
3‘-hydroxyechinenone, as in H. pluvialis (17), or from zeaxanthin, as proposed by (8, 
9). This latter hypothesis was based on reduced zeaxanthin degradation in 
carotenogenic cultures exposed to DPA. As mentioned previously, no substantial 
amounts of  zeaxanthin could be detected in any of the cultures. Additionally, we did 
not discover reduced degradation of zeaxanthin precursors (i.e. all other primary 
carotenoids) in the DPA-treated cultures. Therefore, our results do not support the 
hypothesis that, in nitrogen depleted C. zofingiensis, adonixanthin is formed from 
zeaxanthin. In contrast, echinenone attained a cellular content that was approximately 
seven times as high in the treated cultures as in the control (Figure 6D). This supports 
the hypothesis that echinenone is a possible precursor of adonixanthin.  

Canthaxanthin. In both the control and the treated cultures, canthaxanthin 
was ascertained in relatively high cellular contents (comparable to esterified 
ketolutein contents). In both cultures, the cellular content increased gradually. In the 
treated cultures, canthaxanthin was detected only on day four in significantly lesser 
amounts compared to the control culture (Figure 6E). This indicates that 
canthaxanthin formation was inhibited for only two days which was compensated 
with increased canthaxanthin production the two days thereafter. It remains unclear 
what mechanism caused the recovery from DPA inhibition. 
 Huang et al. (2006) also discovered relatively high contents of canthaxanthin 
and, as stated, speculated that canthaxanthin is an end product rather than a 
precursor of astaxanthin. Our data do not provide further insights with regard to this 
speculation. 

β,β-carotene. In both the control and the treated cultures, β,β-carotene was 
ascertained at low cellular contents (comparable to echinenone, adonixanthin, and 
free astaxanthin contents), with no significant variation between the control and the 
treated culture (Figure 6F). The low cellular β,β-carotene content indicates that this 
carotenoid was promptly converted into echinenone and, moreover, that a high β,β-
carotene content was not required for induction of secondary carotenogenesis. 
 
Novel insights in the regulation of carotenogenesis in C. zofingiensis 
In both the DPA-treated culture and the control, accumulation of secondary 
carotenoids occurred simultaneously with a decrease in primary carotenoids (grey 
lines, Figure 7). This lends support to the supposition that, under nitrogen-deplete 
conditions, secondary carotenoids were formed from primary carotenoids. However, 
the overall carotenoid content increased (black lines, Figure 7), which indicates that, 
in the DPA-treated culture and in the control, at least part of the secondary 
carotenoids were synthesized de novo. Since the consumed quantity of lutein equalled 
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approximately the produced amount of ketolutein, it may be assumed that, instead of 
degrading into other products, lutein was completely converted into ketolutein. Since 
lutein constituted the major fraction of primary carotenoids (>80%), this implies that 
the remaining secondary carotenoids (echinenone, canthaxanthin, adonixanthin and 
astaxanthin) must have been almost completely formed de novo in both the control 
and the DPA-treated cultures. 

 
Figure 7. Primary, secondary and total carotenoid contents of nitrogen-depleted C. zofingiensis 
exposed to A no DPA or exposed to B repeated additions of DPA. Primary carotenoids include lutein, 
neoxanthin and violaxanthin. Secondary carotenoids include astaxanthin (sum of free, mono- and 
diesters), ketolutein (sum of free and mono- and diesters), canthaxanthin, adonixanthin, echinenone 
and β,β-carotene. Total carotenoids include both primary and secondary carotenoids. Lines are for 
visual guidance. 

 
The overall cellular content of echinenone, canthaxanthin, adonixanthin, and 

astaxanthin was significantly different between the DPA-treated cultures and the 
controls. The overall content was reduced particularly during the first four days after 
the initial DPA addition (between day 2 and 6; Figure 6G), indicating that, during this 
time, the flux through J1 was significantly diminished (Figure 8). In contrast, the 
overall cellular contents of lutein and ketolutein were not significantly affected 
(Figures 5C and 6A) nor were the contents of other primary carotenoids (Figures 
5D-E) which resulted in an overall decrease of carotenoid production (Figures 7A 
versus 7B). Thus, although DPA reduced the flux through J1, the flux through J2 and the 
degradation of primary pigments remained unaffected, which implies a decreased flux 
through J3 (Figure 8). The decreased flux through J3 can be explained by assuming 
that a regulatory mechanism was present which prevented increased production of 
ketolutein or primary carotenoids. It remains unclear what mechanism caused the 
recovery from DPA inhibition after day six. 

In this work, BKT activity was inhibited employing an enzyme inhibitor which 
mimicked downregulation of BKT by genetic engineering. Our findings suggest that 
downregulation of the BKT enzyme of C. zofingiensis through genetic engineering and 
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subsequent induction of secondary carotenogenesis (e.g. by nitrogen depletion) will 
not lead to excessive production of primary pigments such as lutein. 

 

 
 
Figure 8. Metabolic network model of carotenoids in nitrogen-depleted C. zofingiensis, summarizing 
obtained results. Cross indicates hypothesized pathway that is not present in nitrogen-depleted C. 
zofingiensis. Question marks indicate unresolved pathways. Double arrows indicate dislocations. Jn 
indicate fluxes through specific pathways. Black carotenoids were found. Grey carotenoids were not 
found. Dislocations of lutein, ketolutein and astaxanthin are not explicitly indicated. Note that 
biosynthesis of ketolutein may as well take place in the chloroplast. See text for other details and 
assumptions. 3-OHech = 3-hydroxyechinenone, 3’-OHech = 3’-hydroxyechinenone, 9-cis-neo = 9-cis-
neoxanthin, α-car = α-carotene, adr = adonirubin, adx = adonixanthin, ant = antheraxanthin, ast = 
astaxanthin, ast ME = astaxanthin monoester, ast DE = astaxanthinn diester, β,β-carchl = β,β-
carotene (chloroplast), β,β-carcyt = β,β-carotene (cytosol), cry = cryptoxanthin, can = canthaxanthin 
(cytosol), canoil = canthaxanthin (oil body), ech = echinenone, ktlut = ketolutein, ktlut = ME 
ketolutein monoester, ktlut DE = ketolutein diester, lut = lutein, lyc = lycopene, neo = neoxanthin, 
phy = phytoene, vio  =violaxanthin, zea = zeaxanthin (9, 16, 17, 37).  
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Oil body formation 
Secondary carotenoids and their esters are generally assumed to accumulate in TAG 
oil bodies (4). To gain insight into oil body formation in nitrogen-depleted C. 
zofingiensis, freeze fracture scanning electron micrographs were created, and TAG and 
secondary carotenoid compositions of nitrogen-replete and nitrogen-depleted C. 
zofingiensis cells were analysed (no DPA added) (Figure 9). The nitrogen-replete cells 
contained virtually no secondary carotenoids (less than 0.001% (g/g dw)), whereas 
this concentration in the nitrogen-depleted cells was 0.1% (g/g dw) (comparable with 
the nitrogen-depleted cells on day five of the control culture). 

In the nitrogen-depleted culture, the TAG fatty acids C18:1, C16:0, C18:2, 
C18:3 and C18:0 were detected in the highest concentrations (Figure 9H). The replete 
and depleted cells contained 1% and 12% (g/g dw) TAG fatty acids, respectively 
(Figure 9F). In the replete cells, a moderate number of tiny oil bodies were 
ascertained (less than 100 nm in diameter) (Figure 9C) whereas, in the depleted cells, 
multiple larger oil bodies were discovered throughout the cell in various sizes (up to 
600 nm in length). These oil bodies remained separate despite their close proximity 
(Figures 9D-E). The existence of multiple separate oil bodies suggests that these oil 
bodies were formed independently. In both the replete and depleted culture, oil 
bodies were found exclusively in the cytosol and, therefore, not in the chloroplasts 
(Figures 9A - E). If oil bodies had been apparent in the chloroplast, they would have 
been visible as demonstrated in Dunaliella salina (22) on similarly obtained 
micrographs.  

Since the fatty acids detected most abundantly in TAG were identical to those 
discovered esterified to astaxanthin and ketolutein, these fatty acids may have been 
cleaved by lipases from de novo synthesised TAG, as was speculated for the 
astaxanthin esterified fatty acids in H. pluvialis (4). Otherwise, newly formed fatty 
acids may have been directly esterified to secondary carotenoids before forming TAG, 
as speculated by (17). 
Similar as in C. zofingiensis, in H. pluvialis oil bodies are located in the cytosol (17, 38). 
In this species, astaxanthin as well as β,β-carotene was ascertained in oil bodies 
located in the cytosol (13), indicating that the conversion from β,β-carotene to 
astaxanthin occurs in the cytosol. Evidence was found of BKT in H. pluvialis in the 
chloroplast as well as in the oil bodies, however, BKT appeared to be active only on 
the surface of the oil bodies (38). Considering the many similarities between C. 
zofingiensis and H. pluvialis (i.e. TAG oil bodies location, the fatty acids present in TAG 
and esterified to secondary carotenoids, and enzymes involved in secondary 
carotenogenesis), it may be speculated that, in C. zofingiensis, the secondary 
carotenoids were also synthesised on the surface of the oil bodies and subsequently 
accumulated in the oil bodies. However,  ketolutein may be synthesised in the 
chloroplast as well after which it may be transferred, esterified, and accumulated in oil 
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bodies located in the cytosol. Both speculations need to be confirmed with more in-
depth research on enzyme activity location of BKT and esterases.  

 
Figure 9. Freeze fracture scanning electron micrographs and pigment and triacylglyceride (TAG) 
composition of nitrogen-replete and nitrogen-depleted C. zofingiensis cells. A whole nitrogen-
replete cell. B whole nitrogen-depleted cell C enlargement of cytoplasm located oil droplets in 
nitrogen-replete cell. D and E enlargement of cytoplasm located oil droplets in nitrogen-depleted 
cells. F cell composition (mass percentages of dw), including pigments and TAG fatty acids, of the 
nitrogen-replete and nitrogen-depleted cells. G abundance of individual secondary carotenoids as 
percentage of total secondary carotenoids in the depleted cells. H abundance of individual TAG fatty 
acids as percentage of total TAG fatty acids in the depleted cells. Percentages expressed as % g/g 
dw. Other includes C12:0, C14:0, C16:1, C16:2, C16:3, C16:4, C18:0, C18:4 and C20:1. Cyt = cytosol, 
Chl = chloroplast, ChlM = chloroplast membrane, CM = cell membrane, O = oil body.  
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CONCLUSIONS 

In conclusion, besides esterified and free astaxanthin, canthaxanthin echinenone and 
adonixanthin, C. zofingiensis overproduces the secondary carotenoid ketolutein and its 
fatty acid esters. Whereas ketolutein must have been synthesised from pre-formed 
lutein, other secondary carotenoids were almost completely synthesised de novo. 
Moreover, although DPA inhibited the overall production of all other ketocarotenoids, 
it did not affect the production of ketolutein and its fatty acid esters or the metabolism 
of primary carotenoids such as lutein. 
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Figure S2. Contents (in mg/g DW) of A chlorophyll a, B chlorophyll b, C lutein, D 9’cis-neoxanthin, E 
violaxanthin, F total ketolutein (sum of free, mono- and diesters), G total astaxanthin (sum of free, 
mono- and diesters), H adonixanthin, I echinenone, J canthaxanthin and K β,β-carotene of nitrogen-
depleted C. zofingiensis exposed to no DPA (control) and exposed to repeated additions of DPA 
resulting each time in a concentration increase of 60 μM. Triangles indicate DPA additions. Lines are 
for visual guidance. 
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Chapter 5 

 

Preliminary UHPLC-PDA-ESI-MS screening of 
light-accelerated autoxidation products of 

the tetrapyrrole biliverdin 

 

 
Application of phycobiliproteins, for example the blue C-phycocyanin, as natural 
water-soluble food colourant is emerging. The chromophore of these proteins 
comprises a number of tetrapyrroles (or phycocyanobilins), which have an extensive 
conjugated system, vulnerable to autoxidation. To assess the autoxidation products, a 
simplified model system was used in which the free tetrapyrrole biliverdin, instead of 
phycobiliprotein, was subjected to light-accelerated autoxidation. Degradation 
products of biliverdin were subsequently annotated by reversed-phase ultra-high 
performance liquid chromatography with photo diode array and positive mode in-line 
electrospray ionization mass spectrometry (RP-UHPLC-PDA-ESI-MS). To facilitate the 
analysis of degradation products, autoxidation of the three methine bridges in 
biliverdin was mimicked in silico. It was found that both peripheral and the central 
methine bridge of biliverdin were susceptible to light-accelerated autoxidation. 
Scission products tentatively annotated with MS2 and MS3 were propionic acid-
containing pyrroles. From this, it can be speculated that also tetrapyrroles attached to 
phycobiliproteins are susceptible to autoxidative degradation.  

