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Abstract Lutein and zeaxanthin, two xanthophylls sup-
posed to delay formation of age-related macular degen-
eration (AMD), are found in numerous new dietary sup-
plements appearing on the international market. Usually,
the lutein concentration ranges from 0.25 to 20 mg/serv-
ing size. The lutein contents of 14 products with lutein
highlighted on the label were evaluated. Oily formula-
tions were dissolved, and powdery capsule contents were
extracted with solvents before high-performance liquid
chromatography (HPLC) analysis (diode-array detector,
450 nm) using a C30 column. If lutein diesters from
marigold (Tagetes erecta) were present, the extracts were
saponified with methanolic KOH. To unequivocally
identify carotenoids, HPLC-(atmospheric pressure chem-
ical ionization)mass spectrometry was applied. In this
study only all-trans-lutein was quantified, whereas cis
isomers (approximately 1–5 area% of total lutein) were
not taken into account. The lutein concentration of half of
the products investigated was found to be below the
amount stated, varying here from 11 to 93%. With the
exception of one product, all dietary supplements con-
tained zeaxanthin in amounts typical for the use of mar-
igold oleoresin (6.0€1.4 area% of all-trans-lutein). The
high discrepancy found between the amounts labeled and
determined in half of the products may be attributed to
degradation reactions or to improper storage conditions.
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Introduction

Age-related macular degeneration (AMD) is the main
cause of irreversible loss of vision in Western countries.
Since the macula selectively accumulates lutein and ze-
axanthin, it is anticipated that an increased intake of food
or dietary supplements containing both xanthophylls may
protect against AMD and age-related cataract formation
[1–4]. Lutein and zeaxanthin are supposed to act by their
ability to absorb blue light damaging the retina and by
enhancing the antioxidative status of the environmental
tissue. These findings led to an expanding international
market for dietary xanthophyll supplements, especially
for eye health formulations, which typically supply lutein,
zeaxanthin, antioxidants, minerals, and the trace elements
zinc, copper, and selenium. Additionally, dietary supple-
ments comprising bioactive nutraceuticals lie within the
common trend of the market. However, only a few dietary
supplement studies have measured macular pigment
density up to now. For example, one study documented a
monthly increase of 4–5% in pigment density after giving
10 mg lutein daily for 4 months to eight volunteers [5].

Lutein and zeaxanthin are structurally closely related.
The only difference is the position of the double bond in
one ionone endring: lutein exhibits one allylic double
bond, whereas zeaxanthin features two b-ionone rings
with conjugated double bonds (Fig. 1). Lutein is usually
produced as a bulk compound from marigold oleoresin
(Tagetes erecta), which has been used in traditional folk
medicine for a long time [6]. Since lutein is diesterified in
marigold with fatty acids, utilization of the native oleo-
resin causes the appearance of typical peaks in the apolar
region of high-performance liquid chromatography
(HPLC) chromatograms. If the oleoresin was saponified
prior to the formulation, free lutein appears as the pre-
dominant xanthophyll. Because zeaxanthin esters typi-
cally occur as minor compounds in marigold oleoresin,
about 5% zeaxanthin is present in the respective chro-
matograms [7]. Further natural sources of lutein are spi-
nach (Spinacia oleraceae) and broccoli sprouts (Brassica
oleracea italica), which both contain lutein and minor
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amounts of zeaxanthin in their free forms. In recent years,
biotechnological processes have become an attractive al-
ternative to “naturally grown” xanthophylls: for example,
the green microalga Chlorella protothecoides was inves-
tigated as a potential lutein source [8]. As far as we know,
no synthetic lutein is available as a bulk product on the
international market. Additionally, oleoresins containing
zeaxanthin as sole or even major xanthophyll are not
available.

