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Thermal degradation of betanin, phyllocactin (malonyl-betanin), and hylocerenin (3"-hydroxy-3"-methyl-
glutaryl-betanin) solutions isolated from purple pitaya (Hylocereus polyrhizus [Weber] Britton and
Rose) was monitored by spectrophotometric and high-performance liquid chromatography—diode
array detection (HPLC-DAD) analyses. For betanin and phyllocactin solutions, the color shift upon
thermal treatment was found to be nearly identical, while hylocerenin samples exhibited an intelligibly
higher chromatic steadiness. Betanin proved to be the most stable individual pigment structure, while
the enhanced tinctorial stability of the integral phyllocactin and especially hylocerenin solutions was
due to the formation of red degradation products exhibiting improved color retention as opposed to
their respective genuine pigments. Individual structure-related stability characteristics can exclusively
be assessed by HPLC-DAD analyses and may not be noticed by mere spectrophotometric assessment
of color and tinctorial strength.
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INTRODUCTION betalain stability of purple pitaya juice as opposed to red beet

. . . . has been ascribed to the allegedly more stable structure of
Besides anthocyanins, carotenoids, and chlorophylls, betalains gedly

" f the f lant oi tel il acylated betacyanins (10) but may also be supported by
reprgsfen onte OI fe dour f’%” plglrlnen_ ¢ assestcomget(tclzt;l yprotective matrix effects of purple pitaya juice, rich in pectic
used for natural food coloring, allowing one 1o Substitute o,qtances. However, to get a clearer picture of the structure-
synthe.tlc.collorants t.hat are increasingly reject.e.d by Consumers'dependent degradation characteristics of betanin, phyllocactin,
Betalain incidence is rest_rlcted to a few families of the_plant and hylocerenin, heat-induced degradation of betacyanin isolates
orderCaryophyllaleq1), with the red beet rooBetavulgaris

LY hith bei h v betalainic ol loited f devoid of food matrix components was required and very
) hit erto being the only betalainic plant exploited for recently elucidated by high-performance liquid chromatogra-
commercial food coloring (2).

T e ' - o . phy—tandem mass spectrometry (HPLC-MS/M$}) In the

_ Firstinvestigations into the stability of red beet juice and its present study, the effects of structural characteristics on stability,
isolated pigments were performed by von Elbe and co-workers petacyanin contents, and color evolution of purified betanin,
(3—6), focusing on the effects of elevated temperatures on pnyiiocactin, and hylocerenin solutions were examined. Moni-
betanin (betanidin --glucoside), the main betalain pigment  toring of both the entire betacyanin solutions and the individual

of red beet. While quantitative changes during thermal treatment pigments should be accomplished by combining spectrophoto-
were extensively evaluated, color modification was only mar- metric measurements with HPLC analyses.

ginally considered. Only recently, the yellow shift observed
during heating of red beet juice was found to be due to MATERIALS AND METHODS

dehyd_rogenatlon of petanln to form yellow degradation products, Plant Material. FreshH. polyrhizus(Weber) Britton and Rose fruits
especially neobetanin (7). originating from Israel were cut in halves and peeled manually. The

Purple pitayaKlylocereus polyrhizugVeber] Britton & Rose) fruit flesh was strained through a 0.4 mm sieve of a finisher (Bertuzzi
juice has been recognized as a promising source of betalainsFood Technology, Brugherio, Italy) at a rotational speed of 400 rpm.
Its pigment pattern was described as composed of a mixture of The strained pulp was centrifuged at 9750 rpm for 20 min, and the
nonacylated (betanin) and acylated [phyllocactirbetanidin stsjgernatant juice was flushed with nitrogen and storeel38°C until

. . . g " u .

ﬁy(grgxr;?gl'?_rz:ag:;ﬁ glsd?;r,ygéllﬁiggggq] b(:egzglﬂhne?tg [io(giether Solvents and ReagentsAll reagents and solvents were purchased

4 . . . . from VWR (Darmstadt, Germany) and were of analytical or HPLC
with their respective & stereoisomers (&). The improved grade. Sephadex LH-20 was obtained from Amersham (Uppsala,

Sweden). Deionized water was used throughout.