 
 
 
 
 

Based on: Weesepoel Y.; Gruppen, H.; Vincken, J.-P. Preliminary UHPLC-PDA-ESI-MS screening of 
light-accelerated autoxidation products of the tetrapyrrole biliverdin, Submitted to Food chemistry. 
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INTRODUCTION 

Besides application of algal carotenoids in foods, also the use of protein-based 
colourants is increasing. An example is the blue phycobiliprotein C-phycocyanin (CPC) 
from Spirulina platensis, which can be used as a replacer for blue food colourants (1). 
The blue colour of CPC originates from linearized porphyrin-based chromophores, 
covalently bound to specific protein subunits, at least when the chromophores are 
organised in a protein complex (Figure 1) (2). 
 S. platensis CPC consists of two different sub-units,  and , with molecular 
masses of  18.2 and 19.2 kDa, respectively (3) (Figure 1). The molecular mass of the 
protein complex depends on its aggregation state which is influenced by pH, 
temperature, protein concentration, ionic strength, and solvent (4). The subunits 
spontaneously associate into a heterodimer (also referred to as ,  monomer), which 
can assemble into ( )3 trimers. These trimers can then interact in a face-to-face 
manner, forming disc shaped ( )6 hexamers by various types of linker proteins, 
which make up 15% of the mass of phycobiliproteins (2). Finally, hexamers can 
arrange into tube-like structures in the phycobilisome. 

The chromophore is known as a bilin. Five main types of bilin exist in 
cyanobacteria and red algae: biliverdin, phycocyanobilin, phycoviolobilin, 
phycoerythrobilin and phycourobilin. The bilins are all derived biosynthetically from 
protoheme via biliverdin as is elaborated extensively elsewhere (5). Bilins have an 
open-chain tetrapyrrolic structure and are attached to the polypeptide chain by a 
linkage between a cysteine residue and the vinyl substituent on one of the outer 
pyrrole rings (6). The difference between the five bilins lies in the number of double 
bonds and side groups participating in the chromophore, which influence their 
absorption maxima. 

 

Figure 1. Aggregation of α and β subunits with one and two covalently attached phycocyanobilins in 
CPC, adapted from (2). Linker peptides connecting ( , )3 trimers are not shown. 
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Figure 2. Bilins commonly found bound to phycobiliproteins. Conjugated system is highlighted in its 
actual colour. Adapted from (7).  

In Chapter 4, it became clear that all (carbon-carbon) conjugated double 
bonds (CDB) of astaxanthin could be cleaved or epoxidized resulting in apo-
astaxanthin ketones, aldehydes and epoxides. In analogy, the tetrapyrroles present in 
CPC have an extensive conjugated system (Figure 2) and are excellent antioxidants. 
Three of the phycocyanobilin’s pyrrole groups contain so-called ‘active hydrogen 
atoms’ (N-H). These hydrogens can be easily transferred to a radical (e.g. peroxyl 
radical) and the resulting pyrrole radical is stabilized by electron delocalization (8, 9). 
Hence, a process like autoxidation is likely to occur. The identification of the 
phycocyanobilin degradation products resulting from autoxidation is more 
challenging compared to that of carotenoids, because the protein part of CPC 
complicates matters. (i) As only 5% w/w of CPC consists of phycocyanobilin, a given 
amount of CPC will generate relatively low concentrations of intact phycocyanobilin 
and its degradation products. (ii) Before autoxidation products can be identified, CPC 
requires proteolysis. Identification of the resulting plethora of peptides released is 
laborious, as it is unclear which oxidation products are formed from the 
phycocyanobilin group. As a consequence, it is difficult to predict by which residual 
pyrrolic structures the peptides are substituted. This makes targeted mass 
spectrometric analysis, using specific masses or specific UV-VIS wavelengths of 
detection impossible. (iii) Besides a hypsochromic shift in the absorption spectrum of 
phycocyanobilin upon autoxidation, it is likely that also a hypochromic shift occurs, as 
a result of which peptides containing the partially degraded phycocyanobilin might be 
overlooked. 

biliverdin

phycocyanobilin phycourobilin

phycoviolobilin phycoerythrobilin
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Hence, in this research, light-accelerated autoxidation was performed on a 
free tetrapyrrole in order to avoid the complications stated above. Biliverdin was used 
as a model tetrapyrrole and degradation products were assessed by UHPLC-PDA-ESI-
MS. In silico predicted degradation products were used to facilitate annotation. 
 

MATERIALS AND METHODS 

Materials 
All materials were acquired as described elsewhere (10). Biliverdin hydrochloride 
(>97% w/w) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetone (99.9% 
v/v) was obtained from Biosolve (Valkenswaard, The Netherlands). Millipore water 
(MQ) was produced by a Milli-Q Integral 5 system equipped with a 0.22 μm Millipak 
40 filter unit (Merck Millipore, Darmstadt, Germany). 

Light-accelerated autoxidation 
Light-accelerated autoxidation by Suntest XLS+ and sample treatment in quartz 
cuvettes was performed as described elsewhere (10). Biliverdin was dissolved in 90% 
(v/v) aqueous acetone and had a start A650 of 2.54 and A376 of 2.45. Colour degradation 
experiments were performed at Texp 37 oC at a TBST of 47 oC for 3.5 h. 

RP-UHPLC-PDA-ESI-MS analysis of biliverdin autoxidation products 
RP-UHPLC-PDA-ESI-MS was performed as described elsewhere (10), with the 
following modifications: The eluents used were the following: 1% (v/v) acetonitrile in 
millipore water (A) and acetonitrile (B) both 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 a 0-20 min – linear gradient to 100% (v/v) B; 20-22 min – isocratic at 
100% (v/v). The eluent was adjusted to its initial composition in 8 min, followed by 
equilibration for 5 min. Detection wavelengths for UV-Vis were set at 376 ± 0.5 nm 
and 650 ± 0.5 nm. Mass spectrometric data were recorded in positive ion mode. 
Nitrogen was used as both sheath (30 arbitrary units) and auxiliary gas (5 arbitrary 
units). Settings of the mass spectrometer were tuned by 3 μL min-1 direct injection of 
approximately 10 μg mL-1 biliverdin in 90% (v/v) aqueous acetone. Most settings 
were optimized via automatic tuning by using LTQ Tune Plus 2.7. Temperature of the 
ion transfer tube was 250 ⁰C and the source voltage 3.5 kV. Data were recorded over 
the m/z segment 125-650. CID fragmentation energy was set at 35%. 

RESULTS AND DISCUSSION 

In order to understand the degradation of bound bilin groups upon autoxidation, free 
biliverdin was subjected to light-accelerated autoxidation. Biliverdin was selected as 
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tetrapyrrolic structure, as it closely resembled the phycocyanobilin structure and 
because it was readily available. After approximately 3.5 h of light-accelerated 
autoxidation, the maximum absorption at 650 nm decreased has 36 %, as measured 
spectrophotometrically (Figure 3).  

 

Figure 3. Decrease in visible absorption of biliverdin 
subjected to light-accelerated autoxidation over time at 
650 nm. 

 Upon examining the RP-UHPLC traces of treated biliverdin, a number of 
coloured reaction products were found (Figure 4 and Table 1). Two wavelengths 
were used to cover the set of degradation products formed. Nine degradation 
products (peaks 3a-b, 4a-c, 5a-c and 8) could be annotated as will be elaborated later. 
The parental biliverdin (peaks 1a-c) eluted at retention times 10.74, 11.27 and 12.83 
min. The occurrence of three peaks can be explained by the fact that biliverdin forms 
geometrical isomers. One or more of the three methine bridges in the molecule are 
probably responsible for this isomerism. As we were mainly interested in cleavage 
products of the tetrapyrrole, these isomers were not further characterized. They were 
annotated with a, b, etc., following their numerical annotation. The absorption spectra 
of the reaction products, mostly eluting at an earlier stage of the chromatogram, 
lacked the absorption at 650 nm (3a-b, 4a-c, 5a-c), and had different absorption 
maxima at the lower wavelengths compared to biliverdin (Figure 5). This indicated 
that the chromophore of biliverdin was modified and most likely shortened.  

In order to interpret the acquired MSn data for annotation of degradation 
products 3a-b, 4a-c, 5a-c and 8 (Table 1), possible autoxidation products of 
biliverdin were mapped in silico (Figure 6). Similar to carotenoids, it was assumed 
that biliverdin formed carbon-peroxyl triplet radicals, which react with a neutral 
biliverdin molecule (intramolecular homolytic substitution) (11). In this way, by 
disrupting the CDBs between the pyrrole groups, 11 possible autoxidation products 
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with additional ketone or aldehyde functionalization were constructed. Exhaustive 
disruption of the pyrrole-interlinking methine bridges required three autoxidation 
steps, which resulted in tripyrroles (3 and 6), dipyrroles (4, 5, 8 and 11), individual 
propionic acid functionalized pyrroles (7, 9 and 12), 3-ethyl-4-methylpyrrole-2,5-
dione (10) and 3-methyl-4-vinylpyrrole-2,5-dione (2). Interestingly, these 
autoxidation products are not volatile. For example, product 10 has a reported boiling 
point of 253 oC (12).  

 
Figure 4. RP-UHPLC traces of light-accelerated autoxidation of biliverdin at 
650 nm and 376 nm. Annotation of peaks and accompanying structures in 
Figure 6 and Table 1.  

 
Figure 5. Absorption spectra of biliverdin (1a-c) and 
degradation products 3a-b and 4a-c. Structures in 
Figure 6. 
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Table 1. UHPLC-ESI-MS data of biliverdin and its autoxidation products. Peak numbers refer to 
figures throughout this chapter. 
Peak 
No. 

RT 
(min) 

[M+H]+ 
(m/z) 

MS2 in m/z (rel. intensity) MS3 in m/z (rel. intensity) 

2 pyrroles 
5a 6.52 301.3 N.D. N.D. 
8 6.64 373.0 N.D. N.D. 
5b 6.87 301.1 N.D. N.D. 
5c 7.35 301.1 N.D. N.D. 
4a 8.54 315.1 297.0(100), 287.1(70), 269.1(5) 269.0(100), 255.0(20), 253.1(30), 

227.1(30) 
4b 9.08 315.1 N.D. N.D. 
4c 10.17 315.1 297(100), 287(80), 269(5) 269(100), 255(20), 253(40), 227(40) 

3 pyrroles 
3a 12.72 478.1 460.1(100), 450.1(40), 297.1(5) 442.1(10), 432.1(80), 416.1(40), 

414.1(30), 401.1(50), 400.1(30), 
387.1(100), 359.1(30), 328.1(20) 

3b 13.01 478.1 460.1(100), 450.1(40), 297(5) 442.1(10), 432.1(80), 416.1(40), 
414.1(30), 401.1(50), 400.1(20), 
387.1(100), 359.1(30), 328.1(20) 

4 pyrroles 
1a 10.74 583.3 565.2(25), 539.2(5), 510.1(5), 

299.0(20), 297.1(100), 269.1(10) 
297.0(10), 269.0(100), 251.0(10), 
237.0(40), 209.0(15) 

1b 11.27 583.3 565.1(20), 539.2(10), 510.1(5), 
299.0(20), 297.1(100), 269.1(10) 

297.0(20), 279.0(10), 269.0(100), 
251.0(20), 237.0(40), 209.0(20) 

1c 12.83 583.3 565.2(20), 539.2(10), 510.2(10), 
299.1(15),  297.1(100), 269.1(10) 

297.1(20), 279.1(10), 269.1(100), 
251.1(10), 237.1(40), 209.1(25) 

N.D., Not determined. 

