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Abstract

The development of miniaturized hyphenated systems such as capillary high-performance liquid chromatography–and nuclear magnetic
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esonance spectroscopy (HPLC–NMR) remains challenging in the field of structure elucidation. In combination with a highly speci
reparation technique, matrix solid-phase dispersion (MSPD), and a highly selective C30 reverse phase HPLC–NMR enables the identifica
f small amounts of natural compounds. Here, the investigation of five carotenoids in a standard solution and two carotenoids from
ample demonstrate the potential of this new development. The separation of the carotenoids is performed with self-packed
apillaries with a binary solvent gradient consisting of acetone and water. The miniaturized system allows the use of fully deuterat
or on-line HPLC–NMR coupling. The1H NMR spectra of the various carotenoids obtained in stopped-flow mode gave a high signal-
atio with a sample amount in the low nanogram range. All necessary parameters for structure elucidation such as multiplet structu
onstants and integration values can be detected unambiguously.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The hyphenation of high-performance liquid chromatog-
aphy (HPLC) and nuclear magnetic resonance spectroscopy
NMR) has matured to a routine method for structural elu-
idation of unknown compounds[1]. This method offers
n effective tool to analyze complex mixtures of organic
ompounds in biological and pharmaceutical samples[2–7].
MR spectroscopy has the capability to differentiate between
tructural and conformational isomers, which is an impor-
ant advantage in comparison to HPLC–MS coupling. Dis-
dvantages of classical HPLC–NMR coupling are the use
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of protonated solvents (due to the high cost of fully deu
ated solvents) and therefore the necessity of solvent sup
sion, and the large amount of sample required for a
signal-to-noise ratio. Water can be replaced by D2O, but use
of other perdeuterated solvents incurs a very high econ
cost. Over the past few years much effort has gone into
coming these difficulties. One approach is the miniatu
tion of the separation technique. There are a number of
efits of capillary HPLC separation in comparison to cla
cal HPLC. The amount of stationary phase and the so
consumption are drastically reduced. A commonly used
rate in capillary HPLC is 5�l min−1 (∼7 ml per day) which
is around 200 times less than in classical HPLC and th
fore allows the use of fully deuterated organic solvents[8,9].
Furthermore, mass-limited samples can be analyzed. As
ated approaches are the miniaturization of the saddle co[10]
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Fig. 1. Sensitivity test with a 1 mM sucrose solution (D2O/ACN-d3 = 90:10,
v/v) measured with a single scan.

in analogy to conventional NMR flow probes, the develop-
ment of solenoid microcoils, and the use of superconducting
magnets with increased homogeneity and field strengths. The
solenoidal probes are constructed by directly wrapping the rf
coil around a capillary column[11]. The flow cell, which in
this study has an active volume of 1.5�l, is positioned per-
pendicular to the magnetic field B0. The solenoidal-type de-
sign shows a roughly three-fold better sensitivity compared to
the traditional saddle-shaped coils[12,13]. A sensitivity test
with a 1 mM sucrose solution at 600 MHz shows that mea-
surements in the low nanogram range are possible (Fig. 1).
On-line NMR measurements can be carried out in two dif-
ferent modes, in continuous-flow as well as in stopped-flow
mode. In continuous-flow mode the NMR instrument is used
as a non-destructive real time detector. The required analyte
amount is in the low microgram range (concentration approx-
imately in gram per liter). The stopped-flow mode is used for
analyte quantities in the nanogram range. Here, the separation
is stopped when the peak of interest is in the microprobe de-
tection volume. Two-dimensional NMR measurements can
also be carried out in stopped-flow mode.

This paper deals with an application of a miniaturized hy-
phenated system for determination of various carotenoids in
a standard solution and in plant material (e.g. spinach leaves).
The miniaturized chromatographic separation is coupled on-
line to solenoidal microcoil1H NMR detection in stopped-
fl
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combines both requirements, and allows the direct extrac-
tion of natural compounds from solid or viscous samples
[17–19]. The separation of the carotenoids is performed on a
self-packed C30 capillary column with an inner diameter of
250�m. C30 silica phases offers high shape selectivity and
high loading capacity[20,21]. These properties are necessary
for successful separation of stereoisomers of the carotenoids
and their structure determination with the on-line capillary
HPLC–NMR system.