* To whom correspondence should be addressed. Fe19-711-459- Isolation and Purification of Betanin, Phyllocactin, and Hylo-
2318. Fax: +49-711-459-4110. E-mail: stintzin@uni-hohenheim.de. cerenin. As previously describedj, precipitation of pectic substances
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in purple pitaya juice was carried out by the addition of ethanol. Betanin, were applied, while keeping the molar extinction coefficient of betanin
phyllocactin, and hylocerenin were isolated from depectinized purple for all calculations. All determinations were performed in triplicate.

pitaya juice by semipreparative HPLC (12). By the addition of  petermination of Half-Life Values (%) Based on Spectrophoto-
ammonium hydroxide (25%), the pH of the resulting isolates was metric Data. As previously described(), determination of the half-
adjusted to pH 56. After concentration in vacuo at room temperature, |life value (Ty;,) was carried out by calculating the ratio of the betacyanin
the samples were repeatedly washed with deionized water andcontent in the unheated betacyanin sample,)XBad in the samples
reconcentrated to gently remove residual acid. heated at 85C (Bc,). The natural logarithm (In) of this ratio &/

The samples were further purified at°€ on a Sephadex LH-20 Bc,) was plotted against the heating period. The slope of the line through
column (650 mmx 30 mm i.d.) preequilibrated with purified water.  the origin obtained by connecting the data points was equatedkwith
After application of the sample, betacyanins were separated from yellow from which the half-life valug T., = [(In 2)/k]} was calculated.
degradation products generated during sample workup, the latter HPLC-DAD Analyses. HPLC SystemAll samples were analyzed
exhibiting longer retention times upon elution with deionized water. with a Merck Hitachi LaChrom Elite HPLC system (Merck, Darmstadt,
The betacyanin fractions were collected, concentrated in vacuo at roomGermany) consisting of a pump L-2130, an autosampler L-2200, a
temperature, lyophilized, and stored in a sealed tube&t°C until JetStream column oven, and a diode array detector L-2450. Separation
use. was achieved on an analytical scale Atlantigglumn (250 mmx

Preparation of Betacyanin Solutions.To adjust identical betacyanin 4.6 mm i.d.) with a particle size of bm (Waters, Wexford, Ireland)
concentrations of 100 mg/L, 5.0 mg of betanin, phyllocactin, and fitted with a Gg ODS security guard column (4 mm 3.0 mm i.d.;
hylocerenin lyophilizate, respectively, was made up separately to 50 Phenomenex, Torrance, CA) operated at°@0 Solvents were 0.2%
mL each with deionized water previously acidified to pH 4.5 using 1 (v/v) formic acid in water (A) and MeCN (B). At a flow rate of 1
M HCI. After the pH of the resulting solutions was adjusted to 4.0 by mL/min, the gradient program was applied as follows: 100% A isocratic
adding one or two beads of 0.02 M HCI, aliquots of 4 mL were filled for 4 min, 100 to 93% A in 3 min, 93 to 90% A in 17 min, 90% A

in test tubes with screw caps and immediately storeetZQ °C until isocratic for 8 min, 90 to 85% A in 15 min, 85 to 83% A in 15 min,

further use within 2 weeks. and 83 to 0% A in 8 min. Simultaneous monitoring was performed at
Thermal Treatment. After they were thawed for 20 min at 2@C 535 (betacyanins and red betacyanin degradation products) and 470

in a water bath, test tubes were fitted with a magnetic stirrer and heated"™ (yellow betacyanin degradation products), respectively.

in a water bath at 88C. For comparison of thermal stability, heating Purity ChecksThe purities of the single betacyanins in the respective

periods of 10, 20, and 30 min were applied for each betacyanin. Further pH 4 solutions were accomplished after 20 min of thawing in a water
data points for half-life value determination (see below) were recorded bath at 20°C. The purities at 535 and 280 nm were determined as
after thermal treatment for 5 and 45 min for betanin, 15 and 40 min follows: 94.6 and 89.7% for betanin, 78.9 and 79.0% for phyllocactin,
for phyllocactin, and 40 and 60 min for hylocerenin solutions, and 98.7 and 97.3% for hylocerenin, respectively.

respectively. After heating, the samples were instantly cooled in an  Applying an HPLC-MS/MS method as described previoudlg)(

ice bath for 1 min and then transferred in a water bath a2 Exactly specific protonated molecular ions [M H] ™ atm/z551, 637, and 695