Upon examining the MS data, a number of masses predicted with the in silico 
autoxidation of biliverdin were found by their corresponding [M+H]+ values. 
Interpretation of the MS2 and MS3 was greatly aided by first examining the 
fragmentation of the starting biliverdin parent at m/z 583 (Figure 7). The most 
abundant fragment in MS2 was m/z 297. Furthermore, a less abundant signal at m/z 
299 was observed. Both fragments represented two different dipyrroles both 
connected via a methine bridge. Most likely both fragment ions originated from either 
the single or the double bond of the middle methine bridge. The fragmentation of the 
methine bridge has been reported before, yielding m/z 297 (13). The propionic acid 
groups exhibited water losses, yielding m/z 565, and complete loss of the propionic 
acid group, yielding m/z 510. Finally, the neutral loss of 43 Da, yielding m/z 539, was 
tentatively assigned to pyrrole ring cleavage. In MS3, daughter ions resulting from 
further water loss (m/z 279) and fragmentation of the propionic acid (m/z 237 and  
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Figure 6. In silico autoxidation of biliverdin and autoxidation products via intramolecular homolytic 
substitution, as for carotenoids (Chapter 1). Structure numbers refer to Figures and Table 1. 
Structures in grey matched with UHPLC-PDA-ESI-MS data (Table 1). Only one of the possible 
geometrical isomers is depicted here. 
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Figure 7. Proposed fragmentation (dotted arrows) of structures 1, 3 and 4. Fragment ions (m/z) 
relate to Table 1. The most intense ion in MS2, selected for MS3 fragmentation was indicated above 
the continuous arrow. MS3 structures are hypothetical and therefore approximations of the actual 
ions formed in the ion trap. 
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251) were tentatively assigned. The most abundant fragment in MS3 was assigned to 
the loss of CO from the pyrrole ring, yielding m/z 269.  

Similarly, fragmentation of autoxidation products 3 and 4 could be 
interpreted was demonstrated in Figure 7. Occurrence of a similar fragmentation 
with various diagnostic fragments, i.e. methine bridge fragmentation, CO loss, pyrrole 
ring cleavage, water loss and propionic acid loss, strongly suggested that the 
autoxidation products proposed were formed from biliverdin. For products 5 and 8, 
MS2 fragmentation was not triggered due to their low abundance. Structures were, 
therefore, tentatively assigned on the basis of their parent mass. In analogy with 
biliverdin, the autoxidation products also had multiple geometrical isomers (3a-b, 4a-
c, 5a-c). The methine bridges in these degradation products can obviously result in 
several geometrical isomers, as has been described for carotenoids elsewhere (10). 
Large putative products 6 and 11 and the putative small products (2, 7, 9, 10, 12), 
obtained after CDB cleavage, could not be annotated using this analytical method.  

Concluding, the methine bridges in biliverdin were susceptible to 
autoxidation. It is hypothesized that this reaction also occurs when the bilin is 
attached to the polypeptide of the phycobiliprotein. Furthermore, RP-UHPLC-PDA-MS 
was found to be a suitable tool for the assessment of bilin autoxidation products.  
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Chapter 6 

 

Fatty acids attached to all-trans-astaxanthin alter its 
cis-trans equilibrium, and consequently its stability, 

upon light-accelerated autoxidation 

 

Microalgae produce astaxanthin, which occurs mainly esterified to one or two fatty 
acids. Fatty acid esterification has been suggested to influence both colour stability 
and all-trans-astaxanthin stability. Discolouration can be triggered by autoxidation, 
that is caused by light exposure and elevated temperatures. Therefore, the influence of 
esterification with palmitate on astaxanthin stability was studied by exposure to light-
accelerated autoxidation at different temperatures, using free all-trans-astaxanthin, its 
monoester, and its diester. An increase in palmitate esterification enhanced stability of 
all-trans-astaxanthin (measured by RP-UHPLC-PDA), whereas it had no influence on 
colour loss in time (measured spectrophotometrically (A470 nm)). The mismatch in 
results obtained with the two assays might be explained by the observation that 
substitution with fatty acids influenced the cis-trans equilibrium. Besides many other 
degradation products, a larger amount of 9-cis astaxanthin was obtained with free 
astaxanthin than with its esterified forms. Furthermore, monopalmitate esterification 
of astaxanthin resulted in increased 13-cis isomer formation. The molar ratios of 9-cis 
: 13-cis after 60 min were 1 : 1.7 (free), 1 : 4.8 (monopalmitate) and 1 : 2.6 
(dipalmitate). With its higher molar extinction coefficient compared to that of all-
trans-astaxanthin, the formation of 9-cis astaxanthin might partially compensate the 
colour loss induced by conjugated double bond cleavage in the parent material. The 
different ratios of cis-trans isomers obtained with the three all-trans-astaxanthin 
forms might also underlie the differences in their actual stability. 
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INTRODUCTION 

Synthetic carotenoids are used to correct for natural colour imbalances in raw 
materials and foods. Recent market demands for natural substitutes have stimulated 
carotenoid research focusing on production of carotenoids and oxygenated 
carotenoids (xanthophylls) from natural sources and their application in foods. An 
emerging source of carotenoids are microalgae (1). Unlike β,β-carotene, the 3-
hydroxylated xanthophylls, e.g. astaxanthin, produced by microalgae predominantly 
exist in their fatty acid esterified forms. Hence, by implementing astaxanthin from for 
example Haematococcus pluvialis in foods, one introduces mainly monoesterified (70-
90%) and diesterified fatty acid ester astaxanthin (5-25%) instead of ‘free’ 
astaxanthin (5-10%) (2, 3). 

Conflicting data exists in the literature on the influence of esterification with 
fatty acids on the colour stability of xanthophylls (4). This is surprising, as the esters 
do not participate in the conjugated system of the xanthophyll. To investigate stability, 
purified carotenoids have been dissolved in a solvent and the mixture is subjected to 
oxygen, light and/or elevated temperatures (5). The degradation kinetics of the 
esterified xanthophyll are subsequently studied by monitoring the decrease of 
absorption at the wavelength of maximum absorbance ( max) or by liquid 
chromatography analysis. It was shown that (β)cryptoxanthin monoesters were more 
resistant to heat in tetrahydrofuran and hexane than their free form. Variation of the 
length of the saturated fatty acid attached did not influence their stability (6, 7). For 
lutein mono- and diesters,  higher stability was reported compared to free lutein when 
exposed to UV light and heat in benzene (8). No significant difference was found 
between mono- and diesters. Other reports indicate that esterification does not 
always influence stability. An important factor in these studies was the choice of 
solvent in which the degradation was performed. A stability study of astaxanthin 
esters from Euphausia superba (antarctic krill) showed an increased stability of 
esterified carotenoids when dissolved in benzene or hexane, whereas for other 
solvents this effect was unclear (9). Capsanthin and its esters did not show any 
differences in stability when exposed to autoxidation in ethanol (10). Besides, it was 
shown that free capsanthin had higher stability in aqueous solvents and lower 
stability in non-polar solvents compared to diester capsanthin. The activation 
energies were also found to be solvent dependent. Furthermore, zero order kinetics 
was found in ethanol and cyclohexane, whereas first order kinetics was determined in 
aqueous emulsions (11). In all these reports, no analysis of degradation products was 
presented in order to explain the effect of fatty acid esterification on the (colour) 
stability of the xanthophyll. 
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Figure 1. Simplified overview of several reactions occurring during astaxanthin degradation towards 
colourless products. Reactions can occur consecutively. *All astaxanthins can undergo reactions I – 
IV, except free astaxanthin cannot undergo reaction IV. 

 Hence, esterification might influence the stability of xanthophylls, but the 
parameters governing stability are currently unclear. For β,β-carotene, degradation 
processes were investigated extensively (5).  Four of these degradation processes are 
schematically projected onto astaxanthin in Figure 1, as research on astaxanthin 
degradation is scarce. Conversion of all-trans astaxanthin to its geometrical cis-isomer 
(I, Figure 1) can cause a hypochromic shift leading to loss in colour intensity (12). For 
β,β-carotene this is reflected in the significantly lower molar extinction coefficients for 
the 13-cis (19% lower) and 15-cis (30% lower) isomer, whereas the 9-cis (2% lower) 
isomer is relatively unaffected (13). The cis-trans equilibrium is solvent dependent 
and is generally believed to proceed via a carotenoid biradical intermediate (14, 15). 
Disruption of the conjugated double bonds (CDB, II and III) also leads to colour loss. 
This process involves mostly autoxidation, which is a carbon-peroxyl triplet biradical 
mediated process consisting of multiple (tandem) reactions (5, 15). It can result in 
either the formation (III) of (5,6)-epoxy- or (5,8)-furanoid functionalized astaxanthins 
or in the formation (II) of apo-astaxanthin ketones and aldehydes (16). Disruption of 
the fatty acid ester bond (IV) does not lead to immediate discolouration of 
astaxanthin. In previous work (17), we showed that the ester bond was hardly 
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disrupted by light-accelerated autoxidation resulting in the formation of fatty acid 
esterified apo-astaxanthins. In addition to this, the different reactions I-IV might 
follow upon each other (not depicted). To conclude, it can be hypothesized that it is 
unlikely that fatty acid esterification at the 3- and 3’-OH position influences cleavage 
of the CDBs of the chromophore moiety.  

In this study, we report on the effect of fatty acid esterification on the colour 
and all-trans-astaxanthin stability. Light-accelerated autoxidation is employed for 
degradation of the various types of astaxanthin in hexane. For colour stability, 
spectrophotometry at the max of all-trans-astaxanthin is used and the different 
degradation products were monitored in time by UHPLC-PDA-ESI-MS. Both methods 
are compared and colour loss is related to the actual composition of the treated 
samples. 

MATERIALS AND METHODS 

Materials 
All-trans retinal (≥98% w/w) was purchased from Sigma-Aldrich (St. Louis, MO, USA), 
(rac.)-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 
acetonitrile (≥99.9% w/w), water containing 0.1% (v/v) formic acid (99% w/w), 
LC/MS grade ethyl acetate (99.8% w/w), LC grade n-hexane (95% 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).  

Preparation of carotenoid stock solutions 
Apo-12’-astaxanthinal, retinal, free astaxanthin, astaxanthin monopalmitate and 
astaxanthin dipalmitate were separately dissolved in chloroform. The concentrations 
of all stock solutions were determined spectrophotometrically in hexane:chloroform 
(minimum 98% v/v n-hexane). Astaxanthin concentrations were determined at 470 
nm using the absorption coefficient A  of 2100 L g-1 cm-1 (18). For astaxanthin 
monopalmitate and dipalmitate the concentrations determined were subsequently 
corrected for the difference in molecular weight, yielding values of A  1501 and 
1167 L g-1 cm-1, respectively. It is assumed that the fatty acid moiety had no influence 
on the molar extinction coefficient. For apo-12’-astaxanthinal and retinal, 
concentrations were determined at 421 nm and 368 nm, respectively, using 
absorption coefficients of 2276 (19) and 1690 L g-1 cm-1 (18). 
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Light-accelerated autoxidation 
Astaxanthin (ester) solutions (1.5 mL) were subjected to light-accelerated 
autoxidation in quartz cuvettes (type 114-QS, Hellma Analytics, Müllheim, Germany). 
The cuvettes were closed and a headspace of approximately 50 μL containing 
atmospheric air was left. The cuvettes were incubated with their transparent side 
facing upwards towards the illumination source of a Suntest XLS+ (Atlas MTS, Chicago, 
IL, USA) equipped with a 1700 W Xenon Arc lamp and window glass filter. No air was 
present between the carotenoid liquid and the inner transparent side of the cuvette. 
The irradiation energy was set to 30 ± 1.1 W m-2. The black standard temperature 
(sensor) (TBST) was used to control the liquid temperature in the cuvettes. The TBST 
could be set in a range of 45 – 80 ⁰C (± 2 oC) at an irradiation of 30 W m-2. Obviously, 
the TBST did not reflect the actual experimental temperature (Texp). To measure the 
Texp precisely, a 10 mL vapour-tight capped reference vial filled with solvent (3 mL) 
and similar astaxanthin concentration was used to monitor Texp, which was 55.4 ± 0.7 
oC, referred to as 55 oC throughout this work. The Texp was monitored during the 
degradation with a digital HI 935005 K-type waterproof thermocouple thermometer 
(Hanna Instruments, Smithfield, RI, USA) equipped with a HI 776E1 general purpose 
thermocouple probe (resolution 0.1 oC, 20 oC ± 0.2% deviation). 

