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ABSTRACT: Betalains are plant pigments with high antioxidant and free radical scavenging activities. While basal activity exists
in all betalains, the dihydroxylated molecules present the highest TEAC values of the family of compounds. However, their
lability limits possible applications. This work reports the encapsulation of the most active pigments, the yellow miraxanthin V
and the violet betanidin in edible matrixes of chitosan and maltodextrin. An appropriate spray-drying procedure is described, with
an inlet air temperature of 140 °C. The resulting particles were characterized by scanning electron microscopy, and powder color
was analyzed by spectrophotometry using an integrating sphere. Stability of the bioactive compounds was followed by high-
performance liquid chromatography, and it was highly promoted by encapsulation, with limited pigment loss after six months’
storage. Particles retained the antioxidant and antiradical activities of the soluble pigments measured under the FRAP and ABTS
radical assays. A combination of miraxanthin V and betanidin in variable proportions provides a bright palette of encapsulated

powders of different colors suitable for food applications.
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B INTRODUCTION

Betalains are nitrogen-containing natural pigments that provide
bright coloration to fruits, flowers, and roots of plants
belonging to the order Caryophyllales." They are divided into
two groups: the violet betacyanins, with absorbance spectra
centered at wavelengths around A, = 536 nm, and the yellow
betaxanthins, with absorbance spectra centered at wavelengths
around 4, = 480 nm. Both groups share betalamic acid as the
structural and chromophoric unit, which is condensed with
cyclo-DOPA in the betacyanins and with amines and amino
acids in the betaxanthins.” Betalains fulfill the role played by
anthocyanins in other plants, and the two families are mutually
exclusive.>* Betalains are water-soluble and possess high
antioxidant and free radical scavenging activities that have
been described for plant extracts and purified pigments.”””
These activities support the recently discovered chemo-
preventive potential of betalains against different types of
cancer.* '* Betalains have been reported to inhibit the
formation of tumors in mice in vivo, with very low
concentrations of dietary pigments, thus demonstrating a
strong health-promoting potential.''~*?

Among the edible sources of betalains, the roots of red beet
(Beta vulgaris) and the fruits of the cactus Opuntia ficus-indica
are especially relevant in the diet."*~"¢ Other edible sources are
the fruits of the cacti Hylocereus polyrhizus, Swiss chard (Beta
vulgaris), the tubers from Ullucus tuberosus, and the berries from
Rivina humilis.'®"”~>° The betalain-containing extracts from the
roots of B. vulgaris are used by the food industry as a natural
colorant under code 73.40 in the 21 CFR section of the Food
and Drug Administration (FDA) in the USA and under code E-
162 in the European Union. This colorant is used to give pink
to violet colors to different foods and beverages.”' ~>* In recent
years new colorants derived from Opuntia fruits have also been
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proposed.”*~*” Betalains are also present in nonedible parts of
plants, such as bracts, stems, leaves, and flowers.** ™! The
presence of betalains in the latter is of particular importance
due to the formation of colored and fluorescent patterns and its
possible role in the attraction of animals for pollination.**

Structure—activity relationships have been studied for
betalains’ antioxidant and free radical scavenging activities.
There is an “intrinsic activity” common to all betalains, which is
supported by the betalamic acid moiety of the structure,
although this can be modulated by different structural factors.*®
The presence of aromatic cycles in resonance with the main
electron resonance system implies an enhancement of the
antiradical activity. If this is done to form indoline-like
substructures, like those present in betacyanins, the enhance-
ment is higher.” The presence of hydroxyl groups in the
molecule increases the antioxidant and antiradical capacity of
the pigment in both betaxanthins and betacyanins. An increase
in terms of Trolox equivalence from 2.5 TEAC units (Trolox
equivalent antioxidant capacity) to 4.0 for one and to 5.8 TEAC
units for two hydroxyl groups has been characterized.*** The
last value is higher than those found for other well-known
antioxidants such as epigallocatechin gallate (EGCG) in green
teq 3536

Despite their coloring capacity and superior antiradical
activity, the dihydroxylated betalains have not been considered
by the food industry as potential additives. This is in part due to
their instability, which prevents long-term storage. In this work,
the pigments with the strongest antiradical capacity, mirax-
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anthin V (betaxanthin) and betanidin (betacyanin), shown in
Figure 1, are used as model dihydroxylated pigments to study
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Figure 1. (A) Chromatographic profile for the individual analysis of
purified miraxanthin V. Elution was followed at 480 nm. Full scale is A
= 0.3 absorbance units. A 20 L amount of pure pigment solution was
injected with a concentration of 64 uM. Inset: Miraxanthin V
structure. (B) Chromatographic profile of purified betanidin. Elution
was followed at 542 nm. Full scale is A = 0.2 absorbance units.
Injection volume = 10 yL, concentration = 286 uM. Inset: betanidin
structure.

their possible encapsulation and its effect on stability and color.
A palette of encapsulated powders containing these active
betalains in different proportions is proposed for food
applications.

B MATERIALS AND METHODS

Chemicals and Reagents. Red beet juice concentrate (B-50-WS)
was purchased from CHR Hansen (Madrid, Spain). Maltodextrins
(Paselli SA2) were from Probelte S.A. (Murcia, Spain). Other
chemicals and reagents were obtained from Sigma (Madrid, Spain).
Solvents were from Merck (Madrid, Spain). HPLC-grade acetonitrile
was purchased from Labscan Ltd. (Dublin, Ireland). Distilled water
was purified using a Milli-Q system (Millipore, Bedford, MA, USA).

