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ABSTRACT: Sea aster (Aster tripolium L.) and searocket (Cakile maritima Scop.), potential ingredients in the New Nordic Diet,
were analyzed by high-resolution radical scavenging and high-resolution α-glucosidase inhibition assays. Results from the two
bioactivity profiles were used to guide subsequent structural analysis toward constituents with potential health-promoting effects.
Structural analysis was performed by high-performance liquid chromatography−high-resolution mass spectrometry−solid-phase
extraction and automated tube transfer nuclear magnetic resonance spectroscopy, that is, HPLC-HRMS-SPE-ttNMR. High-
resolution mass spectrometry together with detailed analysis of one- and two-dimensional proton detected NMR experiments
enabled unambiguous assignment of the targeted analytes. This revealed a series of caffeoyl esters (1, 2, 5), flavonoid glycosides
(3, 4, 6, 11−15), flavonoids (7−9), sinapate esters (10, 16, 17), and sinapinic acid (18) associated with radical scavenging and/
or α-glucosidase inhibition. In vitro assays implemented in this study showed that sea aster holds potential as a future functional
food ingredient for lowering postprandial blood glucose level for diabetics, but further investigations are needed to prove the
effect in vivo.
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■ INTRODUCTION

Increased mortality and severe diseases caused by our lifestyle
are major threats modern societies have to face in the 21st
century. The global status report from the World Health
Organization highlighted in 2010 that 36 million of the 57
million deaths that occurred globally in 2008 were due to
noncommunicable diseases, including diabetes, cardiovascular
diseases, and cancer.1 One of the main risk factors is unhealthy
diet, and WHO suggests promotion of healthy diets as one of
the means for reducing risk factors for the above-mentioned
diseases.
During the past 20 years the Mediterranean-style diet2 has

become popular in science and society due to its protection
against lifestyle diseases. However, this specialized and
regionally defined diet is hardly applicable and advisable
worldwide, and most countries have their own cultural and
regional foods that might be health-promoting.3 Thus, as part
of the development of a new tasty, healthy, and environ-
mentally friendly diet in the Nordic region, Claus Meyer and
Rene Redzepi wrote the New Nordic Cuisine manifesto in
2004.4 The manifest was signed by other leading Nordic chefs
later that year and subsequently adopted in the New Nordic
Food program by the Nordic Council of Ministers in 2005.5

The New Nordic Cuisine has become very popular and is
currently being developed in interdisciplinary research teams.6,7

It is rated as a world-class cuisine, exemplified by restaurant
NOMA’s first place on San Pellegrino’s top 50 list of the
world’s best restaurants from 2010 to 2012.8 The New Nordic

Diet is based on an increased consumption of locally produced
fruits, vegetables, herbs, whole grains, seafood, and less but
better meat and includes the use of wild plants from the Nordic
region. It has recently been shown that a diet based on Nordic
food with expected health-promoting effects, for example,
berries, cabbages, apples, pears, root vegetables, legumes, oats,
rye, and fish, is related to lower mortality and might be effective
for lowering weight and hypercholesterolemia.9,10 Many of the
above-mentioned plant-based ingredients contain phytonu-
trients such as polyphenols, carotenoids, polyunsaturated fatty
acids, and plant sterols, which have been shown to exhibit
potential health-promoting effects based on in vitro and animal
studies.11−13 However, the potential health-promoting effect of
wild-grown plants used in the New Nordic Diet is hardly
understood due to incomplete knowledge of their chemical
composition and the biochemical properties of individual
phytochemicals.
Most investigations of chemical and biological properties of

plant-based food are based on either (i) measurement of the
biochemical activity of the combined pool of compounds in
complex extracts or (ii) bioassay-guided fractionation, which
suffers from loss of resolution in the fractionation process and
thus limits findings to the most abundant constituents.
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However, a new analytical technology platform holds promise
for improved profiling of individual bioactive compounds in
complex mixtures. The first component of the platform is high-
resolution screening or high-resolution bioassay,14−17 a screen-
ing technology that combines microplate-based biochemical
detection with the resolution power of analytical-scale high-
performance liquid chromatography. The second component is
a state-of-the-art hyphenated system consisting of high-
performance liquid chromatography, solid-phase extraction,
and nuclear magnetic resonance, that is, HPLC-SPE-NMR,18,19