Colour loss experiments 
Monitoring of colour loss by UV-Vis spectrophotometry (470 nm) was performed by 
diluting stock solutions of free astaxanthin, astaxanthin monopalmitate and 
astaxanthin dipalmitate in n-hexane to 10.1 , 9.5, and 8.0 μM, respectively, measured 
by spectrophotometry. Subsequently, fourteen cuvettes were filled (1.5 mL) with a 
single type of astaxanthin. Absorbance of the solutions in cuvettes was measured at t = 
0 after which they were incubated in the Suntest XLS+. Absorbance of all samples was 
measured at t = 15 and subsequently at 60 min intervals (t = 60 - 420 min). For every 
time point, two cuvettes were taken from the Suntest XLS+ and subsequently samples 
from these cuvettes were pooled and evaporated to dryness under a stream of 
nitrogen prior to UHPLC analysis. 

RP-UHPLC-PDA-ESI-IT-MS analysis of astaxanthin (esters) and degradation 
products 
Separation and identification of carotenoid degradation products was carried out 
using a Thermo Accela UHPLC system (Thermo Scientific, San Jose, CA, USA) equipped 
with pump, degasser, auto sampler and photo diode 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 on an Aquity UPLC BEH Shield RP18 
column (2.1 x 150 mm, 1.7 μm particle size; Waters, Milford, MA, USA) fitted to a 
Vanguard pre-column (2.1 x 5 mm, 1.7 μm particle size; Waters).  The flow rate was 
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300 μL min-1, operated at 23 oC. The eluents used were: 1% (v/v) acetonitrile in 
millipore water (A), acetonitrile (B) and ethyl acetate (C), all containing 0.10% (v/v) 
formic acid. The elution program 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; 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 nm, 370 ± 0.5 nm 
and 450 ± 0.5 nm. Data were recorded at 10 Hz. The response of the PDA detector was 
found to be linear in a concentration range of  0.07-6.51 μM for free astaxanthin, 0.07-
30.96 μM for astaxanthin monopalmitate, 0.03-13.60 μM for astaxanthin dipalmitate, 
0.14-68.65 μM for retinal, and 0.03-17.30 μM for apo-12’-astaxanthinal, with a 
minimum R2 of 0.996. 

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 retinal 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). Temperature of the 
ion transfer tube was 450 oC 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 co-
eluting apo-astaxanthins. 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). 

Quantification by RP-UHPLC-PDA 
Based on molar extinction coefficients reported for β,β-carotene and its β-
apocarotenoids (18, 20, 21), a linear correlation was established between the number 
of carbon-carbon CDBs and the molar extinction coefficient at max (R2 = 0.986, Figure 
S1, Table S1). For astaxanthin, εmol was assumed to correlate in a similar way to the 
number (n) of carbon-carbon CDBs (εmol = 12525n – 12021, R2 = 0.998).  This 
correlation was calculated using the values reported for apo-8’- and apo-12’-
astaxanthinal (19) and all-trans astaxanthin (18). The molar extinction coefficients for 
the apo-astaxanthins are shown in Table 1. The aldehyde and ketone CDBs of the β-
apocarotenoids were not included in this model, because correlation between the 
calculated εmol values and the reported εmol values for β,β-carotene and β-
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apocarotenoids was found to be lower, than when these were accounted for. For 
astaxanthin, the C4 and C4’ carbonyl groups were also omitted. For cis- and all-trans-
astaxanthin an average εmol was determined from all three astaxanthin species used in 
this study. An average of at least 10 PDA UV-Vis-spectrum scans were used for 
calculations.  The UHPLC calibration of apo-12’-astaxanthinal was used to quantify all 
apo-astaxanthins at their absorption maximum after correction with their 
corresponding calculated εmol values at max. The wavelengths at which the apo-
astaxanthin peak areas were determined are at their respective max values. Epoxy-
apo-9-astaxanthinone was determined using the εmol of apo-9-astaxanthinone at 270 
nm. The cis-astaxanthins were quantified with the all-trans-astaxanthin calibration 
curve after correction with their corresponding εmol (19). Finally, the UV-Vis 
absorption spectra from the UHPLC-PDA of the cis- and apo-astaxanthins (not shown) 
were used to calculate their εmol values at 470 nm (Table 1). 

Table 1. Calculated εmol values for apo-astaxanthins based on their number of CDBs and reported 
εmol values for intact astaxanthins. 

aReported values at max (19). bPreviously determined (17). cActual λmax is 260 – 270 nm. 
dValues rounded off. eAverage εmol value for apo-astaxanthins determined from the free and 
the palmitate ester form. 

 

 

 

Compound 
 

max (nm)b Estimated εmol 

(L mol-1 cm-1) at max 
d 

Estimated εmol 

(L mol-1 cm-1) at 470 nm d,e   
All-transa 470 125100 125100 

    
9-cisa 466 158000 157700 

13-cisa 462 88100 88900 
Apo-8' 461 100700 101700 

Apo-10' 449 88200 74600 
Apo-12' 430 75650 33450 
Apo-14' 398 63100 4600 
Apo-15 377 50600 0 
Apo-13 340 38000 0 
Apo-11 314 25550 0 
(Epoxy-)  

Apo-9 
 

270c 
 

13000 
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RESULTS 

Reactions occurring upon light-accelerated autoxidation by RP-UHPLC-PDA-MS 
analysis 
To understand the influence of the fatty acid ester during degradation upon light-
accelerated autoxidation, RP-UHPLC separation in combination with tandem mass 
spectrometry was applied to assess the reaction products of degradation reactions I – 
IV (Figure 1). Furthermore, the degradation of the three carotenoid species and the 
accumulation of individual reactions products were quantified, in order to relate the 
individual and cumulative contribution to the absorption at 470 nm measured 
spectrophotometrically. The RP-UHPLC method was designed to analyse both non-
esterified (or ‘free’) and palmitate esterified degradation products in a single 
chromatographic run (17). As an example, a selection of chromatograms from the 
degradation of astaxanthin monopalmitate at 55 oC is depicted in Figures 2 and 3. 
Conversion of the monoester resulted in a mixture of cis-trans geometrical isomers 
(M1-M3) (Figure 2A, Table 2). The two main isomers formed upon astaxanthin 
degradation were tentatively assigned as 9-cis- and 13-cis-astaxanthin on the basis of 
their UV-Vis absorption spectra (Figure 2B) and parent masses [M+H]+ (Table 2), as 
reported before (22). Similar findings were obtained with free astaxanthin (F1-F3) 
and astaxanthin dipalmitate (D1-D3) (chromatograms not shown). Also other 
geometrical isomers were formed, most likely 15-cis and di-cis variants (23). As they 
were solely found for the monoester and diester and were present in low quantities 
during the course of the degradation (<0.1 μM, max), they were not further 
considered. 

 
Figure 2. RP-UHPLC chromatograms of astaxanthin monopalmitate degradation at 55 oC in hexane. A 
All-trans- and cis-astaxanthin monopalmitate at 450 nm. B Absorption spectra of all-trans- (M1), 9-
cis- (M2) and 13-cis- (M3) astaxanthin monopalmitate. Data for annotation are provided in Table 2. 
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Figure 3. RP-UHPLC chromatograms of astaxanthin monopalmitate degradation at 55 oC in hexane. A 
to F Free apo-astaxanthins (annotated with ‘F’), apo-astaxanthin palmitate ester (annotated with ‘E’) 
and epoxy-apo-astaxanthin palmitate ester (annotated with ‘EE’). Apo-astaxanthins at 280 nm (A-B), 
370 nm (C-D), 450 nm (E-F). Data for annotation are provided in Table 2. 

Annotation of the CDB cleavage products resulting from autoxidation was 
performed following a similar strategy combining retention time, UV-Vis absorption 
spectra and parent masses. Autoxidation of astaxanthin monoester led to the 
formation of free apo-astaxanthins (F4-F11) and apo-astaxanthin palmitate esters 
(E4-E11) (Figure 3, Table 2), which were detected at 280, 370 and 450 nm. It should 
be noted that apo-astaxanthins formed from fatty acid esterified astaxanthins kept 
their fatty acid moiety upon formation of their respective aldehydes or ketones. The 
fatty acid moiety was confirmed by MS2 fragmentation yielding the typical neutral 
losses (238 and 256 Da) associated with palmitate esterified apo-astaxanthins, which 
has been shown previously (17). The apo-astaxanthin backbones found were the 
ketones apo-9- and apo-13-astaxanthinone and the aldehydes apo-11-, apo-15-, apo-
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14’-, apo-12’-, apo-10’- and apo-8’-astaxanthinal. The formation of apo-7-astaxanthinal 
and its palmitate ester was not detected, probably due to either the volatile properties 
of the non-esterified form or the lack of a PDA response for the fatty acid esterified 
form, at the wavelengths set. 

Formation of intact astaxanthin epoxides occurred, although quantification 
was difficult due to co-elution with a plethora of other compounds, similar as reported 
before (17). Nevertheless, a reaction product resulting from combined CDB cleavage 
and epoxidation (5,6-epoxy or 5,8-furanoid), epoxy-apo-9-astaxanthinone palmitate 
ester (EE4, Figure 3B), was found. The free epoxy-apo-9-astaxanthinone was not 
found. Also the de-esterification reaction occurred, yielding either free astaxanthin or 
astaxanthin monopalmitate. As the ester bond was hardly affected by the autoxidation 
process, the formation of free astaxanthin, from both monoester or diester 
astaxanthin, was found to be below the linear limit of detection over the entire time 
range (<1% of starting material). This was also the case for monopalmitate 
astaxanthin formation upon dipalmitate astaxanthin degradation.  

All-trans-astaxanthin degradation rates and total accumulation of degradation 
products 
The degradation rates (k) of free astaxanthin, astaxanthin mono- and astaxanthin 
dipalmitate in n-hexane were calculated using two methods (Table 3). All degradation 
rates were found to obey zero order kinetics. The k-values found with method 1 
represented the rate of astaxanthin colour loss at 470 nm. The A470 could be converted 
to k-values for all-trans astaxanthin degradation when the assumption was made that 
the complete signal at 470 nm belonged to the residual all-trans-astaxanthin. Using 
method 1, no clear effect of esterification on k-values was observed. However, when 
the composition of the samples after astaxanthin treatment was assessed, it appeared 
that many degradation products were likely to contribute to the A470 (Table 1 and 
Figure 4). As the amount of all-trans-astaxanthin decreased over time, the reaction 
products resulting from cis-isomerization (I) (9-cis- and 13-cis-astaxanthin) increased 
rapidly after initiation of the reaction, and subsequently decreased upon further 
degradation. The CDB cleavage reaction products (II) remained constant over time 
(apo-8’- to apo-11’-astaxanthinal and apo-13-astaxanthinone), with the exception of 
apo-9-astaxanthinone, which showed an increase. Also the epoxidized form of 
palmitoyl apo-9-astaxanthinone accumulated for astaxanthin monopalmitate and 
dipalmitate (II + III). Therefore, it can be concluded that assumptions made with 
method 1 did not reflect reality. It was unexpected to observe compounds other than 
all-trans-astaxanthin at t = 0. This might be explained by observations made by others 
indicating that cis isomerisation can occur spontaneously upon dilution of the  
astaxanthin stock solutions in n-hexane (14). Furthermore, occurrence of CDB  
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Table 3. Zero order degradation reaction rate constants of all-trans-
astaxanthin with different degree of fatty acid esterification determined by 
UV-Vis absorption at 470 nm and RP-UHPLC-PDA. 

Typea Method 1b Method 2c 
A470 
k ± SDd  x 
10-3 
(A470 min-1) 

All-trans 
k ± SDd  x 
10-3 
(μM min-1) 

 
R2 

UHPLC 
All-trans k x 
10-3 
(μM min-1) 

 
R2 

F 
M 
D 

1.96 ± 0.09 16.4 ± 0.7 0.99 18.3 0.97 
1.99 ± 0.03 16.6 ± 0.2 0.99 16.5 0.97 
1.95 ± 0.01 15.4 ±0.1 0.98 11.2 0.96 

aF, free astaxanthin; M, astaxanthin monopalmitate; D, astaxanthin 
dipalmitate. bDetermined from t = 15 min to t = 420 min. cDetermined from t 
= 60 min to t = 420 min  dSD, standard deviation. 