Plant Material and Betalains Preparation. Lampranthus
productus plants with violet flowers were grown by the authors in
Murcia (Spain). Flower samples were carefully collected, and the
petals were removed and washed. Pigments were extracted in 10 mM
sodium acetate buffer pH 5.0, containing 10 mM ascorbic acid (AA) in
a Polytron homogenizer (Kinematica AG, Switzerland) (S s, 2 pulses,
at medium speed). The homogenate was filtered through nylon cloth
and centrifuged at 120000g for 40 min. The supernatant was then
filtered through Centriplus YM-10 membranes (Millipore) to remove
proteins, and the filtrate was used for further betanidin purification.
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The whole process was carried out at 4 °C. Miraxanthin V was
obtained as the condensation product of dopamine with betalamic acid
obtained from Beta vulgaris roots. The process was carried out
following a method described previously.*”*® Briefly, red beet juice
concentrate was filtered by a 10 kDa ultrafiltration step (QuixStand
System, General Electric Healthcare, Milwaukee, WI, USA). Betanin
purified from this filtered solution was used as starting material. Basic
hydrolysis (pH 11.4) of betanin released betalamic acid, which was
then condensed with dopamine after reaching pH 5.0. The betaxanthin
miraxanthin V was obtained, accompanied by a color change from pale
yellow (betalamic acid, 4, = 424 nm) to deep yellow (dopamine
betaxanthin, 4,, = 474 nm). The whole process was carried out in a
nitrogen atmosphere. For pigment purification, a C-18 solid phase
extraction step was performed. C-18 cartridges (35 mL, Waters,
Milford, MA, USA) were conditioned with 70 mL of ethanol followed
by 70 mL of sodium phosphate buffer (10 mM, pH 6). Miraxanthin V
was eluted with ethanol and then concentrated to dryness under
vacuum. The residue was stored at —80 °C for further purification by
anionic exchange chromatography.

Anionic Exchange Chromatography Purification. Anionic
exchange chromatography of miraxanthin V and betanidin was
performed in an Akta Prime Plus purifier apparatus (General Electric
Healthcare).>" The solvents used for the betaxanthin purification were
10 mM sodium phosphate buffer, pH 6.0 (solvent A), and 10 mM
sodium phosphate buffer, pH 6.0, with 2 M NaCl (solvent B). The
columns used were 25 X 16 mm, S mL Q-Sepharose Fast Flow (cross-
linked agarose with quaternary ammonium as an exchanger group, 90
um particle size) and were purchased from General Electric
Healthcare. Three columns were connected in series in order to
scale up the purification process. After sample injection, the elution
process was as follows: 0% B from 0.0 to 127 mL; after washing, a
linear gradient was performed over 135 mL from 0% B to 16% B, with
collection of 6 mL fractions. Injection volume was 50 mL and the flow
rate was 4.5 mL min~'. Salts were removed using a C-18 cartridge as
described above. The solvents used for betanidin purification were 10
mM sodium acetate buffer, pH 5.0 (solvent A), and 10 mM sodium
acetate buffer, pH 5.0, with 2 M NaCl (solvent B). An analogous
process to that used for miraxanthin V purification was used with only
slight differences. After sample injection, the elution process was as
follows: 0% B from 0.0 to 137 mL; after washing, a linear gradient was
performed over 210 mL from 0% B to 35% B.

Spectroscopy. A Jasco V-630 spectrophotometer (Jasco Corpo-
ration, Tokyo, Japan), attached to a Tectron thermostatic bath (JP
Selecta, Barcelona, Spain), was used for absorbance spectroscopy. For
the quantification of betalains, pigment concentration was evaluated
taking a molar extinction coefficient of £ = 48000 M~' cm™" at 480
nm for miraxanthin V and & = 54000 M™' cm™ at 536 nm for
betanidin.**** Measurements were made in water at 25 °C.

HPLC Analysis. A Shimadzu LC-20AD apparatus (Kyoto, Japan)
equipped with a SPD-M20A photodiode array detector (PDA) was
used for analytical HPLC separations. Reversed phase chromatography
was performed with a 250 X 4.6 mm Luna C-18(2) column packed
with § um particles (Phenomenex, Torrance, CA, USA). Gradients
were formed with two solvents, A and B. Solvent A was H,O with
0.05% trifluoroacetic acid (TFA); solvent B was acetonitrile with
0.05% TFA. A linear gradient was performed from 5% B to 35% B for
21 and 35 min for miraxanthin V and betanidin analysis,
respectively.’** The flow rate was 1 mL min~!, operated at 25 °C.
Injection volume was 20 uL for miraxanthin V and 10 uL for
betanidin. Chitosan-containing samples were diluted, and water
washings were performed between runs in order to minimize the
undesirable effects of the mucoadhesive properties of chitosan. These
include interaction with the column’s stationary phase and a significant
increase in the column pressure.

Spray Drying. Maltodextrin was dissolved in purified pigment
solutions (20% w/v) under vigorous vortexing. Chitosan (1% w/v)
was dissolved in acetic acid (1% v/v). Particles were prepared in a
Biichi B-290 mini spray dryer (Biichi Labortechnik AG, Flawil,
Switzerland). Inlet air temperature was 140 °C, and the outlet air
temperature was kept at 75 °C. Liquid feed was 2.5 mL/min,
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atomization air flow was 246 L/h, and the drying air flow was 36 m3/
h.*” The particles were separated from the drying air by a cyclone.

Color Assessment. Color determinations of the encapsulated
pigments were made at 25 °C using a JASCO V-650 spectropho-
tometer equipped with an ISV-722 integrating sphere (Jasco
Corporation, Tokyo, Japan). The color parameters corresponding to
the uniform CIELAB space (L*, a*, b*, C*, and h°) were directly
obtained from the apparatus software Spectra Manager version 2.07.*'

Free Radical Scavenging Activity. The antiradical capacity of
dopamine—betaxanthin and betanidin was evaluated by following their
effect on stable free radical ABTS®* [2,2'-azinobis(3-ethylbenzothiazo-
line-6-sulfonic acid)]. Decolorizing activity on ABTS™ solutions was
monitored spectrophotometrically at 4 = 414 nm.> ABTS** radical was
prepared from 2 mM ABTS through peroxidase activity (88 units/L
commercial horseradish peroxidase type VI, obtained from Sigma) in
the presence of H,0, (45 uM), in 12 mM NaOAc buffer, pH S.0. The
reactive portion was then diluted by two-thirds with the addition of
samples, and the reactions were carried out in 53 mM sodium
phosphate buffer, pH 7.0. Other conditions are specified in the text.
Measurements of 96-well plates were performed after 24 h incubations
at 20 °C, in a Synergy HT plate reader (Bio-Tek Instruments,
Winooski, VT, USA). All experiments were performed in triplicate,
and mean values and standard deviations were plotted. Final volume
was 300 uL (calculated path length = 0.87 cm). Detector linearity
under the assay conditions was confirmed (r = 0.999). Data analysis
was carried out using linear regression fitting under Sigma Plot
Scientific Graphing for Windows version 8.0 (2001; SPSS, Chicago, IL,
USA). In each case, errors associated with the results were calculated
on the basis of the residual standard deviation around the regression
line.