2. Experimental

2.1. Reagents and materials

Acetone (LiChrosolv, gradient grade), acetone-d6 (Uva-
sol), deuterium oxide (Uvasol), and carbon tetrachloride
(LiChrosolv) were obtained from Merck (Darmstadt, Ger-
many). HPLC-grade water was obtained from a Milli-Q wa-
ter purification system (Millipore AS, Bedford, MA, USA).
The solid-phase material used for MSPD was silica based oc-
tadecyl (C18 end capped, IST Ltd, Hengoed Mid Glam, UK).
(All-E) �-carotene was purchased from Fluka (Taufkirchen,
Germany), (all-E) lutein, (all-E) zeaxanthin, (all-E) canthax-
anthin, and (all-E) lycopene were gifts from BASF (Lud-
wigshafen, Germany). The spinach sample was home-grown,
h
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Carotenoids are naturally occurring tetraterpenes fou

arious plants, fruits and vegetables. An important struc
eature of these compounds is the existence of a highly
ugated system of double bonds resulting incis- and trans-
somers. Carotenoids play an important role as antioxid
ue to their ability to quench highly damaging singlet o
en, and scavenge free radicals in vivo. Additionally, t
ecrease the risk of degenerative diseases, such as
inds of cancer and cardiovascular disease[14–16]. Becaus
arotenoids are light- and oxygen-sensitive, an analy
ethod, such as a closed-loop hyphenated system, fo
rtifact-free determination of carotenoids has to be emplo
he extraction method also has to be optimized for the a
sis of carotenoids. A mild and rapid extraction method
o be used to extract the carotenoids from the plant ma
ithout degradation. Matrix solid-phase dispersion (MS
n

arvested after 8 weeks, and stored below−30◦C.

.2. System set-up

For capillary HPLC–NMR coupling a ternary Wate
apLC system (Waters, Milford, MA, USA) equipped wit
icro injection valve kit (Upchurch Scientific, Oak Harb
A, USA) with a 100 nl and 500 nl fused silica injecti

oop, a CapLC Selector Valve Modul (Waters, Milford, M
SA) for stopped-flow NMR measurements, and a Bisc
ambda 1010 UV detector (Bischoff Chromatography, Le
erg, Germany) with on-column (150�m i.d.) UV detection
t 450 nm was used. All NMR spectra were recorded
ruker AMX 600 spectrometer equipped with an1H-13C in-
erse capillary NMR probe (Protasis/MRM, Savoy, IL, US
ith an active volume of 1.5�l. A 3 m fused silica transfe
apillary (50�m i.d./360�m o.d.) was used to connect t
apillary HPLC with the NMR probe.

.3. Chromatography

All separations were performed on a self-packed30
apillary (15 cm× 250�m i.d.) with Bischoff ProntoS
Bischoff Chromatography, Leonberg, Germany), with a
icle size of 3�m and a pore width of 200̊A. The slurry tech
ique introduced by Boughtflower et al.[22] was used fo
acking. 20 mg of the stationary phase were suspend
00�l carbon tetrachloride and placed in an ultrasonic

or 5–10 min. The resulting slurry was transferred into a sl
hamber and forced downward into the empty fused-s



912 K. Putzbach et al. / Journal of Pharmaceutical and Biomedical Analysis 38 (2005) 910–917

capillary with a pneumatic HPLC pump (Knauer, GmbH,
Berlin-Zehlendorf, Germany). Starting at 400 bar the pres-
sure was continuously increased up to 650 bar over a pe-
riod of 5 min. This final pressure was maintained for 30 min.
The capillary end fittings consisted of zero dead volume
unions, steel screens, and graphite ferrules (Vici AG Valco
Int., Schenkon, Switzerland).