 
Figure 4. Total all-trans astaxanthin, cis-astaxanthins (type I reaction), apo-astaxanthin (type II 
reaction) and epoxy-apo-9-astaxanthin palmitate ester (type II + III reactions) content measured by 
RP-UHPLC-PDA in time at 55 oC. F, free astaxanthin; M, astaxanthin monopalmitate; D, astaxanthin 
dipalmitate. 

cleavage products at t = 0 might be related to minor impurities from astaxanthin 
synthesis (24), or as a result of sample processing or storage. 

As some reaction products had a maximum absorption wavelength and molar 
extinction coefficient quite similar to that of astaxanthin (Table 1), their contribution 
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to colour (A470) could be substantial. As a result of this, the actual degradation of all-
trans-astaxanthin might be underestimated. Calculating the k-value of all-trans-
astaxanthin degradation by assessment of UHPLC peak areas as in Figure 2A (method 
2) avoided this problem. Now, the k-values reflected an increase in all-trans-
astaxanthin stability with esterification, a trend also reported by others in 
hydrophobic solvents (6-8). Thus, the A470 measured spectrophotometrically did not 
reflect the actual conversion of all-trans-astaxanthin.  

Cis-trans isomerisation (I)  
An increase of the concentration of cis-astaxanthins occurred rapidly, followed by a 
linear decrease of the cis-isomers as they were further degraded (Figure 5), obeying 
zero order degradation kinetics (data not shown). The 13-cis isomer formation was 
clearly more favoured than that of 9-cis. Similar observations have been made for free 
astaxanthin in other organic solvents (14). The levels of 13-cis isomer found after 60 
min represented 15, 29 and 19 % (w/w) of the all-trans free astaxanthin, 
monopalmitate and dipalmitate starting quantities, respectively. The highest level of 
the 9-cis isomer was found for free astaxanthin and was equivalent to 8% (w/w) of the 
quantity of the parental all-trans form. For astaxanthin monoester and diester 9-cis 
  

Figure 5. Concentrations of 9-cis-astaxanthin (A) and 13-cis-astaxanthin (B) during the course of 420 
min of light-accelerated autoxidation in hexane at 55 oC measured by UHPLC. Free cis-astaxanthin  
( ), cis-astaxanthin monopalmitate   ( ), cis-astaxanthin dipalmitate ( ). 

isomers, these values were 6 and 8 % (w/w), respectively. The molar ratios of 9-cis : 
13-cis after 60 min were 1 : 1.7 (free), 1 : 4.8 (monopalmitate) and 1 : 2.6 
(dipalmitate). During the course of degradation, absolute differences in both 9-cis and 
13-cis concentrations became smaller between the different types of astaxanthin. The 
13-cis isomerisation was especially favoured by the asymmetrical monoester. Due to 
this asymmetry, both the 9- and 9’-cis isomer, as well as the 13- and 13’-cis isomer can 
potentially be formed, but RP-UHPLC analysis did not show separate 9-, 9’-, 13- and 
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13’-cis peaks. So, either co-elution occurred or only one of the two possible cis isomers 
was formed. Remarkably, the extents of both 9-cis and 13-cis isomer formation were 
highly dependent on the fatty acid substitution. 

CDB cleavage (II) and epoxidation (III) 
The oxidation products that showed the most distinct increase in concentration were 
apo-9-astaxanthinone and epoxy-apo-9-astaxanthinone (Figures 4 and 6). The apo-9-
astaxanthinone was in its free from, in both free and fatty acid ester form, and in the 
fatty acid ester form, when derived from free astaxanthin, astaxanthin monopalmitate 
and astaxanthin dipalmitate, respectively. After 420 min, concentrations reached 
maximum values of 12 % (free astaxanthin), 23 % (monoester) and 36 % (diester) 
(mol/mol) of its starting all-trans astaxanthin parent. This was 5 - 20 fold higher than 
that of any other apo-astaxanthin detected. Also the epoxy palmitate ester form of 
apo-9-astaxanthinone was found. The diester formed approximately twice as much of 
the epoxy-apo-9-astaxanthinone palmitate as the monoester. This might be explained 
by the fact that degradation of the diester will result in two epoxy-apo-9-
astaxanthinone palmitates and the monoester into one. The free form of epoxy-apo-9-
astaxanthinone was not observed. The prominent accumulation of apo-9-carotenones, 
and epoxide forms thereof, were also observed in several studies comprising 
astaxanthin and β,β-carotene (15, 16, 25).  

 
Figure 6. Formation of apo-9-astaxanthinone forms (A) and epoxy-apo-9-astaxanthinone forms (B) 
during light-accelerated autoxidation in hexane at 55 oC. For the monoester, non-esterified apo-9-
astaxanthinone and apo-9-astaxanthinone palmitate were summed. (Epoxy)-Apo-9-astaxanthinone 
was derived from free astaxanthin ( ), astaxanthin monopalmitate ( ), astaxanthin dipalmitate 
( ). 

The apo-11, apo-13, apo-15 and apo-14 oxidation products only accumulated 
until 240 or 300 min (Table 4). After that, concentrations were reduced or remained 
constant probably due to exhaustion of the parent material. The apo-12’, apo-10’ and 
apo-8’-astaxanthinals did not show a distinct increase or decrease in concentration 
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during the course of degradation. Attachment of fatty acids did not influence the CDB 
cleavage in the polyene backbone. All CDBs were found to be subjected to cleavage as 
was shown before (16, 17, 26). The constant occurrence of low amounts of apo-11- to 
apo-8’-astaxanthins indicated that rapid cleavage of the first CDB was followed by 
further autoxidation to smaller apo-astaxanthins (Figure 4 and Table 4). 

Table 4. Changes in concentrations of apo-astaxanthinals and –ones during light-
accelerated degradation of astaxanthins in hexane at 55 ⁰C from t = 60 min onwards.  
Apo-astaxanthin Cmax (μM)a F M D 
Apo-9-astaxanthinone 2.3 + + + 
Epoxy-apo-9-astaxanthinone 1.8 N.D. + + 
Apo-11-astaxanthinal 0.2 + (300, −) • + 
Apo-13-astaxanthinone 0.2 + (240, •) + (240, •) • (240, −) 
Apo-15-astaxanthinal Traceb + (240, •) + (240, •) − 
Apo-14’-astaxanthinal Trace b + (300, •) + (240, •) − 
Apo-12’-astaxanthinal 0.4 − − • (420, −) 
Apo-10’-astaxanthinal Traceb + + (240, −) − 
Apo-8’-astaxanthinal Trace b + − − 
F, free astaxanthin; M, astaxanthin monopalmitate; D, astaxanthin dipalmitate. 
Symbols indicate increasing (+), decreasing (−), or constant (•) concentration 
observed over time. Numbers and symbols between brackets indicate changes in 
trend after a specific time point. Apo-astaxanthins were in their free form, in both 
free and fatty acid ester form, and in the fatty acid ester form when derived from F, 
M and D, respectively. aCmax expresses the maximum concentration of the concerning 
apo-astaxanthin observed. b<LOD, maximum values obtained estimated in the 0.1 
μM range. 

DISCUSSION 

Spectrophotometric monitoring of colour loss and UHPLC analysis of 
astaxanthins compared 
The use of UV-Vis spectrophotometry is a rapid and simple method for determining 
the colour loss of astaxanthin (esters) upon exposure to light-accelerated 
autoxidation. Similarly, reports on the degradation of carotenoids monitored by 
colour loss showed excellent reproducibility by colour determination (Hunter/CIELAB 
colour e.g. (27)) and spectrophotometric measurements (absorbance at a specific 
wavelength e.g. (11)). Cleary (Table 3), the colour loss rates for the three forms of 
astaxanthins was not influenced by the degree of fatty acid esterification. However, 
our results indicated that the UV-Vis measurements alone did not reflect the actual 
conversion of the parental all-trans-astaxanthin, as many degradation products with a 
substantial absorption at 470 nm were formed (Figure 4). By monitoring the actual 



 
 
Chapter 6 

 

138 
 

conversion of all-trans-astaxanthin for the free, the monoester, and the diester type 
with UHPLC-PDA, it was shown that astaxanthin stability increased with esterification. 
Conclusions concerning the influence of the fatty acid ester on the stability of the all-
trans-astaxanthin should, therefore, not be drawn based on UV-Vis 
spectrophotometry. 
 

Figure 7. Comparison of the colour loss at 470 nm (55 oC) by spectrophotometry (indicated by   ) 
and the contribution of all-trans-, cis-, and apo-astaxanthins to the cumulative absorption at 470 nm 
of the individual peaks, measured by RP-UHPLC-PDA (bars). 
 

To support the above statement, the contribution of all-trans- and cis-
astaxanthins and apo-astaxanthins to the total absorption at 470 nm (55 oC) was 
calculated (Figure 7). By summing the A470 signal of various peaks obtained with 
UHPLC, combined with the calculated εmol of the degradation products at 470 nm 
(Table 1), the A470 found by spectrophotometry could be (partially) reconstructed. For 
the reconstructed A470 values, a trend can be observed, i.e. for free astaxanthin an 
overestimation was found compared to the A470 spectrophotometric measurements, 
whereas for monoester and diester the values matched or were an underestimation, 
respectively. We do not have an explanation for this. Typically, the free astaxanthin 
yielded relatively more 9-cis than 13-cis, compared to its esterified forms. The 9-cis-
astaxanthin (ε466 = 157,700 and ε470 = 158,250 L mol-1 cm-1) has a higher molar 
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extinction coefficient than all-trans-astaxanthin (ε470 = 125,100 L mol-1 cm-1) and 13-
cis-astaxanthin (ε462 = 88,100 and ε470 = 88,900 L mol-1 cm-1). With its higher molar 
extinction coefficient than that of all-trans-astaxanthin, formation of 9-cis astaxanthin 
might partially compensate the colour loss induced by conjugated double bond 
cleavage in the parental all-trans-astaxanthin. This might explain, to some extent, the 
similarity in k-vales for the degradation of the three types of astaxanthin obtained 
with spectrophotometric measurements. Formation of 13-cis-astaxanthin is less 
favourable in terms of colour (or A470) retention. Larger apo-astaxanthins (Table 1, 
apo-8’ to apo-14’) also absorb at 470 nm, and will contribute to the A470, albeit 
minimally due to their low concentrations. Concluding, esterification enhanced the 
stability of all-trans-astaxanthin, but this effect only becomes apparent by detailed 
compositional analysis of astaxanthin degradation products. 

Mechanism behind enhanced stability of esterified astaxanthins 
Most striking in the compositional analysis of reaction products derived of all-trans-
astaxanthin was the observation that the fatty acid ester influenced the formation of 
the cis geometrical isomers. For free astaxanthin after 60 min at 55 oC, 23% (w/w) of 
the original all-trans astaxanthin was converted into the 9- and 13-cis geometrical 
isomers, whereas for the monopalmitate and dipalmitate this was 34 % and 28 % 
(w/w), respectively. Especially the formation of 13-cis from astaxanthin 
monopalmitate (29% (w/w)) stood out compared to the free and dipalmitate form 
(15% and 19% (w/w), respectively) (Figure 5). The formation of carotenoid cis 
geometrical isomers is generally believed (15) to proceed via a carotenoid singlet 
biradical and involves subsequent rotation on one of the CDBs (Figure 8). It remains  
unclear why esterification with one palmitic acid increased rotation around one of the 
13-14 CDBs. 