which has proven to be successful for fast and efficient analysis
of the chemical composition of pharmaceuticals20 and plant
extracts,21−24 including the combined use with circular
dichroism to establish absolute configuration of identified
metabolites.25 However, stand-alone HPLC-SPE-NMR analysis
does not give any information about the bioactivity of the
individual constituents, and for this reason the recent
combination with high-resolution screening assays, that is,
HR-(bio)assay/HPLC-SPE-NMR,26−31 is an important new
improvement of the basic HPLC-SPE-NMR technique.
Species of the Asteraceae and Brassicaceae family are among

the most consumed wild-gathered food in European Medi-
terranean,32 and several pharmacological studies have indicated
potential health effects of metabolites from these species.33,34

The present study aims at profiling bioactive compounds in two
wild-grown beach plants, as examples of possible food
ingredients from Nordic coastal regions, that is, sea aster
(Aster tripolium L., Asteraceae) and searocket (Cakile maritima
Scop., Brassicaceae). By means of high-resolution radical
scavenging and high-resolution α-glucosidase inhibition assays,
individual bioactive compounds in extracts of sea aster and
searocket were pin-pointed and subsequently identified using
HPLC-HRMS-SPE-ttNMR (ttNMR, tube-transfer NMR).

■ MATERIALS AND METHODS
Chemicals. 2,2′-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid)

diammonium salt (ABTS), α-glucosidase (type I, from baker’s yeast),
p-nitrophenolglucopyranoside (PNPG), sodium phosphate dibasic
dihydrate, methanol-d3 (99.80% D, HDO + D2O < 0.03%), and
sodium phosphate monobasic dihydrate were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Solvents were of analytical or HPLC
grade (Sigma-Aldrich), and water was purified by deionization and
0.22 μm membrane filtration (Millipore, Billerica, MA, USA). Formic
acid was purchased from Merck (Darmstadt, Germany).
Plant Material and Extraction. Sea aster (A. tripolium) and

searocket (C. maritima) were collected on a sandy beach at Amager (N
55° 33.731′, E 12° 33.704′, 0 m elevation), Copenhagen, Denmark, in
October 2011. Searocket was rinsed with distilled water to remove salt
and sand, dried, and pulverized in a coffee grinder. Voucher specimens
of sea aster and searocket (KU-DS14 and KU-DS15, respectively) have
been deposited in Herbarium C (Botanical Museum, University of
Copenhagen, Copenhagen, Denmark). Ground material of sea aster
and searocket were extracted using 70% aqueous methanol. To
inactivate plant enzymes, the suspension was boiled for 10 min and
subsequently homogenized using a T25 Basic Ultra Turrax (IKA
Labortechnik, Stauden, Germany). Extraction was performed for 96 h,
and the extraction solvent was removed under reduced pressure at
temperatures below 40 °C. This afforded 8.33 g extract/100 g of sea
asters and 3.09 g extract/100 g of searocket.
High-Resolution Radical Scavenging Assay. Chromatographic

separation of raw extracts was performed with an Agilent 1200 series
instrument (Santa Clara, CA, USA) consisting of a G1311A quaternary
pump, a G1322A degasser, a G1316A thermostated column
compartment, a G1315C photodiode array detector, a G1367C
high-performance autosampler, and a G1364C fraction collector, all
controlled by Agilent ChemStation ver. B.03.02 software. The column

used was a reversed phase Luna C18(2) (Phenomenex, 150 × 4.6 mm,
3 μm, 100 Å) maintained at 40 °C. The aqueous eluent (A) consisted
of water/methanol (95:5, v/v), and the organic eluent (B) consisted of
methanol/water (95:5, v/v), both acidified with 0.1% formic acid. The
eluent flow rate was maintained at 0.8 mL/min with the following
elution profile: 0 min, 30% B; 15 min, 45% B; 25 min, 75% B; 35 min,
100% B; 40 min, 100% B; 42 min, 0% B; and 8 min of equilibration.
Samples of searocket and sea aster were prepared at concentrations of
250 mg/mL, and separation was performed after a single injection
loading of 5 μL. The column out flow was directed to an automated
fraction collector, and the eluate from 4 to 28 min was fractionated
into two 96-well microplates (resolution = 8 points per min) (Sterilin
Limited, Aberbargoed Caerphilly, UK). The microplate-based radical
scavenging assay was based on the procedure described by Re et al.35