Material and methods

Samples

All products were obtained from local supermarkets, drugstores,
and pharmacies in Germany and in the USA. All analyses were
performed before expiry. Table 1 lists the time period before expiry
at the date of analysis. According to the labeled instructions, most
of the samples (G1, G3–G6, U5–U7; Table 1) had to be “stored in a
cool and dry place” or had to be “protected from heat (below 25 �C)
and sunlight”. In three cases the storage temperature was specified
(controlled room temperature between 15 and 30 �C; samples U1,
U2, U4). No information about storage conditions was designated
for samples G2, G7, and U3. Before analyses, all samples were
stored in a cool (20 �C) and dark room. In local shops all products
were maintained at room temperature; none were sold refrigerated.

Chemicals

Acetone, diethyl ether, ethanol, ethyl acetate, light petroleum
(boiling fraction 40–60 �C), and methanol were purchased from
Merck (Darmstadt, Germany; p.a. each), tert-butyl methyl ether
(TBME; HPLC grade) and papain (from papaya, 3.0 U/mg) were
obtained from Sigma-Aldrich (Taufkirchen, Germany). All solvents
were purified by batch column distillation (diameter of glass beads,
5 mm). High-purity water was prepared with a Milli-Q 185 Plus
water purification system (Millipore, Eschborn, Germany). Mar-
igold oleoresin was a gift from Euram Food (Stuttgart, Germany).

Extraction of carotenoids

Oil-filled capsules

Two capsules were opened in a beaker beneath the surface of a
binary solvent mixture (TBME/methanol, 1:1, v/v, 20 ml) with a
scalpel. If a lutein concentration of 20 mg/capsule was labeled, only
one capsule was used. To improve solubilization, the beaker was
sonicated for 1 min and the suspension was quantitatively trans-
ferred to a volumetric flask (100–250 ml, depending on the xan-
thophyll content). After filling up to the marked level, an aliquot
was membrane-filtered using a Chromafil-PET-45/25 filter (Ma-
cherey-Nagel, D�ren, Germany) with 0.45-mm pore size and di-
rectly subjected to HPLC/diode-array detector (DAD) analysis. To
prevent the analytes from photoisomerization all procedures were
performed in dim light.

Fig. 1 Chemical structures
of the xanthophylls lutein
(b,e-carotene, top) and zeaxan-
thin (b,b-carotene, bottom).
The numbering is in accordance
with the conventionally
used carbon numbering
of C40-carotenoids.

Table 1 Concentration of all-
trans-lutein (mg/tablet or cap-
sule) determined in dietary
supplements (origin: Germany,
G; USA, U). Values represent
means€standard deviations of at
least three replications. An as-
terisk indicates that the respec-
tive high-performance liquid
chromatography chromatogram
showed peaks indicating esteri-
fied lutein (marigold oleoresin)
and that the all-trans-lutein-
concentration was determined
after alkaline hydrolysis.

Sample
no.

Serving
size

Time span to
expiry (months)

Lutein amount
labeleda

(lutein source)b

All-trans-lutein
determined

Q (%)c

G1* 1 17 6.0 mg/C 2.81€0.17 mg/C 47
G2* 3 13 1.9 mg/C (N) 1.37€0.13 mg/C 72
G3 1 12 0.250 mg/T 0.341€0.02 mg/T 136
G4* 1–2 12 0.250 mg/T (M) 0.274€0.04 mg/T 110
G5* 2 17 0.5 mg/T (M) 0.61€0.02 mg/T 122
G6* 1 20 1.0 mg/T (M) 0.59€0.02 mg/T 59
G7 1 22 3.0 mg/T 0.49€0.01 mg/T 16
U1 1 1 0.275 mg/T 0.257€0.01 mg/T 93
U2 1 1 0.275 mg/T 0.280€0.02 mg/T 102
U3 1 1 5.0 mg/C 5.91€0.37 mg/C 118
U4 1 13 20.0 mg/C (M) 5.28€0.35 mg/C 26
U5 1 16 20.0 mg/C 20.59€0.83 mg/C 103
U6 1 12 20.0 mg/C (M) 2.26€0.33 mg/C 11
U7 1 12 6.0 mg/C 7.29€0.25 mg/C 122
a Type of supplement: capsule, C, tablet, T
b Lutein source (if stated): natural carotenoids, N, marigold, M
c Q %ð Þ ¼ luteindetermined� 100ð Þ=luteindeclaration
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Tablets and capsules with powdery content