5 min after heating, an aliquot was filled in an HPLC vial and were obtained for betanin, phyllocactin, and hylocerenin, respectively,
immediately analyzed by HPL€Ediode array detection (DAD), and  showing identical daughter ions [betanidinH]* at m/z389.

the residual remained in the water bath until it was used for — adjustment of Injection VolumeEo achieve comparable peak area
spectrophotometric measurements (see below). After injection, the vial (pa) values for all three betacyanins in unheated samples, injection
was stored at 4C. Twenty-four hours after heating, the vial was placed yolumes for betanin, phyllocactin, and hylocerenin solutions were fixed
in the sample table of the HPLC-DAD autosampler thermostated at 20 5t 25 40, and 38L, respectively. To allow direct comparison of PA

°C and allowed to stand for 20 min before reinjection. Unheated betanin, ynjts, these volumes were kept constant for all samples of the respective
phyllocactin, and hylocerenin solutions were treated the same way. All petacyanin type.

determinations Were.performed in duplicate. ] Determination of Half-Life Values (&) Based on HPLC DataAs
Spectrophotometric MeasurementsAll spectrophotometric mea-  described above for spectrophotometric measurements, determination
surements were performed with a BVis spectrometer (Perkin-Elmer,  of the half-life value Ty,) based on HPLC data was carried out by
Uberlingen, Germany) equipped with a UV-vis (UVWinLab V  cajculating the ratio of the respective PA in the unheated betacyanin
28504) and a color (WInCO| \Y 205) software (Perkln'Elmer Instru- Samp'e (PA) and in the Samples heated at 85 (PA}) The natural

ments, Norwalk, CT). logarithm (In) of this ratio (PAPA;) was plotted against the heating
Color Analyses.Maximum absorption of the unheated betanin, period. The slope of the line through the origin obtained by connecting

phyllocactin, and hylocerenin samples was adjusted to £.005 by the data points was equated wiklfrom which the half-life valug Ty,

dilution with Mcllvaine buffer (pH 6.5). The same dilutions were = [(In 2)/k]} was calculated. All determinations were performed in

subsequently applied for all samples of the respective betacyanin.  duplicate.

Exactly 10 min after heating, the thermally treated betacyanin Calculation of Color Shade and Isomerization Indéle color shade
samples were diluted, and visible spectra (3880 nm) were recorded of the betacyanin samples was calculated by dividing the total PAs

in 1 cm path length disposable cuvettes. Chroma$Qa*? + b*?)1/?| monitored at 535 and 470 nm, respectively, representing the red and
and hue angl¢h°® = [arctan (b*/a*)]} were calculated from Cl&@* yellow color impression. The isomerization index was calculated by
andb* values using illuminant B and 10°observer angle. The total correlating the PAs of a betacyanin and its respectivsst@reoisomer,
color difference (AE*) of heated betacyanin sampkgsas compared i.e., of betanin and isobetanin, phyllocactin and isophyllocactin, and

to the respective not heated betacyanin solutidnsMas estimated hylocerenin and isohylocerenin, respectively.
according to the equatiori8): [AE* = (AL*2 + AC*? + AH*?)12]
with AL* = (La* — Lp*), AC* = (Ci* — Cy*), and AH* = 2 x [sin
(ha® — hy°)/2] x (Ca* x Cy*)Y2. All determinations were performed in
triplicate. _ _ - Betanin, phyllocactin, and hylocerenin solutions adjusted to
Quantification of Betacyanins. After 30 min of equilibration, nH 4 were exposed to thermal treatment at85 During heat
quantlflca_tlon of betamn .|n the (_illuted betanin samples was carried exposure, the purified pitaya-derived betacyanin solutions
out applying the equation: betanin (MgAE)(A x F x MW x 1000/ displayed differences in terms of color development, betacyanin
x 1), where A is the absorption value at the absorption maximum . -
corrected by the absorption at 650 nifnis the dilution factor, MW is concentratlop, and structural changes, ,as morlltored by spec-
the molecular weight of betanin (MW 550 g/mol),e is the molar trophotometric anc_i HPLC-DAD analyses immediately after heat
extinction coefficient of betanin (= 60000 L/mol cm), and is the treatment. Alterations of thermally treated samples upon cool
path length of the cuvettd4—16). For quantification of phyllocactin ~ storage (CS) at 4C for 24 h were monitored solely by HPLC,
and hylocerenin, molecular weights of 636 and 694 g/mol, respectively, as indicated by CS in the respective tables and figures.