and modified for use in high-resolution microplate assays.29,31 In short,
ABTS•+ stock solution was prepared by incubating ABTS (2.5 mM)
with 0.875 mM potassium persulfate in Milli-Q water and allowing the
mixture to stand in the dark for 12−16 h before use. The ABTS•+

working solution was prepared by 5-fold dilution of the stock solution
with 0.1 M sodium phosphate buffer (pH 7.4), and 200 μL of this
working solution was added to each well. Spectrophotometric
measurements of absorbance at 620 nm were performed each minute
for 20 min using a Thermo Scientific Multiskan FC microplate
photometer (Thermo Scientific, Waltham, MA, USA) controlled by
SkanIt ver. 2.5.1 software. ABTS•+ reduction values for each well were
plotted at its respective retention time as a radical scavenging profile
underneath the HPLC chromatogram.

High-Resolution Microplate-Based α-Glucosidase Inhibition
Assay. Chromatographic separation of sea aster and searocket was
performed as described above, using 10 μL injections of 250 mg/mL
extracts. The eluate from 4 to 28 min was fractionated into two 96-well
microplates (resolution = 8 points per min) and subsequently
evaporated to dryness using an SPD121P Savant SpeedVac
concentrator (Thermo Scientific) equipped with an OFP400 oil free
pump and a RVT400 refrigerated vapor trap. The α-glucosidase
inhibition assay was performed in 0.1 M sodium phosphate buffer (pH
7.5) containing 0.02% sodium azide. The buffer was used for preparing
a 10 mM PNPG solution and a 0.1 unit/mL solution of α-glucosidase.
Residues in each well were dissolved in 10 μL of dimethyl sulfoxide,
and 70 μL of buffer and 100 μL of α-glucosidase solution were added.
Well plates were incubated at 28 °C for 10 min before addition of 20
μL of PNPG solution. The formation of p-nitrophenol by α-
glucosidase was monitored at 405 nm for 35 min, and absorption
values (after 20 min reaction time) for each well were plotted at its
respective retention time as an inhibition profile underneath the
HPLC chromatogram.

HPLC-HRMS-SPE-ttNMR Analysis. Chromatographic separations
were performed using an Agilent 1100 system (Santa Clara, CA, USA)
comprising a G1315A photodiode array detector, a G1313A
autosampler, a G1311A quaternary pump, a G1322A degasser, and a
G1316A thermostated column compartment. Chromatographic
conditions (column, solvent composition, temperature, gradient
profile) were the same as described above. A small proportion
(0.1%) of the HPLC eluate was directed to a micrOTOF-Q II mass
spectrometer (Bruker Daltonik GmbH, Bremen, Germany) equipped
with an electrospray ionization interface. Mass spectra were acquired
in positive-ion mode, using a drying temperature of 200 °C, a capillary
voltage of 4100 V, a nebulizer pressure of 2.0 bar, and a drying gas flow
of 7 L/min. A solution of sodium formate clusters was automatically
injected in the beginning of each run to enable internal mass
calibration. The rest of the HPLC eluate was directed to the
photodiode array detector and subsequently to a Prospekt 2 SPE-unit
(Spark Holland, Emmen, The Netherlands). Cumulative SPE
trappings of individual analytes were performed for 10 consecutive
injections (30 μL/injection), using either absorption thresholds (254,
280, 310, and 360 nm) or mass count thresholds (from base peak
chromatograms) to trigger analyte trapping. Chromatography, peak
trapping, and analyte transfer from the SPE unit were controlled with
HyStar ver. 3.2 software (Bruker Biospin GmbH, Rheinstetten,
Germany). The HPLC eluate was diluted with Milli-Q water at a
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flow rate of 1.5 mL/min prior to trapping on 10 × 2 mm i.d. Resin GP
(general purpose, 5−15 μm, spherical shape, polydivinyl-benzene
phase) SPE cartridges from Spark Holland. SPE cartridges were
conditioned with 1000 μL of methanol at 6 mL/min and equilibrated
with 500 μL of Milli-Q water at 1 mL/min prior to trapping. Loaded
cartridges were dried with pressurized nitrogen gas for 45 min each,
and the analytes were automatically eluted into 1.7 mm o.d. NMR
tubes (96-position tube racks) using a Gilson Liquid Handler
controlled by PrepGilson software version 1.2 (Bruker Biospin
GmbH).
NMR Experiments. NMR experiments were performed with a