Antioxidant Capacity. The antioxidant activity of the pigments
was characterized by means of the reduction of Fe(III) to Fe(II). The
method described to evaluate the ferric reducing antioxidant power
(FRAP) was employed.*” Briefly, FeCl;, solutions at a final
concentration of 1.48 mM, in 223 mM sodium acetate buffer, pH
3.6, were used. Fe(III) reduction to Fe(II) was observed by adding the
reagent 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) at a final concentration
of 741 uM, which yields a colored complex with Fe(II). The reduction
reaction was monitored spectrophotometrically at A = 593 nm in a
Synergy HT plate reader (Bio-Tek Instruments). All measurements
were performed in triplicate, and mean values and standard deviations
were plotted. Data analysis was carried out using linear regression
fitting under Sigma Plot Scientific Graphing for Windows version 8.0.
In each case, errors associated with the results were calculated on the
basis of the residual standard deviation around the regression line.

Betalains Stability. Stability of Soluble Miraxanthin V. Stability
of soluble miraxanthin V was analyzed at 20 °C at different pH values,
both in the absence and in the presence of light (light intensity = S0
pmol/m?s). The assay medium contained the pigment (initial
concentration of 75 uM) in 20 mM sodium acetate buffer (pH
range 4.0—5.5) or 20 mM sodium phosphate buffer (pH range 5.5—
8.0). Aliquots corresponding to the different pH values were taken at
different times and analyzed by HPLC to follow the degradation of the
betaxanthin.””

Stability of Encapsulated Pigments. The powders containing the
encapsulated miraxanthin V or betanidin were stored at 20 °C, both in
the absence and in the presence of light (light intensity = S0 ymol/
m?*s), at 4 °C and at —20 °C. Aliquots were taken at different times
and dissolved in water (betaxanthin) or 10 mM sodium acetate buffer,
pH 5.0 (betanidin), to an initial concentration of 300 yM for HPLC
analysis.”” When chitosan was used for encapsulation, the aliquots
taken at different times were dissolved in 1% acetic acid to a
concentration of 6 uM for HPLC study in order to reduce the viscosity
of the sample. Due to the rheological properties of chitosan, water
washings between runs were carried out in the HPLC system. This was
the best way to minimize pressure problems in the chromatographic
system and column caused by chitosan.

Scanning Electron Microscopy (SEM). Particle morphology was
evaluated by scanning electron microscopy. Powders were attached to
pieces of double-sided adhesive tape mounted on SEM stubs, coated
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with gold under vacuum using a SEM coating system by Bio-Rad
Polaron Division, and examined with a JEOL JSM-6100 (Jeol, Tokyo,
Japan) scanning electron microscope operated at 15 kV. Images were
analyzed using the open source image analysis software Image]
(National Institutes of Health, NIH, USA). Briefly, images were
calibrated, and after that, an interactive measurement of the spheres
was carried out. Micrographs were obtained with an Inca Oxford
Image capture system (Oxford Instruments, Abingdon, UK).

B RESULTS AND DISCUSSION

Pigment Purification and Stability. Miraxanthin V and
betanidin were purified by anionic exchange chromatography
and solid phase extraction. Purity was confirmed by HPLC
analysis with PDA detection (Figure 1), and identity was
confirmed by retention time and absorbance spectrum
comparison with known standards.***

Studies on the chemical stability of betalains have focused
mainly on betanin.** However, the stability of betanidin has
been assessed previously,” and the results indicate that the
compound was stable in solution in the pH range 3.0 to 6.0.
Above this range, betanidin experiences a quick degradation
that is stronger at higher pH values. Betanidin degradation is
accompanied by a loss of color. These observations were
supported by degradation kinetics studies.*’ Although data have
also been reported for other pigments such as amaranthin or
indicaxanthin, to our knowledge, kinetic studies on the
degradation of miraxanthin V have not been carried out.””*’

Stability of soluble miraxanthin V was analyzed at different
pH values, either in the presence (Figure 2A) or in the absence
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Figure 2. Percentage of remaining miraxanthin V as a function of the
incubation time at 20 °C in the presence (A) or in the absence (B) of
light at different pH values.

(Figure 2B) of light. As can be seen, the presence of light
considerably decreased the stability of the pigment at all the pH
values assayed. The data obtained at each pH during the first
days of the experiment could be adjusted to first-order kinetics.
The corresponding degradation rates were calculated from the
slope of the linear regression fittings, as can be seen in Table 1.
These results evaluate the higher degradation experienced by
miraxanthin V in the presence of light. In addition, the stability
of the pigment was lower at pH values of 4.0, 7.0, and 8.0 than
at pH values between 5.0 and 6.0, with the highest value of the
degradation rate being determined at pH 8.0. This behavior was
found in both the presence and absence of light, probably due
to the oxidation of the o-hydroxyl groups at a slightly basic pH.
It can be concluded that miraxanthin V is stable in the absence
of light and in a reduced pH range between 5.0 and 6.0.
Outside these parameters degradation occurs. These results are
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Table 1. Values for Dopamine—Betaxanthin Degradation Rates in the Presence and Absence

of Light under Different pH

Conditions”
pH
degr. rate (uM/h) 4.0 5.0 S5 6.0 7.0 8.0
light 0.92 + 0.04 0.57 + 0.02 0.58 + 0.02 0.61 + 0.02 0.97 + 0.07 1.8 £0.19
darkness 0.167 + 0.009 0.012 + 0.007 0.0195 + 0.008 0.073 + 0.005 0.378 + 0.041 0.637 + 0.035

“Dependent samples’ Student’s t-test statistical analysis was successfully applied (p = 0.0009).

comparable to those obtained for betanidin, where pH values
above 6.0 implied quick pigment degradation.*?

Encapsulation of Pure Pigments. In order to explore the
possibility of the stabilization of betanidin and miraxanthin V, a
spray-drying process of both compounds was carried out
separately. Two encapsulating edible matrixes—chitosan and
maltodextrin—were used in this experiment. The process was
aimed at obtaining violet or yellow powders containing a single
pigment, betanidin or miraxanthin V, respectively.