RESULTS AND DISCUSSION
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Table 1. Lightness, Chroma, Hue Angle, and Total Color Difference w5 e
Values of Betanin, Phyllocactin, and Hylocerenin Solutions after HO’H(:EH/HC\QCH/O ,
Thermal Treatment at 85 °C (Assessed by Spectrophotometric > Hom/’
Analysis) [
|
heating period betanin phyllocactin hylocerenin o\: pe »
lightness (L*)2 W P ou
not heated 64.1(£0.3) 65.1 (+0.4) 65.1 (+0.2) Betanin
10 min 73.8 (20.2) 76.8 (+0.3) 73,5 (20.3) W |
20 min 82.7 (+0.5) 84.2 (+0.4) 75.5 (20.7) Betalamic acid \“a@ e
30 min 88.4 (+0.3) 87.5 (+0.6) 76.9 (£0.2) ) '
bright yellow \ Y
chroma (C¥)? . Y Decarboxylated
not heated 72.0 (£0.4) 70.1 (£0.3) 71.1 (£0.3) compounds
10 min 408 (+0.2) 33.1 (+0.3) 418 (+05) cyclo-Dopa 5-O--glucoside ~ _eryarogenated red (orange)
20 min 21.4 (+0.6) 16.5 (+0.2) 37.3(x1.2) o compounds
30 min 10.2 (x0.3) 10.4 (x0.1) 33.3 (+0.5) colorless yellow
hue angle (h°)* Figure 1. Initial steps of thermal betanin degradation based on HPLC
not heated 331.2 (x0.2) 3315 (x0.1) 3311 (x0.1) analyses (solid arrow, main pathway; dashed arrows, secondary pathways).
10 min 339.8 (+0.2) 344.6 (+0.3) 340.7 (20.2)
20 min 344.7 (+0.4) 2.2 (x0.7) 344.4 (+0.9) o 0
30 min 352.2 (+0.7) 18.7 (1.3) 3479 (x0.3) }\HH:?L)\
total color difference (AE*) mﬂc\c\::{c\ o
10 min 33.2 40.4 318 s ol m R
20 min 54.7 59.7 37.4 Betanin o i 4
30 min 67.1 67.3 421 red W Op N ©
%, \
2val d 5D & N
alues are expressed as means SD. Phy]locacﬁn 0\/@““ ::/ C<OH
. ) ) ) S -7, red *
Chromatic Changes of Thermally Treated Betanin, Phyl- Betalamic acid SO
locactin, and Hylocerenin Solutions.Color characteristics of brightyellow . <"~
betanin, phyllocactin, and hylocerenin solutions immediately + - Decarboxylated
afte_r thermal_treatmeni are Ilste_d Trable_ 1. _ oyclo-Dopa 5-O- Dehydrogenated compounds
LightnessLightness (*) values increasing with heat exposure  ajonyl)-g-glucoside compounds red (orange)
could be monitored for all betacyanin solutions, indicating a colorless yellow

decline of betacyanin concentrations. Interestingly, during the
first 20 min of heatingL* values of betanin increased slower
as compared to phyllocactin, whereas after 30 min &iBthe

Figure 2. Initial steps of thermal phyllocactin degradation based on HPLC
analyses (solid arrows, main pathways; dashed arrow, secondary pathway).

values for betanin and phyllocactin were nearly identical, o g
reflecting higher stability of phyllocactin upon prolonged W LN,
heating. Hylocerenin solutions exhibited more stable lightness :‘,/\A/ —
values during thermal treatment, resulting in lightness increments wo |f
only half as high as observed for betanin and phyllocactin ]
solutions heated for 30 min at 8%, respectively. o 'j%o