 
Figure. 8 Formation of the 13-cis and 13’-cis geometrical isomers of astaxanthin monopalmitate via 
the carotenoid biradical.  
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 With respect to CDB cleavages, esterification of astaxanthin with fatty acids 
did not seem to alter the pattern of apo-astaxanthins formed, as evidenced by the 
similar accumulation of (epoxy-)apo-9-astaxanthinones (Figure 6) and that of the 
other apo-astaxanthins (Table 4). Interestingly, the apo-9-astaxanthinone and its 
epoxide variant were clearly more resistant towards further degradation than the 
other apo-astaxanthins measured. They probably served as an apo-astaxanthin ‘sink’ 
before further autoxidation will degrade them into structures, which are no longer 
reminiscent of astaxanthin. Due to their keto functionalization, the reactivity of the 
(epoxy)-apo-9-astaxanthinones was lower compared to that of the aldehydes.  
Furthermore, larger apo-astaxanthins in general do not accumulate, as they are more 
rapidly degraded and subsequently result in additional amounts of smaller apo-
astaxanthins (15). The question arises if one of the CDBs might be indicated as the 
weakest link or if CDB scissions were random. Several propositions on the first 
cleavage site in the polyene tail have been made. It has been proposed that the 7-8 
CDB position was cleaved first, followed by subsequent progressive degradation of the 
backbone (28). A second theory indicated that the 13-14 CDB is most vulnerable to 
autoxidation in the case of astaxanthin (16). As constant levels of all apo-astaxanthins 
were found, with the exception of (expoxy)-apo-9-astaxanthinones, both theories are 
in principle possible. Interestingly, it has been suggested that cis-astaxanthins are less 
stable than all-trans-astaxanthin, and that the position of the cis-bond affected the 
stability in a rather unpredictable way (29). Besides affecting colour intensity as a 
result of different molar extinction coefficients of the various geometrical isomers, cis-
trans isomerisation also seems to affect the sensitivity to cleavage of certain double 
bonds in the polyene chain. Thus, it seems as if both reactions I and II can be 
influenced by esterification with fatty acids: reaction I directly, as esterification affects 
the ratio between geometrical isomers, reaction II indirectly, as cleavage of certain 
geometrical isomers seems to be preferred.  
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SUPPLEMENTARY INFORMATION 

 
Figure S1. Correlation between the number of carbon-carbon CDBs 
(conjugated double bonds) and their εmol for β,β-carotene (○, dashed 
line) and astaxanthin (  continuous line) with correlation 
coefficients R2=0.986 and R2=0.998, respectively. 

Table S1. Maximum absorption ( max) with accompanying 
molar extinction coefficients (εmol) for β-apo-carotenoids  
and β,β-carotene (18, 20, 21). 
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CDB 

max (nm) εmol 

(L mol-1 cm-1) 
Apo-9 2 295 9450 

Apo-11 3 350 24000 
Apo-13 4 N.A. N.A. 
Apo-15 5 368 48000 
Apo-15 5 383 42800 
Apo-14' 6 N.A. N.A. 
Apo-12' 7 414 75600 
Apo-10' 8 435 82300 
Apo-8' 9 457 109800 
β,β-car 11 450 139000 
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As described in Chapter 1, the research in this thesis was aimed at understanding the 
influence of fatty acid esterification on stability of astaxanthin and the kind of 
degradation products formed. For this, hyphenated analytical methodologies were 
developed. Two main techniques were in the centre of the analytical arena: (i) MALDI-
TOF/TOF-MS, for the analysis of complex astaxanthin ester mixtures in Chapter 2 and 
(ii) UHPLC-PDA-ESI-MS, for extensive exploration of the carotenoids (esters) in 
Chlorella zofingiensis in Chapter 3, apo-astaxanthins (esters) in Chapters 4 and 6, and 
oxidation products of biliverdin, as an additional microalgal pigment, in Chapter 5. 
This chapter discusses the major findings of this thesis and extrapolates these in order 
to address the prospects and limitations of the use of hyphenated analysis techniques 
in carotenoid research. Furthermore, it evaluates the validity of research on the 
stability of astaxanthin esters in model systems. 

HYPHENATED TECHNIQUES IN CAROTENOID AND TETRAPYRROLE ANALYSIS 

Sodiation as a tool for mass spectrometry of xanthophylls: curse or cure? 
The first main conclusion of this research was that in MALDI-TOF(/TOF)-MS analysis, 
sodiation simplifies parent mass spectra and fragmentation spectra of astaxanthin 
fatty acid esters, whereas it also improves the signal to noise (S/N) ratios (Chapter 2). 
For the astaxanthin monopalmitate esters the improvement in S/N ratio was more 
pronounced than for the dipalmitate esters. The fragmentation spectra in both ion 
trap (IT) and TOF/TOF fragmentation were simpler and became unambiguous for the 
identification of astaxanthin and its fatty acid ester forms. This advantage of obtaining 
simpler mass spectra from sodiated parent masses was also exploited upon ESI-IT-MS 
analysis in Chapter 3 to identify ketolutein fatty acid esters. A similar strategy in ESI-
IT-MS analysis was employed in Chapter 4, where MS2 spectra of sodiated parents of 
fatty acid esterified apo-astaxanthins were used as additional evidence for annotation, 
besides MS2 spectra of the protonated parents. (apo)-Astaxanthins and ketoluteins 
have keto groups at the C4 position(s) and hydroxyl groups at the C3 position(s) in 
common. This combination of substituents might, therefore, be very favourable for the 
formation of the sodiated adducts. Nevertheless, the following question arises: Would 
other xanthophylls with different end group substitutions also benefit from sodiation 
in mass spectrometry? 

In order to gain additional insight in this matter, as an additional experiment, 
a number of xanthophyll standards were analysed in a similar way as in Chapter 2. 
The spontaneous formation of [M+Na]+ without any pre-treatment (desalting) of 
(free) astaxanthin is immediately reflected by the high prevalence of m/z 619.3 
(Figure 1A). The xanthophylls echinenone (C4-keto, m/z 550.4), canthaxanthin (C4 
and C4’-keto, m/z 565.4) and lutein (C3 and C3’ –hydroxyl, m/z 568.4), all lacking the 
specific keto-hydroxyl configuration at the C3 and C4 positions, had clearly detectable 
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[M]+• or [M+H]+ parents.  Upon addition of sodium acetate, sodiated astaxanthin 
became the most abundant mass in this analysis window (Figure 1B). The other three 
xanthophylls were reluctant in forming sodiated parent masses. Furthermore, their 
parent [M]+• or [M+H]+  signals were (partially) suppressed, which was also observed 
in Chapter 2 for the mono- and dipalmitate astaxanthin [M]+•/[M+H]+ signals. These 
observations led to the conclusion that the specific end group substitution (C3 
hydoxyl and C4 keto) played a key role in the formation of sodium adducts. Hence, 
upon MALDI-TOF-MS analysis of an unknown sample, both direct analysis as well as 
addition of sodium acetate should be applied. 

 
Figure 1. Effect of sodiation on the parent mass formation of different xanthophylls by MALDI-TOF-
MS. A No pretreatment, B Addition of 0.1 mM sodium acetate. Echin, echinenone; Cantha, 
canthaxanthin; Lut, lutein; Asta, astaxanthin; P = . MALDI-TOF-MS analysis 
was performed as in Chapter 2. Standards were as in Chapter 3.  

Another extension of this sodiation concept would be the use of full sodiation 
of astaxanthin ester parents with LC-MS (ESI or APCI spray interfaces). In Chapters 2, 
3 and 4, sodium adducts were spontaneously formed, besides the more abundant 
protonated parents. To achieve this parent mass sodiation in LC-MS, either the ion 
house gasses should be adjusted or a volatile sodium salt should be added to the 
eluents of the LC apparatus. However, both options have disadvantages. First, the ion 
house gasses need to be dynamically adjusted, while the solvent composition is 
changing during elution. For most soft ionization MS devices, adjusting ion house 
gasses during analysis will disrupt the spray current, resulting in loss of MS signal. 
Hence, numerous MS tuning settings need to be adjusted during the analysis. The 
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second option, adding sodium to the eluents, is often undesirable because salt will 
crystallize on the spray nozzle or at the entrance (ion transfer tube) of the mass 
spectrometer. Although this second option has been performed before (1) with a 
volatile sodium salt, long-term effects on the condition of the equipment are not 
known.  

Combining in-line and off-line MS techniques for rapid profiling of carotenoids 
The second main finding (by UHPLC-PDA-ESI-MS analysis) was that C. zofingiensis 
produced ketolutein and its fatty acid esters upon nitrogen depletion (Chapter 3). The 
combination of LC and in-line MS proved to be an essential analytical technique to 
annotate ketolutein and its fatty acid esters as well as to determine its possible 
biosynthetic pathway. The combination of visible absorption spectra, parent mass and 
daughter ions provided sufficient information to exclude possible other carotenoid 
structures. The lutein R/S configuration was probably unchanged upon conversion to 
ketolutein, making this the 3S, 3’R, 6’R isomer better known as fritschiellaxanthin. 
Furthermore, UHPLC analysis showed that upon diphenylamine addition, the 
ketolutein and the primary carotenoids were not affected, whereas the levels of 
secondary β,β-carotene derivatives decreased. The use of LC-MS techniques to obtain 
quantitative information is essential for modelling the fluxes through the biosynthetic 
pathways of the pigments in microalgae. Although daily LC analysis of reactor samples 
is possible, usually the samples of several days are collected. In this way an efficient 
LC-MS experiment can be carried out taking into account the set-up of an LC-MS 
experiment. UV-VIS analysis does not suffice either. Although it is possible to estimate 
the total pigment accumulation by measuring the ratio of two optical densities at 450 
and 660 nm spectrophotometrically, this ratio is often insufficient for microalgae that 
accumulate a complex set of pigments with overlapping UV-Vis spectra. MALDI-TOF-
MS is more suitable for routine daily analysis, as analysis set-up is fast and analysis 
time is very short. The potential of MALDI-TOF-MS analysis for semi real-time 
monitoring has been enhanced by the development of direct MALDI-TOF-MS analysis 
of plant and algal cells in vivo (2, 3), thereby eliminating solvent-mediated extraction, 
which decreases total analysis time even more. Sodiation for enhancing the S/N ratios 
of astaxanthin and ketolutein (esters) might play a crucial role in semi real-time 
measurements. The ratios between carotenoid ester parent masses give an indication 
of the relative concentrations of the esters in the sample, assuming that ionization 
efficiencies of the different types of astaxanthin are equal (Chapter 2). Hence, MALDI-
TOF-MS might be used as a semi real-time analysis method for targeting individual 
carotenoids. 



 
 

General discussion 
 

149 
 

 
Figure 2. MALDI-TOF-MS analysis (DHB + 0.1 mM sodium acetate) of a crude chloroform extract of  
nitrogen depleted C. zofingiensis. A free xanthophyll range, B xanthophyll monoester range, C 
xanthophyll diester range. Ast: astaxanthin, Klut: ketolutein. MALDI-TOF-MS analysis was performed 
as in Chapter 2. Disruption and extraction (in singlo) of C. zofingiensis biomass was performed as in 
Chapter 3. 

Therefore, as an additional experiment, we demonstrated the use of MALDI-
TOF-MS on a carotenoid chloroform extract (without prior fractionation as in Chapter 
2) of late stage nitrogen depleted C. zofingiensis cells (Figure 2). Three analysis 
windows were chosen for free (m/z 530 – 630), monoesterified (m/z 830 – 890) and 
diesterifed (m/z 1090 – 1160) xanthophylls. The addition of 0.1 mM sodium acetate 
pushed both astaxanthin and ketolutein into their sodiated parents. In the C. 
zofingiensis extract a plethora of different masses appeared. Masses associated with 
chlorophylls a and b were not found. This was probably due to the late stage of 
nitrogen starvation, which resulted in the complete decay of chlorophylls. Free 
astaxanthin [M+H]+ and [M+Na]+ and ketolutein [M]+• (Figure 2A) could be swiftly 
annotated based on their parent masses. For ketolutein, no [M+Na]+ was found at m/z 
605, solely a slightly smaller m/z value of 604.8, which could be matrix related. The 
astaxanthin and ketolutein fatty acid esters (Figures 2B and C) were all annotated on 
the basis of their sodiated parent masses, with exception of the ketolutein diesters, 
which were probably present in trace amounts (Chapter 3). The other free 
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xanthophylls were not found upon using sodiation, as we commented in the previous 
section. Interestingly, the astaxanthin diesters were found without prior 
concentration. Quantification of carotenoids using MALDI-TOF-MS was demonstrated 
before (2). The method involved relative quantification of carotenoids by using 
internal carotenoid standards (e.g. isotope labelled or endogenous carotenoids). 
Although the development of this method requires additional ascertainment, this 
opens the opportunity for MALDI-TOF-MS to become a tool to monitor pigment 
accumulation or stress responses in algae semi real-time on a day-to-day or, if 
desirable, an hour-to-hour basis. This enables researchers to adjust experimental 
settings if necessary before the run-out is completed. Furthermore, it can be 
envisioned that the knowledge obtained in off-line MS techniques can be extended to 
other applications (e.g. food matrices, higher plants). Evidently, when unknown 
samples are assessed, LC analysis for initial determination of the exact qualitative 
pigment composition remains a prerequisite prior to MALDI-TOF-MS application. 