The inlet air temperature for spray drying was set at 140 °C,
according to previous results obtained for the encapsulation of
the pigment indicaxanthin.”” This implied a compromise
between the efficiency of the drying process and the thermal
stability of the compounds. Figure 3 shows SEM microphoto-

Figure 3. Scanning electron microscope images for encapsulated
miraxanthin V powders. The matrixes used were (A) maltodextrin and
(B) chitosan. Scale bars are 25 and 12.5 um, respectively.

graphs of the powders obtained for maltodextrin and chitosan
encapsulation of miraxanthin V at the end of the drying
process. The same results were obtained for maltodextrin
encapsulation of betanidin. Particle analysis and sphericity were
analogous to those obtained for miraxanthin V encapsulation,
thus indicating that the morphology of the powders depends on
the matrix and encapsulation conditions and not on the
bioactive pigment. Analysis of the particle morphology reveals
that maltodextrin spheres possess a mean particle diameter of
10.7 pm. Shrinkage was observed during the drying process and
affected particle size. Those particles that collapsed during the
drying process possessed a mean diameter of 5.8 ym. This
affected the particle sphericity, which was reduced from ¥ = 1.0
to ¥ = 0.3, as determined from the mean surface area of the
particles. The matrix change from maltodextrin to chitosan
implied a considerable reduction in particle size, estimating a
mean diameter of 3.1 gm. The morphology of the final particles
relates to the chosen matrix, but it is also affected by the drying
conditions, associated with shrinkage, inflation, and particle
size.* Although matrixes of chitosan are currently receiving a
great deal of interest for their biocompatibility and biodegrad-
ability, the use of this compound presents technical difficulties

4297

deriving from its mucoadhesive properties. Chitosan solutions
are viscous and difficult to handle. In addition, it presents low
solubility (1% in acetic acid 1%) compared to maltodextrin
(20% in aqueous solutions). Taking into account these
considerations, maltodextrin was preferred for the encapsula-
tion of both betalains, and it is a more suitable candidate for
application in the food industry.

Free Radical Scavenging Activity of Encapsulated
Pigments. Betanidin and miraxanthin V exhibit a high free
radical scavenging capacity at much lower concentrations than
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid), a potent antiradical, water-soluble derivative of vitamin
E used as standard. Figure 4A shows the dependence of the
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Figure 4. (A) ABTS® radical depletion dependence on betalains’
concentration compared with Trolox. ABTS®" was used at a
concentration a 47 uM. The reaction was followed spectrophoto-
metrically at A = 414 nm, at pH 7.0. (B) Antioxidant power of the
pigments through its ferric reducing ability. The effect was evaluated
spectrophotometrically at A = 593 nm. For clarification, maltodextrin
control is included within the same graph. It was used at the same
concentration present in the maltodextrin-encapsulated pigment.

radical depletion on betalains’ concentration compared to
Trolox. The pigments were added either as soluble pigments or
as powders obtained from their spray-drying treatment with
maltodextrins. When increasing concentrations of the betalains
or Trolox were added to the ABTS®** radical mixture, a linear
effect was observed on the removal of the radical. This activity
was conserved by the pigments encapsulated in a maltodextrin
matrix. When maltodextrins, without encapsulated pigment,
were added to the reaction medium, a slight decrease in
absorbance was obtained, probably due to the presence of
hydroxyl groups on the matrix surface.

The TEAC values of soluble miraxanthin V and betanidin, as
determined from the slopes in this work (Figure 4A), were 5.5
+ 0.5 and 7.0 = 0.6, respectively. These results are in
accordance with previously reported data, where miraxanthin V
was reported to possess the highest radical scavenging activity
of the betaxanthins assayed and betanidin was the betalain with
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Figure S. Stability analysis of encapsulated betalains at different temperatures and light conditions. (A) Maltodextrin-encapsulated miraxanthin V.
(B) Chitosan-encapsulated miraxanthin V. (C) Maltodextrin-encapsulated betanidin.

the most potent antiradical activity.”** For spray-dried
miraxanthin V and betanidin, TEAC values were determined
as 58 + 0.6 and 7.5 =+ 0.7, respectively. An analogous
contribution of the maltodextrin matrix to the radical depletion,
and thus to the TEAC value, can be seen in both cases (Figure
4A). The contribution was estimated by incubating ABTS with
maltodextrin in the same proportion used for the encapsulated
pigments, and a TEAC value of 0.5 + 0.1 was determined for
the maltodextrin control.

Antioxidant Activity of Encapsulated Pigments. The
antioxidant activity of the pigments was characterized by their
capacity to directly reduce Fe(IlI) to Fe(I). The FRAP assay
was used, monitoring the reduction reaction spectrophoto-
metrically at 4 = $93 nm.** Figure 4B shows the signals
obtained for the reduction of Fe(Ill) by betanidin and
miraxanthin V, both in the soluble and encapsulated forms.
For comparative purposes, these signals were compared to that
obtained by Trolox, and the Trolox molar equivalence in the
ferric reduction assay was determined. For soluble miraxanthin
V it was 3.2 + 1.1, and for the encapsulated compound it was
3.8 + 14. As occurred with the ABTS radical assay, the
difference between these values might be due to the
contribution of maltodextrin. Trolox molar equivalence of
maltodextrin was determined as 0.7 + 0.3 in a control
measurement using the same proportion of powders. In the
case of miraxanthin V, the Trolox equivalence shown for the
FRAP assay can be compared with the TEAC value obtained
for the ABTS assay at the acidic conditions used in the FRAP
assay (pH 3.6).>* As regards betanidin, its antioxidant capacity
was evaluated for the first time through the FRAP assay. The
values obtained for the soluble and encapsulated pigments were
10.5 + 3.5 and 10.6 + 3.6, respectively. These values are in
accordance with the behavior of betanidin shown under the
ABTS assay at acidic pH values.” As expected, miraxanthin V
and betanidin pigments presented a much higher ferric
reducing activity than that of the vitamin E analog Trolox.

The two betalains assayed present high antioxidant and free
radical scavenging activities. These activities are general to all
betalains, and in the case of the assayed pigments they are
highly enhanced by the presence of the catecholic sub-
structure.>® The absence of hydroxyl groups in other families
of compounds implies the total lack of free radical or
antioxidant activities, as is the case of the flavonoids trans-
chalcone, flavone, flavanone, and isoflavone.”” Both activities
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were preserved when miraxanthin V and betanidin were
encapsulated.