Two tablets were ground using a mortar and pestle. The resulting
powder was quantitatively transferred into an Erlenmeyer flask,
suspended in water (50 ml), heated in a water bath (50 �C; 2 min),
and sonicated (1 min) to disintegrate carotenoid formulations. Care
was taken to completely dissolve microencapsulated carotenoids.
To accelerate solubilization, the addition of acetone (2 ml) as a
modifier was helpful. The resulting suspension was transferred to a
separating funnel and extracted immediately with a ternary solvent
mixture (methanol/ethyl acetate/light petroleum, 1:1:1, v/v/v; 50 ml
each, four times). The upper layers from multiple extractions were
combined, transferred to a round-bottom flask, and evaporated in
vacuum at 30 �C using a rotary evaporator. To remove traces of
water, ethanol (2 ml) was added and the extract was evaporated to
dryness. The residue was dissolved in TBME/methanol (1:1, v/v;
100–250 ml, depending on the concentration anticipated). Prior to
HPLC/DAD analysis, an aliquot was membrane-filtered.

Saponification

Saponification of xanthophyll esters was performed as described by
Weller and Breithaupt [9]. In brief, an aliquot (5 ml) of the final
extract was evaporated to dryness and the residue was redissolved
in diethyl ether (50 ml). After addition of methanolic KOH (30%,
w/v; 5 ml), the flask was stored overnight. The reaction mixture
was transferred into a separating funnel and washed with water
(3�100 ml). The organic layer was evaporated to dryness using a
rotary evaporator (water bath temperature 30 �C) and treated as
described previously (final volume 5 ml).

Recovery studies

For recovery experiments, a zeaxanthin solution (c=250 mg/l in
TBME/methanol, 1:1, v/v), obtained from a saponified wolfberry
(Lycium barbarum) extract, was used [9]. One tablet (sample G4;
see Table 1) was ground and suspended in water (50 ml). After
addition of an aliquot of the zeaxanthin solution (1 ml), heating,
sonication, and extraction was performed as described previously
(final volume 4 ml; cF). An additional aliquot of the zeaxanthin
solution (1 ml) was evaporated, redissolved in TBME/methanol
(1:1, v/v; 4 ml), and analyzed by HPLC/DAD (cS). Recoveries were
calculated on the basis of AOAC methods [10] as follows:
percentagerecovery ¼ cF � cU=cS½ � � 100;where cF is the concen-
tration of zeaxanthin measured in the fortified sample, cU is the
concentration of zeaxanthin measured in the unfortified sample,
and cS is the concentration of zeaxanthin added to the fortified
sample. Quantitative amounts were calculated using the lutein
calibration curve.

Calibration

Pure lutein was isolated from a saponified marigold (T. erecta)
extract [11]. For preparing the calibration curve, appropriate vol-
umes of the stock solution were diluted with TBME/methanol (1:1,
v/v; 0.5–15 mg/l) and subjected to HPLC/DAD (450 nm) analysis.
Resulting peak areas were plotted against the concentrations.

Liquid chromatography [HPLC-DAD and HPLC-(atmospheric
pressure chemical ionization)mass spectrometry]

The HPLC system consisted of an HP1050 modular system
(Hewlett-Packard, Waldbronn, Germany) with a DAD, set to
450 nm (band width €50 nm). For separation, a YMC analytical
column (YMC Europe, Schermbeck, Germany) with 5- mm C30-
reversed-phase material (250�4.6-mm inner diameter, i.d.) includ-
ing a precolumn (10�4.0-mm i.d.) was used and kept at 35 �C. For
gradient elution, two mobile phases were employed: methanol/

TBME/water 81/15/4 (v/v/v; A) and 6/90/4 (v/v/v; B). The fol-
lowing gradient was used (min/%A): 0/99; 39/44; 45/0; 50/99; 55/
99 (flow rate 1 ml/min, injection volume 20ml). HPLC-(atmo-
spheric pressure chemical ionization, APcI)mass spectrometry, MS,
was run on an HP1100 HPLC system, coupled to a Micromass
(Manchester, UK) VG platform II quadrupole mass spectrometer,
operated in the positive mode. Further MS parameters have been
detailed by Breithaupt et al. [12].