The use of chemical derivatization for additional ascertainment of functional 
groups 
The third main conclusion is that mild (light-accelerated autoxidation) and harsh 
(hypochlorite bleaching) oxidation of mono- and dipalmitate astaxanthins resulted in 
the formation of palmitoyl apo-astaxanthin aldehydes and ketones (Chapter 4). The 
LC-MS technique was crucial to (i) establish the correct apo-astaxanthin and (ii) the 
fatty acid ester substitution. Non-esterified apo-astaxanthinals and –nones were 
formed upon degradation of free and monopalmitate astaxanthins. For light-
accelerated autoxidation, the apo-astaxanthins detected had 3 (apo-9) to 10 (apo-8’) 
conjugated double bonds (CDB), whereas for hypochlorite bleaching this apo-
astaxanthin set was more restricted. Furthermore, the fatty acid ester was found to be 
hardly affected by light-accelerated autoxidation, resulting in trace amounts of free 
and monopalmitate astaxanthin upon dipalmitate degradation. For hypochlorite 
bleaching, fatty acid ester scissions were more frequent. This was observed by the 
formation of free apo-astaxanthins upon astaxanthin dipalmitate degradation. 
  Additionally, hypochlorite bleaching was of interest because of the relatively 
high formation of epoxide-apo-9 and 13-astaxanthinones. However, mass 
spectrometric data could not distinguish between a 5,6-epoxide or 5,8-furanoid 
configuration. This was in contrast with Chapter 3, where MS2 fragmentation in 
combination with UV-Vis spectra was sufficient for ascertainment of ketolutein. To 
gain additional insight in the epoxide group configuration in Chapter 4, chemical 
derivatization was used (4). It was shown (Chapter 4) that this tool was not always a 
guarantee for an indisputable conclusion on epoxide groups in the case of apo-
astaxanthins. In the case of ketolutein, when the hyphenated analytical techniques 
used would not have provided the diagnostic information, application of chemical 
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derivatization for end group characterization by sodium borohydride (NaBH4) could 
have been a possible strategy. Recently, the occurrence of ketolutein (esters) in other 
green algal species (H. pluvialis, S. rubescens and C. reinhardtii) was reported (5). In 
that research the identification of ketolutein was performed by comparing the UV-Vis 
spectra with literature values. As additional proof, NaBH4 reduction of the C4 carbonyl 
was performed, resulting in 4-hydroxylutein, which had an increased spectral fine 
structure, resembling lutein (Figure 3) (6). As a comparison, (incomplete) reduction 
of astaxanthin containing two carbonyls resulted in idoxanthin and crustaxanthin. 

Figure 3. NaBH4 reduction of ketolutein and astaxanthin to their respective hydroxylated 
carotenoids. R/S configuration was not regarded here. Adapted from (5). 

Impact of biliverdin light-accelerated autoxidation on phycobiliproteins 
A fourth conclusion is that also tetrapyrrole pigments derived from microalgae were 
susceptible to light-accelerated autoxidation (Chapter 5). Following a similar strategy 
as in Chapter 4, it was shown that the methine bridges in biliverdin were susceptible 
to scission. By combining UV-Vis, [M+H]+, MS2 and MS3 data gained from UHPLC-PDA-
ESI-MS analysis and in silico degradation, propionic acid functionalized pyrroles could 
be tentatively assigned. This analytical setup was, therefore, also suitable to analyse 
tetrapyrrole degradation products.  Furthermore, it can be hypothesized that similar 
as for fatty acid esterified astaxanthin (Chapter 4), additional esterified decorations 
of a tetrapyrrole (e.g. an esterified phytyl tail as in chlorophyll a) are probably not 
disrupted. Additionally, these experiments suggest that autoxidation of the 
phycocyanobilin group of CPC can also occur when it is attached to the protein 
backbone. Therefore, as an additional experiment to Chapter 5, we exposed a 0.45 mg 
mL-1 CPCa solution in 50 mM sodium phosphate buffer pH 7.0 to light-accelerated 
autoxidation for approximately 7.15 h at a sample liquid temperature of 45 oC. A loss 
in CPC of 48% (w/w) was observed over the course of the degradation as analysed by 
spectrophotometry. Visually, turbidity was observed after approximately 4.5 h, 

ketolutein

NaBH4

4-hydroxylutein

NaBH4

astaxanthin

idoxanthin

crustaxanthin

NaBH4

______________________________________ 

aPhycopro C-phycocyanin from Spirulina platensis (A620/A280 = 4.68) was obtained from Prozyme (Hayward, CA, 
USA). CPC concentration was determined as in (7). 
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indicating protein denaturation. Summarizing, the phycocyanobilin tetrapyrroles are 
probably also susceptible to degradation, although it is unclear if this process 
precedes protein denaturation. 

COLOUR STABILITY OF ASTAXANTHIN IN MODEL SYSTEMS 

In Chapter 6, it was shown that the degree of esterification with palmitate positively 
influenced the all-trans-astaxanthin stability and modified its cis-trans equilibrium. It 
was demonstrated that spectrophotometric monitoring at 470 nm was not 
representative for the actual conversion of all-trans-astaxanthin to its degradation 
products as indicated by UHPLC-PDA. 

Light-accelerated autoxidation 
The method used for triggering and accelerating the autoxidation reactions 
throughout Chapters 4, 5 and 6, was light-accelerated degradation. Although only 
used at one temperature and one solvent in the experimental chapters, this equipment 
can be employed in a temperature range and with different solvents in order to assess 
temperature and solvent dependency of astaxanthin (or biliverdin) colour stability. In 
order to do so, a number of parameters of the equipment need to be adjusted, prior to 
measurements. Controlling the liquid temperature in the cuvettes requires three 
temperature parameters, the black standard temperature (TBST), the target 
temperature (Ttarget) and the actual liquid temperature at which the experiment is 
performed (Texp). The Texp of the liquid in the cuvettes is controlled by TBST. The TBST 
can be set in a range of 45 – 80 ⁰C (± 2⁰C) at an irradiation of 30 W m-2. Obviously, the 
TBST does not reflect the actual Texp. To measure the Texp precisely, a 10 mL vapour-
tight capped reference vial is filled with solvent (3 mL) and a similar astaxanthin 
concentration has to be used to obtain a relationship between TBST and Ttarget. The Texp 
can be monitored during the degradation with a digital waterproof thermocouple 
thermometer with a thermocouple probe as in Chapter 6. When doing so, it is shown 
that the TBST and the Ttarget had a linear relationship (R2 = 0.987) (Figure 4). The Ttarget 
can subsequently be used for every solvent to set the appropriate TBST, which resulted 
in the desired Texp. In conclusion, the Texp was solvent dependent and, therefore, for 
each solvent a slightly different equilibrium value was reached (Table 1).  

Impact of solvents and temperature on colour loss 
As discussed in Chapter 1, stability measurements of astaxanthins have been 
performed in a different solvents. In the previous chapters no comparison of the effect 
of solvents was made. As an additional experiment, we here report on the effect of 
solvents on the colour stability of astaxanthin and its palmitate fatty acid esters, in 
hexane, iso-propanol, ethanol, 75% (v/v) aqueous ethanol and glyceryl trioleate by 
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monitoring colour loss at 470 nma. The kinetic experiments were based on the 
following considerations. A relatively large difference in absorbance was found 
between t = 0 min to t = 15 min, which was attributed to equilibration and warming 
up of the solvent. Linear regression was, therefore, performed using t = 15 min as the 
start. Absorbance values lower than 0.100, the lower limit of the linear range of the 
spectrophotometer, were excluded. For regression an equation of  was 
used. A comparison of  and  showed that the former correlated 
better to the measured data (data not shown). Correlation coefficients (R2) for 0th and 
1st order kinetics were found to be very similar in most cases (e.g. 0th order R2 ranges: 

 
Figure 4. Relation between black standard temperature (TBST) of 
the Suntest XLS+ and temperature of a reference (Ttarget) of free 
astaxanthin in ethanol at an irradiation energy of 30 W m-2 with a 
correlation coefficient of R2 = 0.987. 

Table 1. Targeted temperatures and actual liquid temperatures measured in the reference vial after 
t = 15 min, minimal amount of temperature measurements is n = 8. 
Ttarget (

oC) Texp Hexane 
± SE (oC) 

Texp Ethanol 
± SE (oC) 

Texp Iso-
propanol 
± SE (oC) 

Texp 75% (v/v) 
Ethanol ± SE 
(oC) 

Texp Glyceryl 
trioleate 
± SE (oC) 

38.0 37.0 ± 0.1 36.6 ± 0.1 37.6 ± 0.1 37.7 ± 0.1 40.7 ± 0.1 
45.0 45.2 ± 0.1 46.2 ± 0.2 46.3 ± 0.2 46.4 ± 0.2 49.0 ± 0.1 
50.0 52.1 ± 0.2 52.6 ± 0.2 52.9 ± 0.2 52.7 ± 0.2 54.1 ± 0.1 
55.0 54.2 ± 0.4 56.7 ± 0.3 55.1 ± 0.1 55.9 ± 0.3 59.2 ± 0.5 
SE: standard error. 
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aMonitoring of colour degradation by UV-Vis spectrophotometry was done by diluting free astaxanthin, 
astaxanthin monopalmitate and astaxanthin dipalmitate to 11.5-15.4 μM from their stock solutions as in 
Chapter 4 and 6 into the desired solvent (n-hexane, ethanol, iso-propanol, 75% (v/v) aqueous ethanol and 
glyceryl trioleate). Triplicate cuvettes were filled with solutions and irradiated in the Suntest XLS+. Sample 
temperatures were monitored for each experiment using a reference vial (Table 1). Absorbance at 470 nm was 
measured at the start (t=0 min), after 15 min (t=15), and subsequently at 30 min intervals (t=30, 60, etc., until 
270 to 300 min). This experiment was performed at four values of Ttarget: 38, 45, 50 and 55 ⁰C. 
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hexane 0.99 – 1.00; ethanol 0.90 – 1.00; iso-propanol 0.83 – 0.98; 75% (v/v) ethanol 
0.99 – 1.00. 1st order R2 ranges: glyceryl trioleate 0.97 – 0.99). Therefore, the lowest 
possible reaction order was chosen with which the data showed conformity (i.e. a 
linear relationship).  