Stability of Maltodextrin- and Chitosan-Encapsulated
Betalains. Maltodextrin-encapsulated miraxanthin V was
studied in order to ascertain whether this procedure increased
pigment stability under different conditions. Figure 5 shows the
results when the stability of the betaxanthin, obtained as a
yellow powder by encapsulation, was studied at three different
temperatures in both maltodextrin and chitosan matrixes.
Stability was evaluated by dissolving powder samples and
analyzing the pigment content by HPLC. Maltodextrin
encapsulation strongly increased the stability of the pigment,
which remained stable for months in the absence of light, at
temperatures of —20 and 4 °C. When miraxanthin V was kept
at 20 °C without light, approximately 60% of the pigment
remained stable for six months. However, degradation of the
pigment was increased considerably when it was kept at 20 °C
in the presence of light, with only 30% of the initial betaxanthin
amount remaining. The data clearly show that encapsulation of
miraxanthin V in a maltodextrin matrix greatly improves the
stability of this dihydroxylated pigment. When chitosan was
used as matrix to encapsulate the betaxanthin (Figure SB), the
pigment also remained stable for six months when stored at
—20 °C in the absence of light, but only 40% of the pigment
was not degraded at 4 °C without light. The degradation rate of
chitosan-encapsulated pigment sharply increased at 20 °C both
in the presence and in the absence of light, and the pigment had
completely degraded in one month.

Betanidin is a very labile molecule that degrades quickly
under working and storage conditions.**~*** The stability of
this important metabolite has been evaluated for the first time
in the form of maltodextrin-encapsulated powders. The stability
of the encapsulated pigment was analyzed at 20 °C in the
presence and in the absence of light. As can be seen in Figure
SC, almost 75% of the pigment remained stable after six
months of treatment as long as light exposure was avoided.
Exposure to light considerably reduced pigment stability,
reaching 50% of the initial pigment amount. When the
temperature was reduced to 4 and —20 °C in the absence of
light, the pigment was much more stable and no appreciable
loss of the initial pigment was detected after a period of six
months. Although the time frame used in other studies was
shorter, these results can be compared with previous
observations on different pigments. When anthocyanin stability
was analyzed after encapsulation in maltodextrin powders, it
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Table 2. Color Analysis (CIELAB Parameters) for Maltodextrin-Encapsulated Miraxanthin V and Betanidin

initial 6 months, light 6 months, dark
miraxanthin betanidin miraxanthin betanidin miraxanthin betanidin
a* —-3.41 35.87 —4.62 26.55 -3.6 27.04
b* 45.57 —28.27 26.65 —13.76 40.51 —20.47
L* 90.04 54.30 92.66 61.41 89.29 57.38
h° 94.27 321.76 99.97 332.60 95.08 322.87
Cc* 45.69 45.67 26.66 2991 40.67 3391
AE* 19.14 18.65 5.12 12.18

was observed that two months’ storage in the absence of light
reduced the pigment content by a 33% at 25 °C, while an 11%
pigment loss was determined at 4 °C.*”*° The stability of
anthocyanins was lower than that shown for miraxanthin V and
betanidin. The presence of light also accelerated anthocyanin
degradation. Analogous results were obtained for a less similar
pigment, as lycopene encapsulated in a starch matrix.*' Storage
for a period of 2.5 months resulted in a loss of 33—40% of the
initial pigment at 25 °C and a loss of 17—22% at 10 °C.

For both betalains assayed spray-drying encapsulation in
maltodextrin is a very useful technique to improve the shelf life
of these bioactive betalains and make them suitable for
industrial applications.

Encapsulated Pigments Color Analysis. The color of the
powders containing the encapsulated pigments was evaluated
by spectrophotometry using an integrating sphere. Data were
collected immediately after powders were obtained and after six
months of storage. In the case of miraxanthin V, CIELAB
parameters of the initial measurements were analogous for
maltodextrin (Table 2) and for chitosan (Table 3) matrixes. In

Table 3. Chitosan-Encapsulated Miraxanthin V Color
Analysis (CIELAB Parameters)

initial 6 months, light 6 months, dark
a* —2.64 —-0.95 —1.58
b* 46.57 5.54 26.93
L* 87.96 92.67 90.49
h° 93.24 99.70 93.36
C* 46.65 5.63 26.98
AE* 41.33 19.83

both cases, the color (a* and b*), its intensity (C*), and the
lightness (L*) of the solid sample were analogous. Thus, the
appearance of the spray-dried sample was not dependent on the
chosen matrix. The results for color evaluation for the
maltodextrin-encapsulated miraxanthin V and betanidin after
six months at 20 °C in the absence and presence of light are
shown in Table 2. In the presence of light the a* and b* values
decreased, thus indicating a loss in the red and yellow color of
betanidin and betaxanthin, respectively. This contributed to the
changes in hue angle (h°) and chroma (C*). Overall, in the
presence of light, the hue angle and the L* value of the powders
increased, but the chroma decreased. These changes of color
parameters implied that the color of the powders become
lighter after six months’ storage under light, pointing to the
decrease in the betalain content, as discussed in the previous
section. However, the color parameters did not change in a
noticeable way after storage for the same period of time at the
same temperature in the absence of light. AE* values show the
overall difference between the initial sample and the samples
stored under both conditions. The color of the maltodextrin-
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encapsulated betalains was not significantly changed in the
absence of light. In contrast, for maltodextrin-encapsulated
anthocyanins color degradation from the initial pink color to
brown at the end of a two-month storage period at 25 °C has
been described.*

The results of this section reveal the great stability of the
maltodextrin-encapsulated betalains as demonstrated by HPLC,
maintaining the bright yellow and purple appearance of the
powders stored under these conditions. In the case of
miraxanthin V encapsulated in chitosan (Table 3), a higher
degree of color degradation was observed, in agreement with
the lower values for the color and intensity, b* and C¥,
parameters.