The solvent gradient for the capillary HPLC-UV method
(5�l min−1, 295 K) consisted of a binary mixture of acetone
and water. The separation starts isocratically with acetone:
water = 80:20 (v/v) for 15 min, followed by a 5-min linear
gradient to 99:1 (v/v) which was maintained for 25 min. The
amount of sample injected was 100 nl for capillary HPLC-
UV. For the capillary HPLC–NMR method fully deuterated
solvents with the same gradient were used. The injection vol-
ume was increased from 100 to 500 nl for the NMR investi-
gation.

2.4. Sample preparation

The carotenoid standards (0.5 mg) were dissolved sepa-
rately in acetone-d6 (1 ml). The spinach leaves (0.5 g) were
deep frozen with liquid nitrogen and ground with 1.5 g of
C18 (EC) MSPD-material to a homogeneous and dry pow-
der. Then the mixture was loaded into an empty SPE column
a After
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g
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length 100 ms).1H NMR spectra from the standards and the
spinach sample were recorded with between 2 and 16 k tran-
sients, a spectral width of 6024 Hz and 32 k time domain
points. The relaxation delay was set to 1 s and the pulse an-
gle to 30◦. For all spectra, before Fourier transformation,
a squared sine bell function was applied to the FID. Base-
line correction and phasing were performed manually. The
chemical shift axis was reference with respect to acetone-d6,
δ = 2.04 ppm, for all1H NMR spectra.

3. Results and discussions

Fig. 2 depicts the structures of the investigated carot-
enoids: (all-E) lutein, (all-E) zeaxanthin, (all-E) canthaxan-
thin, (all-E) �-carotene and (all-E) lycopene. They are all
centrosymmetric except for (all-E) lutein.

The first step of the analysis was to translate the analyt-
ical HPLC separation of the carotenoids[23] to capillary-
scale. The separation of a carotenoid standard solution (each
100�g ml−1) using a self-packed capillary C30 column is
shown inFig. 3A, monitored by UV absorbance at 450 nm.
The injection volume was 100 nl, corresponding to an ab-
solute amount of 10 ng of each carotenoid. The separa-
tion was performed with a solvent gradient of acetone: wa-
t −1

T and
3 eas-
i all-
E part
o )
c hro-
m eaks,
w lary
c imi-
l ) as
f k

in; (all-
nd pressed to a compact column bed between two frits.
his the column was washed with 10 ml water to elute p
mpurities. Elution of the carotenoid fraction was perform
ith 4 ml acetone. After evaporation of acetone under a n
en stream, the residue was redissolved in 100�l acetone-d6.

.5. Stopped-flow NMR experiments

The stopped-flow experiments were recorded with a p
rogram to suppress the residual signals from deute
cetone-d6 and deuterium oxide, using rectangular sha
ulses for low-power presaturation (rectangular pu

Fig. 2. Structures of: (all-E) lutein; (all-E) zeaxanth
er = 80:20 (v/v) to 99:1 (v/v) and a flow rate of 5�l min .
he carotenoids eluted between 8.7 min for (all-E) lutein
6.7 min for (all-E) lycopene, corresponding to their decr

ng polarity. The more polar xanthophylls (all-E) lutein, (
) zeaxanthin and (all-E) canthaxanthin elute in the first
f the chromatogram, after these the less polar (all-E�-
arotene and finally the non-polar (all-E) lycopene. The c
atogram obtained shows narrow and symmetrical p
hich reflects the high quality of the self-packed capil
olumn. Column tests with a standard solution result in a s
ar number, 100,000, of theoretical plates per meter (TP/m
or commercially available classical C30 columns. The pea

E) canthaxanthin; (all-E)�-carotene; and (all-E) lycopene.
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Fig. 3. (A) Capillary HPLC-UV chromatogram of a standard mixture (lutein, zeaxanthin, canthaxanthin,�-carotene, lycopene); (B) capillary HPLC-UV
chromatogram of a spinach extract; and (C) HPLC–UV chromatogram of a spinach extract.

shape additionally, shows good system performance with less
dead volume.