Bruker Avance III system (1H operating frequency of 600.13 MHz)
equipped with a Bruker SampleJet sample changer and a cryogenically
cooled gradient inverse triple-resonance 1.7 mm TCI probe-head
(Bruker Biospin) optimized for 1H and 13C observation. Bruker
standard pulse sequences were used throughout this study. IconNMR
(version 4.2, Bruker Biospin) was used for controlling automated
acquisition of NMR data (temperature equilibration to 300 K,
optimization of lock parameters, gradient shimming, and setting of
receiver gain), and processing of NMR data was performed using
Topspin (version 3.0, Bruker Biospin). One-dimensional 1H NMR

spectra were acquired using 30° pulses and 64K data points, which
were zero-filled to 128K and multiplied with an exponential function
(line-broadening = 0.3 Hz) prior to Fourier transformation. Two-
dimensional homo- and heteronuclear experiments were acquired with
2048 data points in the direct dimension and 512 (DQF-COSY), 256
(multiplicity-edited HSQC), and 128 (H2BC, HMBC, and ROESY)
in the indirect dimension with spectral widths determined from the
corresponding one-dimensional experiments. The HMBC and HSQC
experiments were optimized for nJH,C = 8 Hz and 1JH,C = 145 Hz,
respectively. All two-dimensional experiments were processed to 2K ×
1K data matrices after application of a sine-bell squared window
function in F1 and F2.

■ RESULTS AND DISCUSSION

Sea aster (A. tripolium) and searocket (C. maritima) were
collected locally in the Copenhagen area in October 2011, and
each plant was extracted in 70% boiling methanol immediately
after collection to avoid enzymatic degradation of secondary
metabolites. Reconstituted samples were subjected to high-
resolution radical scavenging and α-glucosidase inhibition

Figure 1. Schematic representation of HPLC-HRMS-SPE-ttNMR analysis of sea aster and searocket extract guided by high-resolution ABTS•+

reduction and α-glucosidase inhibition profiles. Path 1: microfractionation into two 96-well microplates followed by ABTS•+ reduction assay of each
microfraction to produce high-resolution ABTS•+ reduction profile. Path 2: microfractionation into two 96-well microplates followed by α-
glucosidase inhibition assay to produce high-resolution α-glucosidase inhibition profile. Path 3: HPLC-HRMS-SPE-ttNMR analysis targeting
antioxidants and α-glucosidase inhibitory metabolites established in the preceding procedures.

Figure 2. High-resolution α-glucosidase inhibition and radical scavenging profiles of sea aster with overlaid HPLC chromatogram at 280 nm. Peaks
are numbered sequentially with increasing elution order.
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assays to acquire high-resolution bioactivity profiles used for
targeting subsequent HPLC-HRMS-SPE-ttNMR analysis to-
ward bioactive constituents only (as depicted schematically in
Figure 1).
High-Resolution Bioactivity Profiling. High-resolution

radical scavenging and α-glucosidase inhibition profiles of sea
aster and searocket are shown underneath their corresponding
HPLC chromatograms in Figures 2 and 3, respectively. The
radical scavenging profiles show that especially sea aster is rich
in discrete and well-separated peaks correlated with radical
scavenging activity (Figure 2, peaks 1−9, tR 7−26 min).
Contrary to this, searocket contains only two discrete peaks
with strong responses in the high-resolution radical scavenging
profile (Figure 3, peaks 10 and 12), in addition to several minor
constituents with lower and less well-defined profiles (tR 4−17
min). For sea aster, two well-defined peaks showing
pronounced α-glucosidase inhibitory activity are observed at
20.7 and 24.6 min (Figure 2, peaks 7 and 9). In addition, a
range of analytes with very weak responses in the HPLC
chromatogram (tR 21−24 min) are correlated with relatively
strong responses in the high-resolution α-glucosidase inhibition
profile. This is in contrast to sea rocket (Figure 3), for which no
well-defined peaks with α-glucosidase inhibitory activity are
observed. The radical scavenging and α-glucosidase inhibition
profiles provide good resolution that allows disclosure of the
individual metabolites responsible for the observed activities,
that is, correlating peaks in the biochromatograms with
individual peaks in the overlaid HPLC chromatograms. This
information was used for targeting subsequent HPLC-HRMS-
SPE-ttNMR analysis toward potential bioactive constituents.
HPLC-HRMS-SPE-ttNMR. Sea aster (A. tripolium) and