Co-encapsulation of Miraxanthin V and Betanidin.
Purified betalains were co-encapsulated for the first time in an
edible matrix to provide a bright palette of powders of different
colors. The two bioactive pigments were combined in solution
at different relative concentrations and then submitted to spray
drying. Figure 6 shows pictures of the two pure pigments

Figure 6. Macroscopic pictures of combinations of miraxanthin V and
betanidin in the indicated proportions, both in soluble form and as
maltodextrin-encapsulated powders. The proportion of both pigments
ranged from 100% miraxanthin V (A) to 100% betanidin (E);
intermediate percentages were (B) 75% miraxanthin V, (C) 63%
miraxanthin V, and (D) 50% miraxanthin V.

miraxanthin V and betanidin individually and the colors
obtained after their combination in the indicated proportions
in both the soluble form and as maltodextrin-encapsulated
powders. As can be seen, as betanidin concentration increases
in relation to miraxanthin V, the tonality of the mixture tends to
a reddish tone until a violet shade is obtained. The changes in
the appearance of the maltodextrin-encapsulated samples were
quantified by the results of color measurements in the
integrating sphere (Table 4). As the betaxanthin proportion
is reduced in the mixture, the value of the b* parameter, which
measures the yellow color, decreases and, at the same time, the

dx.doi.org/10.1021/jf400337g | J. Agric. Food Chem. 2013, 61, 4294—4302



Journal of Agricultural and Food Chemistry

Table 4. Color Analysis (CIELAB Parameters) for Co-
encapsulated Miraxanthin V and Betanidin in Maltodextrin

miraxanthin V content

100% 75% 63% 50% 0%
a* -3.41 15.20 19.59 22.70 35.87
b* 45.57 18.13 10.25 3.60 —28.27
L* 90.04 66.43 62.38 58.22 54.30
h® 94.27 50.03 27.61 9.00 321.76
C* 45.69 23.66 22.11 22.98 45.67

value of the a* parameter increases due to the higher betanidin
content. The L* parameter decreases when the contribution of
betanidin is higher in the pigment mixture, indicating a
reduction in the clarity of the powders. The change of the hue
angle (h°) is also linked to the lower proportion of betaxanthin
and therefore to the change of color from yellowish to reddish.

Co-encapsulated miraxanthin V and betanidin were assayed
for antioxidant and free radical scavenging activities using the
FRAP and ABTS®* radical assays. As expected, both activities
were maintained. TEAC values calculated from the slopes of
the ABTS®* free radical scavenging assay were 6.8 + 0.6 (50%
miraxanthin V content), 6.4 + 0.6 (63% miraxanthin V), and
6.3 + 0.7 (75% miraxanthin V). Calculated TEAC values
obtained from the FRAP assay were 7.5 + 2.9 (50%
miraxanthin V), 6.1 + 2.0 (63% miraxanthin V), and 5.5 +
1.9 (75% miraxanthin). The mixtures presented intermediate
properties among those of pure miraxanthin V and betanidin.
Although it is possible that the joint presence of both pigments
could promote the co-reduction of the ABTS*" radical and
Fe(III), no synergistic effect was detected. The stability of co-
encapsulated pigments in maltodextrin was evaluated after
storage at —20 °C for six months. Color analysis parameters for
the powders after this time are shown in Table S and revealed a

Table 5. Color Analysis (CIELAB Parameters) for Co-
encapsulated Miraxanthin V and Betanidin in Maltodextrin
after Six Months’ Storage at —20 °C (Darkness)

miraxanthin V content

100% 75% 63% 50% 0%
a* —3.67 14.70 19.13 21.37 33.82
b* 44.10 17.50 9.30 3.21 —26.53
L* 89.50 67.02 63.40 59.25 55.16
h° 94.76 49.88 25.94 8.55 321.89
c* 44.25 22.85 21.27 21.61 42.98
AE** 1.59 1.00 1.47 1.73 2.82

“AE* accounts for the color variation calculated with the differences
between L¥, a*, and b* of the stored samples and the initial conditions
as shown in Table 4.

limited change with respect to the values of the initial samples
(Table 4). Not only the color (a*, b*, h°) but also its intensity
(C*) and the lightness (L*) of the solid sample were
maintained. The parameter AE* shows the overall change
during the storage time at —20 °C. As can be seen, it was not
significantly varied among the assayed pigment proportions,
demonstrating that co-encapsulation and storage at —20 °C
efficiently preserves the bioactive pigments. These data were
supported by HPLC analysis of the stored samples.
Miraxanthin V content experienced a slight reduction in the
maltodextrin matrix stored at —20 °C that was below 4% in all
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cases, while betanidin remained stable with a variation of 3%
with respect to the initial conditions.

Co-encapsulation of purified bioactive pigments can be
tailored to fit specific color requirements of products for the
pharmaceutical, cosmetic, and food industries. The molecules
encapsulated will retain their bioactive properties while
remaining stable for months, as demonstrated above.

The present work demonstrates the high degree of stability
achievable under encapsulation for miraxanthin V and
betanidin, two dihydroxylated betalains that in spite of
presenting the highest TEAC values are also the most labile
members of this family of compounds. Different temperatures
and light—darkness conditions were assayed in long-term
experiments, demonstrating a limited pigment loss after six
months’ storage. In addition, it has been demonstrated that
encapsulation in edible matrixes of chitosan and maltodextrin
preserves the antioxidant and antiradical activities of the soluble
compounds. This constitutes the first case of successful
encapsulation of the most active plant pigments betalains.
The combination of purified miraxanthin V and betanidin in
different proportions allows the generation of a range of
pigments of different colors, characterized in the uniform
CIELAB space, that can be stabilized by encapsulation and that
are suitable for food applications.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: mja@um.es. Phone: +34 868 884767. Fax: +34 868
884147.

Funding

This work was supported by Ministerio de Ciencia e
Innovacién (MICINN, FEDER, Spain, project AGL2011-
25023) and by Fundacién Séneca, Agencia de Ciencia y
Tecnologia de la Regién de Murcia (Plan Regional de Ciencia'y
Tecnologia 2007/2010, Programa de Ayudas a Grupos de
Excelencia de la Regién de Murcia). F.G.-H. has a contract with
the “Programa Ramén y Cajal” (MICINN, FEDER, Spain).

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Moreno, D. A; Garcfa-Viguera, C; Gil, J. L; Gil-Izquierdo, A.
Betalains in the era of global agri-food science, technology and
nutritional health. Phytochem. Rev. 2008, 7, 261—280.

(2) Gandia-Herrero, F.; Escribano, J.; Garcia-Carmona, F. Structural
implications on color, fluorescence, and antiradical activity in betalains.
Planta 2010, 232, 449—460.

(3) Stafford, H. A. Anthocyanins and betalains: evolution of the
mutually exclusive pathways. Plant Sci. 1994, 101, 91—98.

(4) Brockington, S. F.; Walker, R. H.; Glover, B. J; Soltis, P. S,;
Soltis, D. E. Complex pigment evolution in the Caryophyllales. New
Phytol. 2011, 190, 854—864.