Results and discussion

Two main types of dietary supplements were available on
the international market: (1) hard or soft gel capsules
containing an oily paste and (2) tablets containing a
powdery carotenoid formulation. In a few cases, powders
enclosed in soft-gel capsules were provided. Oily pastes
were directly dissolved in a solvent mixture composed of
TBME and methanol, resulting in a clear solution ready
for HPLC analysis. Powdery formulations were extracted
with a ternary solvent mixture containing methanol, ethyl
acetate, and light petroleum. Special care was taken to
dissolve microencapsulated carotenoids by applying
multiple heating and sonication steps. If marigold oleo-
resin was labeled or typical lutein diester peaks appeared
in the respective HPLC chromatogram, saponification of
aliquots of the final extract was performed. The resulting
chromatograms allowed for unequivocal identification
and quantification of all-trans-lutein. Fig. 2A shows the
characteristic pattern of lutein diesters (3–8) present in
marigold oleoresin (T. erecta), identified by HPLC-(APcI)
MS in detail in a previous study [12]. After saponifi-
cation, free lutein (1) accompanied by a minute amount of
free zeaxanthin (2) was formed, exhibiting a typical
marigold xanthophyll pattern [7]. Several peaks with re-
tention times close to lutein have been identified as lutein
mono- or di-cis isomers [7, 13, 14] and were not studied
in detail. The applicability of HPLC-(APcI)MS analysis
for unequivocal identification of carotenoids present in
dietary supplements is demonstrated in Fig. 3. To scan for
lutein diesters, m/z 533.4 (upper trace) was used since this
mass represents the backbone of lutein after loss of two
fatty acids from the respective quasimolecular ion
([M+H]+). The peak pattern of m/z 533.4 exactly reflected
that of native marigold oleoresin detected at 450 nm by
DAD (lower trace). Since extracts of the alga Dunaliella
salina and tomato were labeled on the specific supple-
ment, m/z 537.4 ([M+H]+) was used to scan for b-caro-
tene and lycopene, which possess the same molecular
weight. The respective signals clearly indicated the
presence of both carotenes (9/10). Lycopene eluted typi-
cally within the retention time window of lutein diesters
(middle trace).

Method performance

To evaluate the applicability of the extraction process
performed for powdery formulations, recovery studies
were accomplished. Zeaxanthin was used as a model
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xanthophyll. Since zeaxanthin is structurally related to
lutein (Fig. 1), similar behavior during workup was an-
ticipated. For matrix simulation, a supplement which
contained a low amount of zeaxanthin was used. The
recovery determined (105.4€4.4%; n=3) demonstrated the
applicability of the method. Furthermore, chromatograms
of spiked samples showed no zeaxanthin isomers, proving
that the workup process, especially short heating and
sonication, did not cause xanthophyll isomerization.

Quantitative analysis of commercial dietary supplements

Table 1 lists the lutein contents determined in 14 com-
mercial dietary supplements. Additionally, the concentra-
tions labeled on each product were given and compared
with the amounts detected (expressed as ratio Q). If no
additional comment about the carotenoid source is given in
Table 1, just “lutein” was labeled. The lutein concentration

of half of the supplements was found to be below the
amount stated (Q<100%), varying here from 11 (G7) to
93% (U1) (Table 1). The highest lutein excess was found
in G3 (Q=136%), a supplement with comparatively low
lutein concentration (0.250 mg/T). To test if gelatine
capsules adsorbed lutein, capsules which were still colored
after solvent extraction were investigated additionally after
an enzymatic papain treatment (100 mg/5 ml water; 1 h at
37 �C). In a few cases coloring additives (e.g., annatto or
synthetic dyes) were present. Free or esterified lutein was
detected in none of the capsules. The chromatograms of
two supplements (U4, U6) showed no typical lutein diester
peaks although “marigold” was given as a lutein source:
saponified marigold oleoresin could have been used to
formulate them. Remarkably, only one of the German
supplements contained free lutein, whereas products from
the USA were made with free lutein in either case. It is
understood that only 14 dietary supplements were inves-
tigated and that other dietary supplements may contain
esterified or free lutein instead of the forms used.