searocket (C. maritima) were subjected to HPLC-HRMS-
SPE-ttNMR analysis targeted toward those constituents having
discrete, well-separated peaks and displaying highest activity in
the radical scavenging and/or α-glucosidase inhibition profiles.
The HPLC peaks were numbered 1−9 and 10−18 in order of
increasing retention time from each plant (Figures 2 and 3,
respectively), and the identified metabolites were numbered 1−
9 and 10−18 accordingly. Results from NMR and LC-HRMS
analyses (Tables S1 and S2 in the Supporting Information) led
to the identification of caffeoyl esters, flavonoids, flavonoid
glycosides, sinapate esters, and sinapinic acid in the two plants.

Caffeoyl Esters. Sea aster contained three caffeoyl esters, 1,
2, and 5, displaying discrete peaks with pronounced activity in
the radical scavenging profile. Peak 1 showed a M + H ion with
m/z 355.1021 corresponding to the molecular formula of
C16H18O9 for compound 1. The 1H NMR spectrum showed
characteristic signals of E-caffeoyl and quinic acid moieties. The
downfield position of H-5 (5.33 ppm) was interpreted as the
result of esterification at C-5 of quinic acid; thus, the structure
of compound 1 was assigned to 5-O-caffeoylquinic acid36

(Figure 4). On the basis of HRMS, peaks 2 and 5 were
identified as isobaric compounds with the molecular formula
C25H24O12, and the 1H NMR spectra showed that these two
compounds contained two E-caffeoyl units each and a single
quinic acid. For compound 2, large downfield shifts of H-3 (δ
5.43) and H-5 (δ 5.39) were observed, whereas large downfield
shifts of H-4 (δ 5.11) and H-5 (δ 5.43) were observed for 5.
This shows that 2 and 5 are 3,5-O-dicaffeoylquinic acid and 4,5-
O-dicaffeoylquinic acid, respectively. 1H NMR data given in
Table S1 of the Supporting Information were in agreement
with those reported in the literature.37

Flavonoid and Flavonoid Glycosides. Peaks 7−9 showed
discrete signals in the radical scavenging profile as well as in the
α-glucosidase inhibition profile. On the basis of HRMS analysis,
peak 7 was assigned to a molecular formula of C15H10O7, and
AMX and AX spin systems observed in the downfield region of
the 1H NMR spectrum were in agreement with quercetin (7).33

Peak 8 was assigned the molecular formula C15H10O6 on the
basis of HRMS and showed the same multiplicity pattern as
quercetin, but with an additional flavone H-3 resonance at 6.55
ppm. This established the structure of compound 8 as
luteolin.38 Peak 9 was assigned the molecular formula
C15H10O5 on the basis of the M + H ion at m/z 271.0601,
and the 1H NMR spectrum showed a characteristic AA′XX′
spin system (δ 7.86 and 6.94), doublets for two meta-coupled
hydrogen (δ 6.47, J = 2.1 Hz, H-8 and δ 6.22, J = 2.1 Hz, H-6),
and a singlet resonance (δ 6.60, H-3), which is in agreement
with apigenin (9).38 Monoglycosides (3, 4, 6), diglycosides (13,
15), and triglycosides (11, 12, 14) of flavonoids were
recognized on the basis of neutral loss analysis in HRMS and
integration of anomeric resonances from 1H NMR spectra.
Interglycan and glycan−aglycone linkages were established on
the basis of HMBC correlations. Comparison with reference
data from the literature revealed their identities as quercetin 3-