The next step was the necessary experimental adjustments
for the hyphenated capillary HPLC–NMR experiments. For
1H NMR measurements of the carotenoid standards fully
deuterated solvents were used and the injection loop size
was enlarged to 500 nl. Despite the high injection volume
of 500 nl, which is necessary to get a sufficient analyte con-
centration in the NMR detection cell, no overloading ef-
fects are visible (chromatogram not shown). In spite of the
high injection volume of the sample, the concentration of
the carotenoids in the detection cell is still too small for
continuous-flow NMR measurements. Therefore, stopped-
flow measurements were performed to obtain1H NMR spec-
tra of the carotenoids. The chromatographic run was stopped
when the peak maximum of the analyte of interest reached

the NMR probe detection volume. When the NMR measure-
ments were finished, the separation was resumed, and subse-
quently other analytes of interest were trapped in the NMR
probe. The NMR spectra obtained are shown inFig. 4, in the
order of their elution in the chromatographic separation. Only
the olefinic region from 5 to 7 ppm is displayed. The chem-
ical shifts of the olefinic protons are summarized inTable 1.
In all five spectra a clear assignment of the olefinic protons
is possible. In the spectra of (all-E) canthaxanthin, (all-E)
�-carotene and (all-E) lycopene there is a small signal from
dichloromethane-d2, which was added for improved solubil-
ity of these carotenoids. A detailed analysis of the NMR spec-
tra shows the following: the spectrum of the noncentrosym-
metric (all-E) lutein shows at∼6.60 ppm a multiplet for the
protons 11/11′ (6.62 ppm) and 15/15′ (6.59 ppm) with an in-
tegration value of four. The protons 12/12′ (6.30 ppm) and
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Fig. 4. Stopped-flow 1D1H NMR spectra (600 MHz, olefinic region) of: (A) (all-E) lutein; (B) (all-E) zeaxanthin; (C) (all-E) canthaxanthin; (D) (all-E)
�-carotene; and (E) (all-E) lycopene.

Table 1
1H NMR data of the olefinic protons for the carotenoid standard in ppm (reference was set to acetone-d6 δ = 2.04 ppm)

(all-E) Lutein (all-E) Zeaxanthin (all-E) Canthaxanthin (all-E)�-Carotene (all-E) Lycopene

H 2 – – – – 5.00
H 2′ – – – – 5.00
H 4′ 5.42 – – – –
H 6 – – – – 5.85
H 6′ – – – – 5.85
H 7 6.06 6.07 6.25 6.24 6.44
H 7′ 5.39 6.07 6.25 6.24 6.44
H 8 6.09 6.08 6.36 6.18 6.15
H 8′ 6.07 6.08 6.36 6.18 6.15
H 10 6.07 6.11 6.27 6.23 6.11
H 10′ 6.09 6.11 6.27 6.23 6.11
H 11 6.62 6.65 6.68 6.76 6.63
H 11′ 6.62 6.65 6.68 6.76 6.63
H 12 6.30 6.32 6.40 6.43 6.29
H 12′ 6.30 6.32 6.40 6.43 6.29
H 14 6.22 6.23 6.29 6.34 6.22
H 14′ 6.22 6.23 6.29 6.34 6.22
H 15 6.59 6.62 6.65 6.74 6.60
H 15′ 6.59 6.62 6.65 6.74 6.60
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14/14′ (6.22 ppm) are each doublets with integration values
of two. The next multiplet structure in the spectrum arise from
the protons 8/8′ (6.09/6.07 ppm), 10/10′ (6.07/6.09 ppm) and
7 (6.06 ppm) and has a integration value of five. Due to the
shift of a double bond in one ionone ring system, the proton 7′
(5.39 ppm) is shifted to higher field because of its altered re-
lationship to the aliphatic C-6′. In comparison to the olefinic
proton 7 this is a difference of 0.67 ppm. Another conse-
quence is the olefinic proton 4 (5.42 ppm). In contrast to (all-
E) lutein the centrosymmetric (all-E) zeaxanthin and the other
carotenoids shows only proton pairs. The chemical shifts of
the olefinic protons from (all-E) zeaxanthin are similar to the
olefinic protons from (all-E) lutein except for proton 7′. The
proton pairs 11/11′ (6.65 ppm) and 15/15′ (6.62 ppm) lead to
a multiplet with an integration value of four. The chemical
shifts of the pairs 12/12′ (6.32 ppm) and 14/14′ (6.23 ppm)
are slightly different to the values of (all-E) lutein. The inte-
gration values are two for both. The main difference in the
spectrum is located in the signal group for the protons 10/10′
(6.11 ppm), 8/8′ (6.08 ppm) and 7/7′ (6.07 ppm). Due to the
centrosymmetric structure of the (all-E) zeaxanthin molecule
the proton 7 and 7′ appear as one signal and all protons from
one pair show the same chemical shift. The integration value
is six, in accordance with the number of protons.