Chroma. For chroma (C*) values, corresponding develop- Wi . A
ments were observedble 1). Betanin solutions yielded higher o . Hylocerenin (?:5-:|Somen:z:atlon:\:\r Isohylocerenin
C* values as compared to phyllocactin after 10 and 20 min of Betalamicacid  y@Vi e B =
heating, respectively, indicating greater pigment retention of the prantyelow o l
former. After 30 min of thermal exposure, however, reof * D oo
betanin and phyllocactin was identical, while chroma retention cycio-Dopa 5-0-(3-hydroxy-3"-  Dehydrogenated red (orange)
was intelligibly higher for hylocerenin solutions throughout the ~ methy-glutary))-f-glucoside compounds

colorless yellow

heating period. Additionally, th€* of betacyanin-based samples - ) )
has been reported to decline with increasing betaxanthin contentdigure 3. Initial steps of thermal hylocerenin degradation based on HPLC
(17); that is, incremental amounts of differently colored analyses (solid arrows, main pathways; dashed arrows, secondary
compounds result in decreasing chroma values. Hence, it wasPathways).
suspected that generation of degradation products in hylocerenirexhibiting minor and the least color changes, respectively. These
solutions was less pronounced than in betanin and phyllocactinfindings seem to be in disagreement with chroma evolution upon
samples, respectively. thermal treatment, where betanin and phyllocactin showed nearly
Hue Angle.The formation of degradation products is also identical performance. This discrepancy may be explained by
reflected by the hue anglé?) values of the different betacyanin  predominant degradation of betanin through hydrolytic cleavage
solutions. Unheated betacyanin samples exhibited values 8f 331 resulting in the formation of the bright yellow betalamic acid
(Table 1), representing a red-violet tonality. During heat (Amax about 410 nm) and the colorless/clo-dopa 5-O-f-
treatment, increasing hue angle values were found for all glucoside (11;Figure 1), while dehydrogenation leading to
betacyanin solutions. For the phyllocactin sample heated for yellow betacyanin degradation productg{{= 450—490 nm;
30 min at 85°C, h° exceeded the 0°/360°-axis and reached a 7,10, 11, 18) is more pronounced for phyllocactiRigure 2)
value of 19, resulting in a notable shift to yellow. Hence, the and hylocereninKigure 3) degradation1). Because of the
formation of yellow compounds appeared to be most pronouncedcomparatively low molar extinction coefficient of betalamic acid,
in phyllocactin solutions, with betanin and hylocerenin samples exhibiting values only half as high as compared to betat), (
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Table 2. Color Shade (Red/Yellow) of Betanin, Phyllocactin, and extinction coefficients for phyllocactin and hylocerenin and the

Hylocerenin Solutions Immediately after Thermal Treatment at 85 °C consequential use of the value for betanin. In addition, the

and after Consecutive CS at 5 °C for 24 h (Assessed by HPLC betacyanin concentration of the unheated betanin solution was

Analysis at 535 and 470 nm, Respectively) already underestimated by 20%. Hence, the spectrophotometric
. i , , , betacyanin quantification is suspected to yield too low results.

heating period betanin phyllocactin hylocerenin . .

Half-Life Values (T2 Based on Spectrophotometric Data.

28: ﬂgZﬁ cs g; g; gg Phyllocactin and betanin exhibited virtually the same half-life

0mn 35 32 35 value (Ti2) of 11.3 and 11.1 min, respectivelJ4ble 3). In a

10 min, CS 3.4 2.9 3.4 previous study on betanin solutions performed at similar

20 min 21 22 28 temperature conditions, a half-life value of 15 min was reported

20 min, CS 21 18 28 (20). However, in the former investigation, pH 5.5 was applied

30 min 18 17 23 ) .

30 min, CS 17 13 21 (20), whereas the pH has been adjusted to 4.0 in the present
study. Consequently, the pH dependency of thermal betalain
stability could be confirmed5 21). In accordance with the

Table 3. Betacyanin Content and Half-life Value (Ty) of Betanin, results obtained by color analysis, hylocerenin solutions exhib-
Phyllocactin, and Hylocerenin in Samples Heated at 85 °C (Assessed ited a significantly higher pigment stability as compared to
by Spectrophotometric and HPLC Analyses, Respectively) betanin and phyllocactin. In general, the decreasing betacyanin
heating period betanin ohyllocactin hylocerenin concentration was associated with declin(Efgqnd increasjng
L* values, respectivelyTable 1). After 30 min of heating,
betacyanin content assessed by nearly 50% of the betacyanin content of the unheated hylo-
ot heated 5pe°”°p?gt_g’?jg'g)a”a'ys';(l’gg(”;g) 8§ 678008 cerenin solutions was still retained, the content of the betanin

10 min 44.1(£0.2) 35.4 (+0.6) 40.1 (x0.7) sample dropping to an eighth of the initial value upon identical

20 min 21.9(0.7) 18.2 (x0.2) 35.0 (£0.6) thermal exposure (Table 3).