Figure 3. High-resolution α-glucosidase inhibition and radical scavenging profiles of searocket with overlaid HPLC chromatogram at 280 nm. Peaks
are numbered sequentially (starting from 10) with increasing elution order.
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O-β-D-glucopyranoside (3),36 quercetin 3-O-β-D-glucuronide
(4),36 apigenin 7-O-β-D-glucuronide (6),39 kaempferol 3,4′-di-
O-β-D-glucopyranoside-7-O-α-L-rhamnopyranoside (11),40

quercetin 3-O-β-D-glucopyranoside-7-O-β-D-glucopyranosyl-
(1→4)-α-L-rhamnopyranoside (12),41 quercetin 3-O-β-D-glu-
copyranoside-7-O-α-L-rhamnopyranoside (13),41 kaempferol 3-
O-β-D-glucopyranoside-7-O-β-D-glucopyranosyl(1→4)-α-L-
rhamnopyranoside (14), and kaempferol 3-O-β-D-glucopyrano-
side-7-O-α-L-rhamnopyranoside (15).42 Kaempferol 3-O-β-D-
glucopyranoside-7-O-β-D-glucopyranosyl(1→4)-α-L-rhamno-
pyranoside (14) has not previously been reported in the
literature. Observed HMBC correlations from anomeric
protons H-1″ (Glc) and H-1‴ (Rha) to C-3 and C-7,
respectively, are in accordance with 3,7-diglycosylated
kaempferol. The connectivity between the two glycans was
established on the basis of a strong 3J HMBC correlation from
the anomeric proton of the terminal glucose (δ H1′′′′ = 4.63)
to a rather deshielded carbon resonance (δ C-4‴ = 82.4) of
rhamnose. Similar correlation patterns were observed for
compound 12. Assignment of 1H and 13C resonances for
compound 14 is given in Table 1.
Sinapic Acid and Sinapate Esters. Results from HPLC-

SPE-HRMS-ttNMR analysis revealed four sinapic acid ana-

logues occurring in searocket. Peak 10 showed three downfield
resonances, that is, two resonances corresponding to a trans-
disubstituted double bond and one singlet resonance
integrating for two hydrogens. Together with another singlet
at 3.9 ppm (integrating for six protons), this suggested a
symmetrically methoxylated aromatic ring, that is, a 4-hydroxy-
3,5-dimethoxycinnamoyl unit. Additional resonances for a
glucopyranoside moiety were observed and based on the 3J
HMBC correlation from the anomeric proton to the carbonyl
carbon at 164.5 ppm. Thus, the structure of compound 10 was
concluded to be sinapoyl-O-β-D-glucopyranoside.43 Peaks 16
and 17 showed two and three sets of sinapoyl 1H resonances,
respectively, in addition to resonances corresponding to two
glucopyranosyl units. This indicated compounds 16 and 17 to
be di- and trisinapoyl esters of a disaccharide, and detailed

Figure 4. Structures of compounds identified in sea aster (1−9) and
searocket (10−18).

Table 1. 1H and 13C NMR Data of 14 Acquired in the HPLC-
SPE-ttNMR Mode

position 1Ha,b,c 13Ca,c

aglycone
2 159.5
3 135.5
4 nd
5 162.7
6 6.48 (1H, d, 2.0) 100.3
7 163.3
8 6.78 (1H, d, 2.0) 95.2
9 157.8
10 107.6
1′ 122.8
2′/6′ 6.90 (2H, AA′) 115.9
3′/5′ 8.09 (2H, XX′) 132.1
4′ 161.4

glucose
1″ 5.33 (1H, d, 7.4) 103.4
2″ 3.45 (1H, t, 8.9) 75.5
3″ 3.42 (1H, t, 9.1) 77.8
4″ 3.30* (1H, m) 71.2†

5″ 3.21 (1H, m) 78.3
6″ 3.52 (1H, dd, 11.9, 5.7) 62.4

3.69§ (1H, m)
rhamnose

1‴ 5.56 (1H, br) 99.4
2‴ 4.05 (1H, m) 71.4
3‴ 4.07 (1H, dd, 9.0, 3.4) 71.9
4‴ 3.73 (1H, t, 9.1) 82.4
5‴ 3.66 (1H, m) 69.7
6‴ 1.33 (1H, d, 6.2)

glucose
1′′′′ 4.63 (1H, d, 7.9) 105.4
2′′′′ 3.22 (1H, dd, 8.9, 8.1) 75.8
3′′′′ 3.38 (1H, t, 8.8) 78.0
4′′′′ 3.30* (1H, m) 71.2†