(8) Escribano, J.; Pedrefio, M. A.; Garcfa-Carmona, F.; Mufioz, R.
Characterization of the antiradical activity of betalains from Beta
vulgaris L. roots. Phytochem. Anal. 1998, 9, 124—127.

(6) Cai, Y.; Sun, M.; Corke, H. Antioxidant activity of betalains from
plants of the Amaranthaceae. J. Agric. Food Chem. 2003, S1, 2288—
2294.

(7) Gliszczyﬁska-éwiglo, A.; Szymusiak, H.; Malinowska, P. Betanin,
the main pigment of red beet: Molecular origin of its exceptionally
high free radical-scavenging activity. Food Addit. Contam. 2006, 23,
1079—-1087.

dx.doi.org/10.1021/jf400337g | J. Agric. Food Chem. 2013, 61, 4294—4302



Journal of Agricultural and Food Chemistry

(8) Wu, L.-C.; Hsu, H.-W,; Chen, Y.-C.; Chiu, C.-C.; Lin, Y.-L; Ho,
J.-A. A. Antioxidant and antiproliferative activities of red pitaya. Food
Chem. 2006, 95, 319—327.

(9) Sreekanth, D.; Arunasree, M. K.; Roy, K. R;; Reddy, T. C.; Reddy,
G. V,; Reddanna, P. Betanin, a betacyanin pigment purified from fruits
of Opuntia ficus-indica induces apoptosis in human chronic myeloid
leukemia cell line-KS62. Phytomedicine 2007, 4, 739—746.

(10) Khan, M. L; Harsha, P. S. C. S.; Giridhar, P.; Ravishankar, G. A.
Pigment identification, nutritional composition, bioactivity, and in
vitro cancer cell cytotoxicity of Rivina humilis L. berries, potential
source of betalains. LWT—Food Sci. Technol. 2012, 47, 315—323.

(11) Kapadia, G. J.; Azuine, M. A,; Sridhar, R;; Okuda, Y.; Tsuruta,
A.; Ichiishi, E.; Mukainake, T.; Takasaki, M.; Konoshima, T.; Nishino,
H.; Tokuda, H. Chemoprevention of DMBA-induced UV-B promoted,
NOR-1-induced TPA promoted skin carcinogenesis, and DEN-
induced phenobarbital promoted liver tumors in mice by extract of
beetroot. Pharmacol. Res. 2003, 47, 141—148.

(12) Lu, X.; Wang, Y.; Zhang, Z. Radioprotective activity of betalains
from red beets in mice exposed to gamma irradiation. Eur. J.
Pharmacol. 2009, 615, 223—-227.

(13) Lechner, J. F.; Wang, L. S.; Rocha, C. M,; Larue, B.; Henry, C;
Mclntyre, C. M,; Riedl, K. M.; Schwartz, S. J.; Stoner, G. D. Drinking
water with red beetroot food color antagonizes esophageal carcino-
genesis in N-nitrosomethylbenzylamine-treated rats. J. Med. Food
2010, 13, 733—739.

(14) Hempel, J.; BsShm, H. Betaxanthin pattern of hairy roots from
Beta vulgaris var. lutea and its alteration by feeding of amino acids.
Phytochemistry. 1997, 44, 847—852.

(15) Felker, P.; Stintzing, F. C.; Miissig, E.; Leitenberger, M.; Carle,
R; Vogt, T.; Bunch, R. Colour inheritance in cactus pear (Opuntia
ficus-indica) fruits. Ann. Appl. Biol. 2008, 152, 307—318.

(16) Osorio-Esquivel, O.; Ortiz-Moreno, A.; Alvarez, V. B.; Dorantes-
Alvarez, L.; Giusti M. M. Phenolics, betacyanins and antioxidant
activity in Opuntia joconostle fruits. Food Res. Int. 2011, 44, 2160—2168.

(17) Wybraniec, S.; Mizrahi, Y. Fruit flesh betacyanin pigments in
Hylocereus cacti. J. Agric. Food Chem. 2002, 50, 6086—6089.

(18) Wpybraniec, S; Nowak-Wydra, B.; Mitka, K; Kowalski, P.;
Mizrahi, Y. Minor betalains in fruits of Hylocereus species.
Phytochemistry 2007, 68, 251—259.

(19) Kugler, F; Stintzing, F. C.; Carle, R. Identification of betalains
from petioles of differently colored Swiss chard (Beta vulgaris L. ssp.
cicla [L.] alef. cv. bright lights) by high-performance liquid
chromatography-electrospray ionization mass spectrometry. J. Agric.
Food Chem. 2004, 52, 2975—2981.

(20) Svenson, J.; Smallfield, B. M.; Joyce, N. L; Sanson, C. E.; Perry,
N. B. Betalains in red and yellow varieties of the andean tuber crop
ulluco (Ullucus tuberosus). ]. Agric. Food Chem. 2008, 56, 7730—7737.

(21) Martinez, L.; Cilla, L; Beltran, J. A.; Roncalés, P. Comparative
effect of red yeast rice (Monascus purpureus), red beet root (Beta
vulgaris) and betanin (E-162) on colour and consumer acceptability of
fresh pork sausages packaged in a modified atmosphere. J. Sci. Food
Agric. 2006, 86, 500—508.

(22) Prudencio, I. D.; Prudencio, E. S.; Gris, E. F; Tomazi, T.;
Bordignon-Luiz, M. T. Petit suisse manufactured with cheese whey
retentate and application of betalains and anthocyanins. LWT—Food
Sci. Technol. 2008, 41, 905—910.

(23) Junqueira-Goncalves, M. P.; Cardoso, L. P.; Pinto, M. S;
Pereira, R. M,; Soares, N. F.; Miltz, J. Irradiated beetroot extract as a
colorant for cream cheese. Radiat. Phys. Chem. 2011, 80, 114—118.

(24) Mosshammer, M. R;; Stintzing, F. C.; Carle, R. Evaluation of
different methods for the production of juice concentrates and fruit
powders from cactus pear. Innov. Food Sci. Emerg. Technol. 2006, 7,
275-287.

(25) Saénz, C.; Tapia, S.; Chavez, J.; Robert, P. Microencapsulation
by spray drying of bioactive compounds from cactus pear (Opuntia
ficus-indica). Food Chem. 2009, 114, 616—622.