The next1H NMR spectrum shown is assigned to (all-
E) canthaxanthin. The proton pairs 11/11′ (6.68 ppm) and
15/15′ (6.65 ppm) appear as multiplets with the greatest shift
to low-field, as in all other investigated carotenoid spectra.
The doublets are from protons 12/12′ (6.40 ppm) and 8/8′
(6.36 ppm). This low-field shift of the proton pair 8/8′ and
of the multiplet from the proton pairs 14/14′ (6.29 ppm),
10/10′ (6.27 ppm) and 7/7′ (6.25 ppm) arise from the oxy-
gen molecule in the C-4 position in the ring system. The
spectra of (all-E)�-carotene and (all-E) lycopene show a
lower signal-to-noise ratio than the other three spectra. The
reason is a poorer solubility of these two relatively nonpolar
carotenoids. Because of the higher solubility and diffusion
band broadening characteristics in dichloromethane, a small
amount of dichloromethane-d2 was added to the standard so-
lution (in acetone-d6) in order to increase the solubility of
the carotenoids and thereby the concentration of the standard
solution. Nevertheless, the resolution and the signal inten-
sity is still sufficient for an unambiguous peak assignment.
The multiplet signal at∼6.75 ppm arises from the proton
pairs 11/11′ (6.76 ppm) and 15/15′ (6.74 ppm) and has an
integration value of four. The next two doublets are from
protons 12/12′ (6.43 ppm) and 14/14′ (6.34 ppm). This order
of the first four signals in the spectra of (all-E)�-carotene
is equivalent to the order in the spectrum of (all-E) lutein
and (all-E) zeaxanthin. The proton pairs 7/7′ (6.24 ppm) and
10/10′ (6.23 ppm) represent a multiplet with an integration
value of four. Finally, the proton pair 8/8′ (6.18 ppm) shows
a doublet with an integration value of two. The structure
of (all-E) lycopene deviates from the structure of the other
four carotenoids. (All-E) lycopene has no ring system in the
molecule and has two additional double bonds at the end of

the chain. Therefore, two additional olefinic signals appear
in the spectra and the order of the other signals is different.
Specifically, the multiplet signal at∼6.60 ppm is from the
proton pairs 11/11′ (6.63 ppm) and 15/15′ (6.60 ppm) and has
an integration value of four. The next signals show the proton
pairs 7/7′ (6.44 ppm), 12/12′ (6.29 ppm), 14/14′ (6.22 ppm),
8/8′ (6.15 ppm) and 10/10′ (6.10 ppm). The integration value
is two in each case. The two additional proton pairs are 6/6′
(5.85 ppm) and 2/2′ (5.00 ppm) and show a high-field shift
due to their position in the chain. The protons 6 and 6′ are
at the end position (smaller high-field shift) and the protons
2 and 2′ are completely isolated from the conjugated double
bond system (larger high-field shift). Furthermore, the signal
structure for the protons 2 and 2′ is different from the other
olefinic protons, because it shows coupling to the nearby
methylene groups instead of couplings to olefinic protons.
This leads to a different signal pattern and coupling constants.
The signal pattern of an olefinic proton with another olefinic
proton is a doublet (e.g. proton 6 in (all-E) lycopene) and with
two other olefinic protons a doublet of doublets (e.g. proton
7 in (all-E) lycopene). In some cases only a general multiplet
can be detected due to overlapping with other signals. In all
spectra the coupling constants are between 11 and 12 Hz for
thetransconformation of the olefinic protons, except for the
proton pair 2/2′ in (all-E) lycopene. These coupling constant
show that all carotenoids are in the all-E configuration. Minor
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iterature are due to a different solvent composition[24–27].