5′′′′ 3.29 (1H, m) 77.9
6′′′′ 3.69§ (1H, m) 62.5

3.85 (1H, dd, 12.0, 2.1)
a1H (600 MHz) and 13C (150 MHz) NMR spectroscopic data
measured in methanol-d4; δ values relative to internal TMS. bIntegrals;
multiplicity and coupling constants of signals (given in parentheses):
d, doublet; t, triplet; m, multiplet; br, broad; coupling constants
(apparent splittings) are reported as numerical values in hertz.
cOverlapped resonances within the column are flagged with †, *, and
§.
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analysis of 2D NMR experiments concluded the analytes to be
1,2-di-O-sinapoyl-β-gentiobiose (16)44 and 1,2,2′-tri-O-sinapo-
yl-β-gentiobiose (17).41 Peak 18 showed 1H resonances
corresponding to the aglycone resonances of peak 10, and
thus 18 was identified as sinapic acid.45

In conclusion, high-resolution radical scavenging and α-
glucosidase inhibition profiles of searocket and sea aster
showed both plants to be rich in antioxidants, that is,
metabolites with radical (ABTS•+) scavenging capacity, whereas
only sea aster contains a series of metabolites with α-
glucosidase inhibitory activity. The microplate-based high-
resolution bioassays were easy to implement and allowed direct
correlation between the peak in the high-resolution bioactivity
profile and the corresponding peak in the HPLC chromato-
gram. Using this information, subsequent HPLC-HRMS-SPE-
ttNMR analysis was targeted toward bioactive constituents
only, thereby focusing labor and costly instrument time toward
structure elucidation of the three α-glucosidase inhibitors and
the18 antioxidants shown in Figure 4. Another advantage of the
high-resolution bioassay-guided HPLC-HRMS-SPE-ttNMR
platform described here is that the relative responses observed
in the high-resolution bioassay profiles prevent potential
underestimation of highly bioactive constituents due to low
abundance and/or low response with the employed detection
technique (diode array detector in this case). This is illustrated
in the analysis of sea aster, where peak 7 could potentially be
underestimated and excluded in a standard HPLC-HRMS-SPE-
ttNMR analysis due to a relatively low response in the UV trace
(Figure 2). However, the α-glucosidase inhibition profile
disclosed the highest inhibitory response for this constituent,
which was therefore included in the HPLC-HRMS-SPE-ttNMR
analysis.
Possessing phenolic functionality, all identified compounds

were expected to have radical (ABTS•+) scavenging capacity.
This observation is in agreement with the underlying principle
of radical reduction via the proton-coupled electron transfer
mechanism46 observed for phenolic compounds.
Despite the widespread distribution of glycosylated poly-

phenols in the two plants, α-glucosidase activity was attributed
only to the free aglycones 7−9. The glycosylated analogues 3
and 6 showed no or very low α-glucosidase inhibition in vitro
compared to their corresponding free aglycones 7 and 9, which
is in agreement with previous findings.27 Both plants hold
potential for increased levels of free aglycones in vivo due to
possible bacterial hydrolysis of flavonoid glycosides, that is, 3, 6,
12, and 13, to their corresponding active aglycones, that is, 7
and 9. Such hydrolysis of dietary flavonoid glycosides by
bacteria from human saliva47 and intestines48 has previously
been observed, but further studies are needed to investigate
whether relevant in vivo concentrations for obtaining a health
effect are reached. However, thermal hydrolysis of the flavonoid
glycosides via increased cooking temperature can also be
suggested as a feasible possibility of transforming the
glycosylated metabolites to their corresponding aglycones,
thereby increasing their potential health-promoting activity
prior to uptake. α-Glucosidase inhibition of the three
compounds quercetin 7, luteolin 8, and apigenin 9 observed
in the current study is in agreement with previous findings.49,50

Especially luteolin (IC50 = 0.5−1 mg/mL) was reported to
possess stronger inhibition of α-glucosidase than the clinically
used drug acarbose (IC50 = 5 mg/mL).50

In summary, sea aster was shown to hold promise as a future
functional food ingredient for lowering postprandial blood

glucose level for diabetics and avoiding oxidative complications
in human biological systems. Searocket was also shown to
contain a series of radical scavenging metabolites. However,
further investigations are needed to prove the effect in vivo.
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