(26) Obén, J. M,; Castellar, M. R; Alacid, M.; Fernandez-Lépez, J. A.
Production of a red-purple food colorant from Opuntia stricta fruits by

4301

spray drying and its application in food model systems. J. Food Eng.
2009, 90, 471—479.

(27) Gandia-Herrero, F.; Jiménez-Atiénzar, M.; Cabanes, J.; Garcia-
Carmona, F.; Escribano, ]. Stabilization of the bioactive pigment of
Opuntia fruits through maltodextrin encapsulation. J. Agric. Food Chem.
2010, 58, 10646—10652.

(28) Heuer, S.; Richter, S.; Metzger, J. W.; Wray, V.; Nimtzt, M,;
Strack, D. Betacyanins from bracts of Bougainvillea glabra.
Phytochemistry 1994, 37, 761-767.

(29) Schliemann, W.; Joy, R. W., IV; Komamine, A.; Metzger, J. W,;
Nimtz, M,; Wray, V.; Strack, D. Betacyanins from plants and cell
cultures of Phytolacca americana. Phytochemistry 1996, 42, 1039—1046.

(30) Wang, C.-Q.; Chen, M.; Wang, B.-S. Betacyanin accumulation in
the leaves of C3 halophyte Suaeda salsa L. is induced by watering roots
with H,0,. Plant Sci. 2007, 172, 1-7.

(31) Gandia-Herrero, F.; Jiménez-Atiénzar, M.; Cabanes, J.;
Escribano, J.; Garcfa-Carmona, F. Fluorescence detection of tyrosinase
activity on dopamine-betaxanthin purified from Portulaca oleracea
(common purslane) flowers. J. Agric. Food Chem. 2009, S7, 2523—
2528.

(32) Gandia-Herrero, F.; Garcia-Carmona, F.; Escribano, J. Floral
fluorescence effect. Nature 2005, 437, 334—334.

(33) Gandia-Herrero, F.; Escribano, J.; Garcia-Carmona, F.
Purification and antiradical properties of the structural unit of
betalains. J. Nat. Prod. 2012, 75, 1030—1036.

(34) Gandia-Herrero, F.; Escribano, J.; Garcia-Carmona, F. The role
of phenolic hydroxy groups in the free radical scavenging activity of
betalains. J. Nat. Prod. 2009, 72, 1142—1146.

(35) Rice-Evans, C. A; Miller, N. J; Paganda, G. Structure-
antioxidant activity relationships of flavonoids and phenolic acids.
Free Radical Biol. Med. 1996, 20, 933—956.

(36) Stewart, A. J.; Mullen, W.; Crozier, A. On-line high-performance
liquid chromatography analysis of the antioxidant activity of phenolic
compounds in green and black tea. Mol. Nutr. Food Res. 2005, 49, 52—
60.

(37) Wyler, H,; Wilcox, M. E.; Dreiding, A. S. Umwandlung eines
betacyans in ein betaxanthin. synthese von indicaxanthin aus betanin.
Helv. Chim. Acta 1965, 48, 361—366.

(38) Gandia-Herrero, F.; Garcia-Carmona, F.; Escribano, J. Develop-
ment of a protocol for the semi-synthesis and purification of
betaxanthins. Phytochem. Anal. 2006, 17, 262—269.

(39) Schliemann, W.; Kobayashi, N.; Strack, D. The decisive step in
betaxanthin biosynthesis is a spontaneous reaction. Plant Physiol. 1999,
119, 1217—-1232.

(40) Schwartz, S. J.; von Elbe, J. H. Quantitative determination of
individual betacyanin pigments by high-performance liquid chroma-
tography. J. Agric. Food Chem. 1980, 28, 540—543.

(41) Meléndez-Martinez, A. J; Vicario, I. M., Heredia, F. J.
Application of tristimulus colorimetry to estimate the carotenoids
content in ultrafrozen orange juices. J. Agric. Food Chem. 2003, S1,
7266—7270.

(42) Benzie, I F. F.; Strain, J. J. The ferric reducing ability of plasma
(FRAP) as a measure of “antioxidant power”: the FRAP assay. Anal.
Biochem. 1996, 239, 70—76.

(43) Gandia-Herrero, F.; Escribano, J.; Garcia-Carmona, F.
Characterization of the activity of tyrosinase on betanidin. J. Agric.
Food Chem. 2007, 55, 1546—1551.

(44) Huang, A. S.; von Elbe, J. H. Effect of pH on the degradation
and regeneration of betanine. J. Food Sci. 1987, 52, 1689—1693.

(45) Huang, A. S.; von Elbe, J. H. Stability comparison of two
betacyanin pigments—amaranthine and betanine. J. Food Sci. 1986, 51,
670—674.

(46) Alamilla-Beltran, L.; Chanona-Pérez, J. J.; Jimenez-Aparicio, A.
R; Gutierrez-Lopez, G. F. Description of morphological changes of
particles along spray drying. J. Food Eng. 2005, 67, 179—184.

(47) Cai, Y.-Z.; Sun, M,; Xing, J.; Luo, Q; Corke, H. Structure—
radical scavenging activity relationships of phenolic compounds from
traditional Chinese medicinal plants. Life Sci. 2006, 78, 2872—2888.

dx.doi.org/10.1021/jf400337g | J. Agric. Food Chem. 2013, 61, 4294—4302



Journal of Agricultural and Food Chemistry

(48) Stintzing, F. C.; Schieber, A.; Carle, R. Betacyanins in fruits from
red-purple pitaya, Hylocereus polyrhizus (Weber) Britton & Rose. Food
Chem. 2002, 77, 101—106.

(49) Ersus, S; Yurdagel, U. Microencapsulation of anthocyanin
pigments of black carrot (Daucus carota L.) by spray drier. J. Food Eng.
2007, 80, 805—812.

(50) Tonon, R. V.; Brabet, C.; Hubinger, M. D. Anthocyanin stability
and antioxidant activity of spray-dried acai (Euterpe oleracea Mart.)
juice produced with different carrier agents. Food Res. Int. 2010, 43,
907-914.

(51) Rocha, G. A, Favaro-Trindade, C. S.; Grosso, C. R. F.
Microencapsulation of lycopene by spray drying: characterization,
stability and application of microcapsules. Food Bioprod. Process. 2012,
90, 37—42.

4302

dx.doi.org/10.1021/jf400337g | J. Agric. Food Chem. 2013, 61, 4294—4302