30 min 10.6 (x0.3) 111 (*0.1) 310(+14) The half-life value of 27.4 min for hylocerenin was nearly
half-life value at 85 °C assessed by 3-fold the values obtained for betanin and phyllocactin and
spectrophotometric analysis (min) reflected the superior stability of hylocerenin. In contrast to

Tuz (R)? 111(0.99) 11.3(098) 214(0.73) betanin (R = 0.99) and phyllocactin (R= 0.98), hylocerenin
ha'f'gfe;?)'tlg at 8? °C assessed degradation did not ideally follow first-order reaction kinetics,

analysis (min H H . . ..

Ty (RO individual PA y10.6 (o.99)y ( 8).0 (099) 8.1(099) a32 lecated by a comparatively low correlation coefficient

Tz (R9)? total PA 107(099)  109(094)  32.4(0.91) (R*=0.73).

Half-Life Values (T2) Based on HPLC DataThe half-life
aValues are expressed as means + SD. b R2 = correlation coefficient. value determination based on the PA decrease of the respective

betacyanin obtained by HPLC analyses yielded intelligibly

only minor effects on the tonality of heated betanin solutions different results (Table 3):
are to be expected. Betanin proved to be the most stable pigment structure during
Total Color Differencelnterestingly, the total color difference  heating with respect to its PA, while the half-life values of the
(AE*) corresponded to the results obtained for chroma, yielding acylated betacyanins phyllocactin and hylocerenin were deter-
nearly identical values for betanin and phyllocactin after 30 min mined to be 20% lower. On the other hand, calculatiofgf
of thermal treatment. The reason for the lacking correlation of based on the total PAs monitored at 535 nm yielded values
hue angle andAE* values of these samples could not be comparable to those obtained by spectrophotometric measure-
disclosed further. ments (Table 3), whereas the correlation coefficient of hylo-
Color Shade. Additionally, the color shade of the heated cerenin half-life value was noticeably higher for HPLC analyses.
pigment solutions was calculated based on HPLC data by Interestingly, for betanin, both the application of the individual
dividing the total peak areas (PAs) monitored at 535 (red) and betanin PA and the total PA at 535 nm resulted in virtually
470 nm (yellow), respectively. Hence, decreasing color shade identical half-life values, indicating that thermally treated betanin
values indicate a shift toward yellow. As shown Table 2, solutions were nearly devoid of degradation products absorbing
color shade and hue angle development are consistent, i.e.at 535 nm, as already reported in a previous stutly).(
chromatic Changes in heated betacyanin solutions can beAccordineg, virtually the entire absorption at 535 nm resulted
monitored both by spectrophotometric measurements and byfrom betanin (Figure 4).
peak detection at two characteristic wavelengths during HPLC In contrast, considerable differences were obtained by
analysis, respectively. calculation of the half-life values of phyllocactin and the total
Quantitative Changes of Thermally Treated Betanin, PA at 535 nm in the respective phyllocactin solutidralfle
Phyllocactin, and Hylocerenin Solutions.As the betacyanin  3), indicating the formation of red compounds during phyllo-
solutions were reconstituted by weighing out 5 mg of the cactin degradation, as demonstratedrigure 5 by the notable
respective purified and lyophilized betacyanin and making up discrepancy between the specific phyllocactin area and the total
to 50 mL, the betacyanin concentrations of the unheated PA at 535 nm. Also, different values were registered even for
solutions were adjusted to 100 mg/L. However, the betacyanin the unheated phyllocactin solution, possibly due to the instability
concentrations of the purified pigment solutions calculated from of the malonic acid moiety, the latter being prone to both
the data obtained by spectrophotometric measurements weralecarboxylation and deacylation (122, 23). Thus, inevitable
lower than expected, reaching values between 67.8 and 79.0formation of both red decarboxylated degradation products and
mg/L (Table 3). Although the correct molecular masses for the betanin (Figure 2) even during phyllocactin purification was
respective betacyanins were applied, the calculated betacyanirplausible. Betanin formation upon thermal treatment of phyl-
contents declined with increasing molecular weight of the locactin solutions is demonstrated Tiable 4. During the first
respective betacyanin. This may be ascribed to missing specific20 min of heating, deacylation of phyllocactin caused a betanin
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Figure 4. HPLC PAs of betanin and isobetanin together with total PA of betanin solutions monitored at 535 nm immediately after thermal treatment at

85 °C and after consecutive CS at 5 °C for 24 h.