Reaction rate constants (k) were determined at four different temperatures 
for each sample (Table 2). The five solvents were all food grade and provided a 
polarity range from 0.009 (hexane) to 0.741 (75% (v/v) aqueous ethanol) (8). 
Astaxanthin dipalmitate was found to be insoluble in 75% (v/v) aqueous ethanol, the 
most polar solvent. Differences in colour loss rates between the various types of 
astaxanthin were mostly statistically significant (p≤0.05) in hexane, 75% (v/v) 
aqueous ethanol and glyceryl trioleate. In hexane, ethanol, iso-propanol and ethanol 
75%, all three types of astaxanthin were found to obey 0th order kinetics. In glyceryl 
trioleate, colour loss was found to obey 1st order kinetics. Differences in reaction order 
caused by solvents for carotenoids (e.g. β,β-carotene) have been reported before and 
degradation in oil was reported to obey first order kinetics (9, 10). It should be noted 
that the rate constants for astaxanthin mono- and dipalmitate at 55 °C reported here 
differed from those reported in Chapter 6. Although the intra-day variations in both 
independent experiments were small, the inter-day variation was apparently higher. 
No clear explanation can be provided for this observation. For ethanol and iso-
propanol, no significant difference between the three types of astaxanthin was found. 
The highest colour loss rates were found for iso-propanol, followed by ethanol. 
Hexane and 75% (v/v) aqueous ethanol showed relatively low colour loss rates. In 
conclusion, the colour loss rates for free, monopalmitate and dipalmitate astaxanthins 
were solvent dependent. 
 Table 2 showed that no clear temperature dependence of astaxanthin colour 
loss was found. Actually, temperature dependence was only observed for ethanol and 
isopropanol. This, together with the fact that no clear trends with respect to stability 
of free, monopalmitoyl, and dipalmitoyl all-trans-astaxanthin were found, underlines 
once more the importance of our conclusions in Chapter 6. In order to understand 
astaxanthin stability in different solvents, the colour loss experiments measured 
spectrophotometrically should be backed up by compositional analysis of the 
mixtures of astaxanthin degradation products (by UHPLC-PDA-ESI-MS). This will give 
more detailed information on the conversions I - IV, as specified in Chapter 6. It has 
been suggested that cis-trans equilibria are solvent-dependent (11). Together with our 
findings that the isomerisation reaction plays a key role in astaxanthin stability, and 
that stability of all-trans-astaxanthin increases with esterification (Chapter 6), it is 
suggested that the observed differences in (esterified) all-trans-astaxanthin stability 
in various solvents might find their origin in tuning of the cis-trans equilibrium. Future 
investigations should address these relationships in a more systematic way. 
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Carotenoïden, geproduceerd door microalgen, zijn een interessante nieuwe bron van 
voedselkleurstoffen, vooral omdat de interesse van consumenten verschuift van 
synthetische kleurstoffen naar natuurlijkere alternatieven. Astaxanthine is bekend om 
zijn superieure kwaliteiten als antioxidant, in vergelijking met andere carotenoïden. 
Carotenogene microalgen, zoals Haematococcus pluvialis, worden nu al beschouwd als 
belangrijke bronnen voor de roodgekleurde xanthofiel astaxanthine en worden 
jaarlijks geproduceerd op een schaal van kilotonnen. Op dit moment is slechts een 
beperkt aantal stammen van carotenogene microalgen bekend. Een potente, maar 
relatief onbekende, astaxanthine- en luteïne-overproducerende microalg is Chlorella 
zofingiensis, die een alternatief voor H. pluvialis kan zijn. Beide algen staan bekend om 
hun accumulatie van vetzuur veresterde carotenoïden, maar er is weinig bekend over 
de stabiliteit van deze carotenoïden. Er wordt gerapporteerd dat verestering van 
vetzuren de kleurstabiliteit van astaxanthine beïnvloedt, maar tot nu toe is hier geen 
plausibele uitleg voor.  
 Dit proefschrift vestigt daarom de aandacht op (i) toepassing van nieuwe 
analytische technieken om de diversiteit te bepalen van carotenoïden afkomstig van H. 
pluvialis en C. zofingiensis en hun afbraakproducten in modelsystemen, en (ii) de 
invloed van verestering op de kleurstabiliteit van astaxanthine.  
 Hoofdstuk 1 levert achtergrondinformatie over algenpigmenten, 
carotenoïden en xanthofielen, met name astaxanthine, en de verschillende stammen 
van microalgen die worden gebruikt in dit werk. De afbraak van carotenoïden door 
auto-oxidatie en oxidatief bleken wordt bediscussieerd en een overzicht van het effect 
van verestering van vetzuren op de stabiliteit van xanthofielen wordt gegeven.  
 In hoofdstuk 2 wordt de ontwikkeling van een MALDI-TOF-MS-toepassing 
beschreven, bestemd voor snelle karakterisatie van vetzuurveresterde astaxanthines. 
Het ionizeren van astaxanthine-monopalmitaat- en astaxanthine-dipalmitaat-
standaarden resulteerde in radicale/geprotoneerde ([M]+•/[M+H]+) ouders en 
natrium ([M+Na]+) en kalium ([M+K]+) adduct-ouders. Om een enkele 
ionisatietoestand te verkrijgen, werd het effect getest van ontzouten en suppletie van 
verschillende concentraties natriumacetaat. Toevoegen van 0,1 tot 1,0 mM 
natriumacetaat leidde tot de sterkste signaal-ruisverhouding. Ontzouten leidde niet 
tot signaalvorming of zorgde slechts voor een geringe verbetering. TOF/TOF-
fragmentatie van astaxanthine-monopalmitaat- en dipalmitaat van [M+Na]+ ouders 
resulteerde in diagnostische polyeenspecifieke eliminaties en neutrale 
vetzuurverliezen. Een vetzuurester-benzoniumfragment werd gebruikt om het 
tweede vetzuur te identificeren dat veresterd was aan het carotenoïd, zoals in 
astaxanthine-dipalmitaat. In scherp contrast stonden de TOF/TOF-spectra van 
[M]+•/[M+H]+ ouders. Deze resulteerden in een woud van niet-diagnostieke ionen. 
Vervolgens werd deze toepassing van natriumacetaat getest op complexe 
astaxanthine-esterfracties van H. pluvialis. De resultaten werden vergeleken met 
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conventionele LC-analyse; de 12 belangrijkste all-trans astaxanthine-vetzuuresters 
werden gevonden en slechts 2 minder voorkomende esters konden niet worden 
getraceerd. 
 Hoofdstuk 3 beschrijft de pigmentophoping van C. zofingiensis na 
stikstofdepletie. Om inzicht te verkrijgen in de verschillende biosynthetische 
pathways, is ook het effect van difenylamine (DPA) beschreven. Deze stof inhibeert de 
biosynthese van carotenoïden in het cytosol. Door middel van RP-UHPLC-PDA-MS-
analyse werden eerst alle pigmenten gekarakteriseerd en gekwantificeerd. Door het 
bestuderen van UV-Vis en MS2-spectra werd ontdekt dat C. zofingiensis na 
stikstofdepletie ketoluteïne en zijn vetzuuresters ophoopt. Stikstofdepletie zonder 
toevoeging van DPA resulteerde in degradatie van chlorofyl en plastidiale 
carotenoïden, en ophoping van astaxanthine, ketoluteïne, canthaxanthine, 
adonixanthine en β,β-caroteen in het cytosol. Lagere concentraties cytosole β,β-
caroteenderivaten werden gevonden als DPA werd toegevoegd. Echter, de productie 
van ketoluteïne werd niet beïnvloed. Dit doet vermoeden dat de regulatoire 
mechanismen, die de flux naar ketoluteïne en plastidiale carotenoïden besturen, niet 
beïnvloedt worden door de lagere concentraties cytosole β,β-caroteenderivaten. 
 Hoofdstuk 4 belicht de analyse van oxidatieve degradatieproducten van 
(vrije) astaxanthine, astaxanthine-monopalmitaat en astaxanthine-dipalmitaat door 
middel van UHPLC-PDA-ESI-MS. Om deze afbraakproducten te verkrijgen werd 
lichtversnelde auto-oxidatie gebruikt als een betrekkelijk milde oxidatiemethode. 
Bleken met hypochloriet (HOCl/OCl-) werd gebruikt als een betrekkelijk ruwe 
methode voor oxidatie. Lichtversnelde auto-oxidatie resulteerde in een reeks apo-
astaxanthinalen en apo-astaxanthinonen die 3 (apo-9) tot 10 (apo-8’) geconjugeerde 
dubbele bindingen bezaten. MS2-analyse wees uit dat deze apo-astaxanthines niet 
veresterd waren (wanneer afkomstig van vrije of monopalmitoyl-astaxanthine) of 
veresterd waren met een palmitaatester (wanneer afkomstig van monopalmitoyl- of 
dipalmitoyl-astaxanthine). Wederom vormden de palmitoyl-esters [M+Na]+ ouders, na 
fragmentatie, verschillende diagnostieke ionen, die vervolgens zouden kunnen 
worden gebruikt voor aanvullende karakterisatie. Bleken met HOCl/OCl- resulteerde 
in de conversie van de drie astaxanthinen tot epoxy-apo-9- en epoxy-apo-13-
astaxanthinon en de andere apo-astaxanthines die ook werden verkregen met 
lichtversnelde degradatie. De geobserveerde blauwverschuiving van de epoxy-apo-13-
astaxanthinon vergeleken met de niet-geëpoxideerde vorm wijzen op het feit dat de 
epoxidegroep waarschijnlijk in de 5,6-positie stond. De vetzure esterbinding bleek 
nauwelijks te worden afgebroken door lichtversnelde auto-oxidatie: de afbraak van 
astaxanthine-dipalmitaat liet slechts minuscule hoeveelheden zien van vrije en 
monopalmitaat-astaxanthine. Met HOCl/OCl- werd de esterverbinding van de apo-
astaxanthine-palmitoylesters wel afgebroken, zoals aangetoond met de analyse van 
dipalmitoyl-astaxanthine afbraakproducten. 
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 In hoofdstuk 5 wordt het lichtversnelde auto-oxidatieproces geëxtrapoleerd 
naar fycobiliproteïnen. Deze tetrapyrrol-bevattende eiwitten zijn blauwe kleurstoffen, 
die gewonnen kunnen worden uit Spirulina platensis. Verwacht werd dat auto-oxidatie 
van tetrapyrrolen, gehecht aan fycobiliproteïnen, een lage hoeveelheid pyrrol-
reactieproducten zou opleveren. Bovendien zouden deze kunnen worden 
overschaduwd door de eiwitbulk. Daarom werd het niet-gebonden tetrapyrrol 
biliverdine gekozen als een voorbereidend model. Door middel van het vergelijken 
van UHPLC-PDA-ESI-MS-analyse met in-silico voorspelde auto-oxidatieproducten 
werd aangetoond dat de drie methinebruggen van biliverdine gevoelig zijn voor auto-
oxidatie, resulterend in de productie van kleine heterofuranoïden en pyrrolen met 
propionzuurgroepen. 
 In hoofdstuk 6 wordt beschreven wat de invloed is van esterificatie met 
palmitaat op de stabiliteit van astaxanthine. Dit werd bewerkstelligd door vrije all-
trans-astaxanthine, en de mono- en di-ester, opgelost in n-hexaan, bloot te stellen aan 
lichtversnelde auto-oxidatie. Met RP-UHPLC-PDA  werd gemeten dat een grotere mate 
van palmitaat-esterificatie de stabiliteit van all-trans-astaxanthine liet toenemen. Met 
spectrofotometrie (A470 nm) werd geen invloed gemeten op kleurverlies in de tijd. De 
discrepantie in de resultaten die met de beide methoden werden gemeten kan worden 
verklaard door de observatie dat het cis-trans-evenwicht wordt beïnvloed door de 
aangehechte vetzuren. Naast veel andere afbraakproducten werd met vrije 
astaxanthine een grotere hoeveelheid 9-cis-astaxanthine gevormd dan met andere 
veresterde vormen. Verder resulteerde monopalmitaat-esterificatie van astaxanthine 
in een verhoogde vorming van 13-cis-isomeren. De molaire ratio’s van 9-cis : 13-cis 
waren 1 : 1,7 (vrij), 1 : 4,8 (monopalmitaat) en 1 : 2,6 (dipalmitaat). Met een hogere 
molaire extinctiecoëfficient dan die van all-trans-astaxanthine zou de vorming van 9-
cis-astaxanthine deels kunnen compenseren voor het kleurverlies dat wordt 
geïnduceerd door het verbreken van dubbele bindingen van het startmateriaal. De 
verschillende ratio’s van cis-trans-isomeren, verkregen met de drie all-trans-
astaxanthinevormen, kunnen ook ten grondslag liggen aan de verschillen in hun 
eigenlijke stabiliteit. 
 Hoofdstuk 7 bediscussieert de implicaties van onze bevindingen. Ten eerste 
wordt het gebruik bediscussieerd van gekoppelde analytische technieken in 
carotenoïd-analyse. Er wordt aangetoond dat de C4-keto- en C3-hydroxygroep van 
astaxanthine en ketoluteïne een essentiële configuratie zijn voor de vorming van 
natriumadducten. Daarom zouden zowel genatrieerde als onbehandelde monsters 
moeten worden gebruikt tijdens screening van xanthofielen met MALDI-TOF-MS. Ook 
werd het gebruik van natriëring en MALDI-TOF-MS gedemonstreerd voor carotenoïd-
analyse van een ruw chloroformextract van C. Zofingiensis. Ten laatste werd de 
kleurstabiliteit beschreven van astaxanthine, monopalmitaat en dipalmitaat in 
verschillende oplosmiddelen bij vier temperaturen, bij gebruik van lichtversnelde 
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auto-oxidatie. Zowel esterificatie als het soort oplosmiddel beïnvloedden de 
kleurstabiliteit. De bevindingen dat de isomerisatiereactie een sleutelrol speelt in de 
stabiliteit van astaxanthine, en dat de stabiliteit van all-trans-astaxanthine toeneemt 
met esterificatie, samen met de al bekende afhankelijkheid van het oplosmiddel bij het 
onderzoeken van cis-trans-evenwichten, duiden erop dat de geobserveerde 
verschillen in de stabiliteit van (veresterd) all-trans-astaxanthine in verschillende 
oplosmiddelen hun oorsprong vinden in het afstemmen van het cis-trans-evenwicht. 
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