The next step after successful measurements with
ard solutions was the investigation of plant material.

his experiment we used spinach, because it contains m
utein and�-carotene in the all-E configuration, althou
ome small peaks in the chromatogram show the presen
ow levels of various Z stereoisomers. Due to the instab
f carotenoids in the presence of UV light, and to avoid

acts or isomerisation during the extraction step, a mild
apid extraction method had to be used. Therefore, M
as chosen for the extraction of the carotenoids from
pinach leaves. After harvest, the spinach leaves were
rozen with liquid nitrogen and reduced to small pieces.
erwards, 0.5 g of the chopped spinach leaves were gr
ith 1.5 g C18 sorbent material. The obtained mixture w

oaded into an empty SPE cartridge, and pressed in a s
olumn bed. After a wash step with water, the caroten
ere extracted with acetone and after drying under a n
en stream redissolved in 100�l of acetone-d6.

The chromatographic separation of the spinach ex
s depicted inFig. 3B. The obtained chromatogram sho
our major peaks, at 9.18 min (all-E) lutein, around 20
wo peaks for chlorophyll a and b, and at 24.56 min (al
-carotene. In addition, two Z stereoisomers of�-carotene

9,13-ZZ)�-carotene and (9-Z)�-carotene, can be detect
inor differences in the retention times in comparison w

he standard separation are due to matrix effects. A com
on to a classical separation of a spinach sample (Fig. 3C)
hows that the retention time is reduced from 32.3
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Fig. 5. Comparison of the 1D1H NMR spectra (600 MHz, olefinic region) of (all-E) lutein and (all-E)�-carotene from the standard solution and MSPD-extract.

24.56 min for the last eluting carotenoid�-carotene with the
capillary column. Despite the reduction of the retention factor
k′, the separation factorsα for the stereoisomers are almost
equal for both column sizes. This fact shows the good quality
of the self-packed capillaries.

Stopped-flow1H NMR measurements of the MSPD-
extract were performed with deuterated solvents and a
500 nl loop, as with the standard solution. The olefinic part
(5–7 ppm) of the obtained1H NMR spectra of (all-E) lutein
and (all-E)�-carotene is depicted inFig. 5. Both spectra of
the extract show the same good spectral resolution as the stan-
dard spectra and all olefinic protons can be clearly assigned.
Also, the integration values, multiplet structure and coupling
constants can be determined unambiguously. In spite of the
chromatographic separation some additional signals in the
olefinic region can be seen. In the (all-E) lutein spectrum
there is a small and sharp signal at 6.83 ppm and also a broad
signal at 5.30 ppm. In the spectrum of (all-E)�-carotene there
are two broad signals at 5.15 and 5.40 ppm, and a small and
sharp signal next to the proton pair 14/14′. However, these ad-
ditional signals do not overlap with the olefinic proton signals
from the carotenoids nor complicate the assignment.

4. Conclusion

d use
o zed

HPLC chromatographic separation and solenoidal- micro-
probe1H NMR detection is a powerful tool for the struc-
tural determination of natural compounds in mass-limited
biological samples. In this study, the identification of UV
light and air-sensitive carotenoids in the low nanogram range
was accomplished with1H NMR spectroscopy. The excel-
lent performance of the self-packed separation capillaries
in comparison to the classical HPLC columns was shown
by a reduction in retention times without a loss of selec-
tivity. The 1H NMR spectra obtained enable the determina-
tion of all the important parameters such as multiplet struc-
ture, coupling constants and integration values. The next
step will be the detection of carotenoid stereoisomers as
well as other bioactive compounds in biological samples,
and further developments in tailor-made stationary phases
with a higher loadability and similar, or even better, shape
selectivity.
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