5,0E+07 —
B Phyllocactin

4,5E+07 O Betanin

O Total peak area at 535 nm
4 0E+07

3,5E+07
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1,5E+07

1,0E+07

5,0E+06
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heated  heated Ccs CS CS Ccs cs

CS

Figure 5. HPLC PAs of phyllocactin and betanin together with total PA of phyllocactin solutions monitored at 535 nm immediately after thermal treatment
at 85 °C and after consecutive CS at 5 °C for 24 h.

gain as compared to the unheated phyllocactin solution. Most cerenin exhibiting a considerably higher retention than genuine

interestingly, degradation of phyllocactin resulted in a pigment hylocerenin. As shown irfrigure 6, basically one compound

mixture obviously exhibiting thermal stability superior to that was generated, preliminarily identified as 2-decarboxy-hyloce-

of the genuine compound (Figure 2). renin in a previous studyl (). Its tremendous concentration gain
This effect was found to be even more pronounced in of reaching 11000% of its initial PA after heating for 20 min is

thermally treated hylocerenin solutions. The half-life value demonstrated iTable 4.

calculated from the total PA at 535 nm was four times the value  In short, phyllocactin, and particularly hylocerenin, were not

based on the individual hylocerenin ard@alfle 3). Additionally, per se more stable than betanin but were transformed into red
the unheated hylocerenin solution was nearly devoid of ac- products that exhibited considerably higher thermal stability as
companying compounds absorbing at 535 kigire 6). Upon compared to the reactants, as reflected by their characteristic

thermal treatment, red compounds were formed from hylo- HPLC degradation profilesF{gure 7). Because the half-life
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Table 4. Relative PA Changes (%) of Betanin, Phyllocactin, and Hylocerenin in Purified Pigment Solutions Monitored at 535 nm Immediately after
Thermal Treatment at 85 °C and after Consecutive CS at 5 °C for 24 h

betanin solution phyllocactin solution hylocerenin solution

total total total

peak isophyllo- peak isohylo- 2-decarboxy- peak
heating period betanin isobetanin area phyllocactin cactin betanin area hylocerenin cerenin hylocerenin area
not heated 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
not heated, CS 98.8 98.4 98.7 97.2 96.6 117.0 97.6 97.2 100.4 148.5 97.1
10 min 55.6 53.0 55.7 40.8 343 136.1 46.8 50.2 110.6 4467.0 68.7
10 min, CS 60.9 60.8 62.1 40.2 34.0 145.7 51.3 55.4 133.9 6582.2 83.2
20 min 26.6 21.8 27.2 16.2 11.2 110.6 23.2 21.8 53.4 9350.1 61.9
20 min, CS 24.2 20.0 24.9 15.8 10.8 112.1 23.2 21.8 55.1 11379.0 71.2
30 min 12.3 8.4 12.6 6.9 38 73.9 14.1 9.6 a 10236.0 54.1
30 min, CS 12.1 8.4 124 6.8 37 75.1 143 9.0 a 11087.5 57.7

2|sohylocerenin area < 100000.
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Figure 6. HPLC PAs of hylocerenin and C,-decarboxy-hylocerenin together with total PA of hylocerenin solutions monitored at 535 nm immediately after
thermal treatment at 85 °C and after consecutive CS at 5 °C for 24 h.

values obtained for isolated betacyanins from purple pitaya were sation was not observed. This may be due to the poor retention
significantly lower as compared to the value of betacyanins in of cyclo-dopa-5-O-$-glucoside after extended heating, thus
purple pitaya juice Ti2 = 2.5 h; 10), a protective effect of precluding betanin regeneration (11).
matrix compounds on overall betacyanin stability may be  Phyllocactin.After CS of phyllocactin solutions heated for a
assumeds, 10, 24, 25). Furthermore, the plant matrix may favor  short period, no phyllocactin regeneration was registered.
specific degradation trails (11). Instead, a decrease in the phyllocactin PA was fourable
Betacyanin Regeneration in Thermally Treated Betanin, 4), whereas the total PA monitored at 535 nm increased during
Phyllocactin, and Hylocerenin Solutions.To study betacyanin ~ CS after 10 min of heating, possibly due to condensation of
regeneration from their hydrolysis products (betalamic acid and betalamic acid andyclo-dopa derivatives [decarboxylategtlo-
cyclo-dopa 50-3-glucoside derivativestigures 1-3), CS and dopa 5-O-$-glucoside and decarboxylatgtlo-dopa 5-O-3-
subsequent analysis of the betacyanin solutions were performed(malonyl)glucosidel1]. Because of phyllocactin deacylation,
Recondensation of the fragments has been described to proceetletanin concentration in the phyllocactin solution rose not only
in betanin solutions (3), red beet juicé)(and purple pitaya  upon heating but also during CS over the complete heating