After separation by HPLC, the quantification was
based on all-trans-lutein only. Photometric methods will
detect total xanthophylls (all-trans and cis forms of lutein
and zeaxanthin), resulting in higher xanthophyll amounts.
The concentrations of cis-lutein isomers varied and ac-
counted for 1–5 area% of total lutein, detected at 450 nm.
Only two products showed unusually high cis-isomer
concentrations: 11 (G6) and 22 area% (G2) of total lutein.
Assuming identical molar extinction coefficients, the total
lutein concentrations can be estimated to be in most cases
1–5% higher than that given in Table 1. According to
Hadden et al. [7], lutein cis isomers are artifacts of the
drying process, as they are absent in freshly harvested
marigold flowers. On the basis of plasma response Ga-
ziano et al. [15] suggested that cis isomers of b-carotene
are less bioavailable than the all-trans form. Thus, en-
hanced lutein cis-isomer concentrations may reduce the
health benefit of the supplement.

To test whether zeaxanthin generally was a typical
component of dietary lutein supplements, UV/vis spectra

Fig. 2 Typical high-perfor-
mance liquid chromatography
(HPLC) chromatogram (diode-
array detector, DAD, 450 nm)
of a supplement containing
marigold (Tagetes erecta) ole-
oresin before (A) and after (B)
saponification. Peak assign-
ment: 1 all-trans-lutein; 2 all-
trans-zeaxanthin; 3 C12:0/
C14:0-lutein; 4 C14:0/C14:0-
lutein; 5 C14:0/C16:0-lutein;
6 C16:0/C16:0-lutein; 7 C16:0/
C18:0-lutein; 8 C18:0/C18:0-
lutein

Fig. 3 Typical HPLC chromatogram (DAD, 450 nm; lower trace)
of a supplement containing marigold (T. erecta) oleoresin, b-car-
otene (Dunaliella salina), and lycopene (tomato) extracts. Mass
traces: m/z 537.4 for detection of b-carotene and lycopene (middle
trace); m/z 533.4 for detection of lutein diesters (upper trace). Peak
assignment: 9 all-trans-b-carotene; 10 all-trans-lycopene
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of peaks eluting after all-trans-lutein were monitored: a
sharp maximum at 452 nm clearly proved the presence of
zeaxanthin (2, Fig. 2B). If the concentration was low,
extracts were spiked with zeaxanthin obtained by sapon-
ification of a wolfberry (L. barbarum) extract [9]: co-
chromatography proved the presence of zeaxanthin. With
the exception of sample G7, all supplements contained
zeaxanthin in amounts typical for marigold oleoresins
(6.0€1.4 area% of all-trans-lutein, n=13). Consequently,
persons consuming the respective supplements will also
receive zeaxanthin in concentrations amounting to
roughly 5–7% of that of lutein. Based on application of
marigold oleoresin, the zeaxanthin concentration of G7
was unusually high (amount labeled, 3 mg/T). However,
using the lutein calibration graph, the zeaxanthin con-
centration was determined to be 0.46€0.02 mg/T
(Q=15%).

The high discrepancy found between the amounts la-
beled and determined in half of the supplements may be
attributed to degradation reactions or to improper storage
conditions. This is particularly important with respect to
the long date of expiry of some supplements. Stability
during storage under different conditions was not inves-
tigated further in this study. Concerning the declaration of
lutein on dietary supplements, it is not clear whether
manufacturers refer to all-trans-lutein or to the amount of
total lutein isomers. Unequivocal labeling may forestall
wrong information of consumers in the future.
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