juice (10). period (Table 4andFigure 2).
Betanin.After CS of unheated betanin solution, a decrease  Hylocerenin.An increment of total PA was monitored after
in betanin concentration was observ@@ljle 4 andFigure 4), CS of all thermally treated hylocerenin solutiorigable 4),

indicative of the low stability of the purified betacyanin. In the while the individual PA of hylocerenin leveled off and even
sample heated for 10 min, CS resulted in a marked increase ofdecreased during CS of the samples heated for 20 and 30 min,
betanin concentration and the total PA monitored at 535 nm, respectively. This can mainly be ascribed to the formation of
being even more distinctive in the sample heated for 5 min 2-decarboxy-hylocerenin (see above), as reflected by its con-
(Figure 4). However, after 20 min of heat exposure, reconden- siderable gain in PA upon CS #éble 4 and Figure 6), which



396 J. Agric. Food Chem., Vol. 54, No. 2, 2006

140

—— 535am - — — 470nm

130

120

1m0

Betanin

mAl

HyC™
HO‘HCV\ e
10

cH HC\ P
NN
HOci™ S CH mH o
HO ol \/

O,

32 3 3B I\ 4 42 44 46 4B S0 52 5S4 66 58 60 62
Minutes

= 535 nm - ~ —470nm

RN

50 HO'

L—CH—C—o0,
/

o

CH,

0

e
HO \\\\CH{c \ ~°
o™ S
~—CH oH [ oH o
N F
N

N o = —

%% 18 2 2 24 % B I P M 33k B 4 &£ 4 6 M 0 5 54 55 58 60 6 B

Mingtes

64

——535nm

— — — 470m

32 3 3B 3\ 4 42 44 46 48 S 52 54 8 8 60 62
Minutes

Herbach et al.

Figure 7. HPLC degradation profiles of betanin (A), phyllocactin (B), and hylocerenin (C) solutions monitored at 535 and 470 nm immediately after

thermal treatment at 85 °C for 30 min.
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Table 5. Isomerization Index (PA Ratio of 15S and 15R Stereoisomers
Monitored at 535 nm) of Betanin, Phyllocactin, and Hylocerenin in
Purified Pigment Solutions Immediately after Thermal Treatment at 85
°C and after Consecutive CS at 5 °C for 24 h

betanin/ phyllocactin/ hylocerenin/

heating period isobetanin isophyllocactin isohylocerenin
not heated 18.3 5.0 164.7

not heated, CS 18.4 5.0 159.5

10 min 19.2 5.9 74.8

10 min, CS 18.3 5.9 68.1

20 min 22.3 7.2 67.4

20 min, CS 22.2 7.2 65.2

30 min 26.8 9.0 a

30 min, CS 26.8 9.1 a

a|sohylocerenin area < 100000.

may partly be due to the condensation of betalamic acid and

decarboxylatedyclo-dopa 5-O-3-(3""-hydroxy-3""-methyl-glu-
taryl)glucoside (11). On the other hand, amplified formation of

2-decarboxy-hylocerenin on the expense of hylocerenin during
thermal treatment supports the assumption of hylocerenin being

directly decarboxylated to form 2-decarboxy-hylocerenin.

Betacyanin Isomerization in Thermally Treated Betanin,
Phyllocactin, and Hylocerenin SolutionsBetanin.Betanin Gs
isomerization, i.e., 15S—15Rcemization, has been described
to be induced by thermal treatment of red beet juide7),

reflected by a decreasing PA ratio of betanin and isobetanin.
Unexpectedly, in this study, an increase in betanin/isobetanin

ratio was found during heating of purified betanifable 5);
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