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Abstract

Anthocyanins are ubiquitous plant pigments that exhibit bright colors from red to blue.
Thus, they are good candidates to replace the synthetic food colors. However, the low stability
of anthocyanin colorss a real hurdle to their industrial applicatiomspecially under near
neutral conditions required to express the blue color. A promising perspective is to resort to
anthocyanins acylated bp-hydroxycinnamic acids, as these pigments develop -color
stabilizing mechanisms (intramolecular copigmentati@if-association) based on strorf)
stacking interactions between the anthocyanidin chromophore and the acyl residues.
Therefore, this work investigates the structural transformations of acylated anthocyanins
(proton transfer, water addition), their affjnito metal ions and their resistance to thermal
degradation in the presence or absence of added metal ions. To that purpose, kinetic and
thermodynamic studies by UWsible spectroscopy are combined with the identification of
degradation products by UPLGAD/MS.

The impact of the acyl residues (humber, location, type) was deciphered from a series
of isolated pigments from red cabbage and purple sweet potato. With the former, the acyl
residue bound to the external glucose of the sophorose moiety provog@sagl protection
against attacks by 4@, H,O, and sulfite, b) improved affinity for metal ions, ¢) enhanced
resistance against thermal degradation (for anthocyanins and their metal complexes). By
contrast, caffeic acid, whether free or as an acyl regidysurple sweet potato), accelerates
the degradation of anthocyanins in spite of stabilizing the color.

Under moderate heating at pH 7, red cabbage anthocyanins were degraded into
acylsophoroses, phloroglucinaldehy2©-glucoside,  protocatechuic  acid, ,53~
trinydroxycoumarin  derivatives, and 2,4jgthydroxyphenylacetic acid derivatives.
Intramolecular acyl migration was also evidenced. The anionic base, a major colored form at
pH 7, appears most vulnerable to autoxidation. The hydrogen peroxide thdigceut is
further involved in anthocyanin degradation. Overall, the tight binding of acylated
anthocyanins to iron and aluminum ions and possibly the addition of natural antioxidants
(e.g, N-acetylcysteine) are promising perspectives for the developrmetdlde natural blue
colors.

Keywords:anthocyanin, hydroxycinnamic acid, natural color, iron, degradatred
cabbage, purple sweet potato



Resumeé

/IHV DQWKRF\DQHV VRQW GHV SLIPHQWY GTRULJLQH Y
allant du rouge awleu. Ce sont donc dbons candidats pour remplacer les colorants
alimentaires artificiels. Cependant, leur faible stabilité est un frein a ces applications, tout
SDUWLFXOLqQUHPHQW HQ PLOLHX QHXWUH UHTXLV SRXU
perspectte prometteuse est le recours aux anthocyanes acylées par les pcides
hydroxycinnamiques, car ces pigments développent des mécanismes protecteurs de la couleur
(copigmentation intramoléculaire, atdssociation) basés sur de fortes interactions
GIHPSLOHPHQW HQWUH OH FKURPRSKRUH HW OHV UpVL!
WUDQVIRUPDWLRQV VWUXFWXUDOHY GIDQWKRF\DQHV DF\O
DIILQLWp SRXU OHV LRQV PpWDOOLTXHYV thekmiqDed BdnseVDEL O L
but, des études cinétiques et thermodynamiques par spectroscopisilt& sont combinées
] OYLGHQWLILFDWLRQ GH SUR®XDMSY GH GpJUDGDWLRQ SDU

/IMfLPSDFW GHV JURXSHPHQWYV DF\O QRPEUH SRVLWLR
ganme de pigments isolés du chou rouge et de la patate douce pourpre. Pour les premiers, les
groupements acyl sur le sucre externe du groupement sophorose conférent a) une protection
optimale contre les attaques pasCH H,O, and SG?, b) une plus grande &ifté pour les
ions métalliques, c¢) une plus grande stabilité thermique (pour les pigments et leurs
FRPSOH[HV (Q UHYDQFKH OfDFLGH FDIpLTXH TXfLO VRLV
(cas des anthocyanes de la patate douce violette), accéligridation des anthocyanes,

ELHQ TXYfLO VWDELOLVH OD FRXOHXU

Un traitement thermique modéré a pH 7 a convertalghocyanes du chou rouge en
acylsophoroses, phloroglucinaldéhy2i®©-glucoside, acide protocatéchuique, dérives de la
3,5, #trihydroxycoumdJ LQH HW G H -toh§dvdxipBeatylacétique. Un phénoméne de
migration intramoléculaire de résidus acyl a également été mis en évidence. La base
anionique, une forme colorée majeure a pH 7, apparait comme la plus vulnérable a
OIDXWR[\GDWLRKMH GHKSGURJqQH DLQVL IRUPp HVW pJDOH
dégradation des anthocyanes.

Globalement, nos résultats montrent que la forte association des anthocyanes acylées
DYHF OHV LRQV GX IHU HW GH OTDOXPLQLXPex¥RINUH OYDM
DFpW\OF\VWpLQH FRQVWLWXHQW GHV YRLHV GYIDYHQLU .
naturels stables.

Mots-clés : anthocyane, acide hydroxycinnamique, dégradation, fer, colorant naturel,
chou rouge, patate douesolette
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Abbreviations and symbols

A

At

Ai
BHT
C1

C2

C3

C4
CD

Cf
CGA
Cy
CZE
DAA
DLS
Dp
DPPH
EtOH
E131
E132
E133
ESI
FD&C
Fe'l Fe*
Fl
[M-H]
H

HAT
HBA
HCA
HPLC
(HR)-MS
HSO:/SO*
k

K Kapp
K

K TKapp
Kal
Ka2

Kh

Kt

Ki

Absorbance

Finalabsorbance

Initial absorbance
Butylatedhydroxyanisole

3,5, #trihydroxycoumarin
Protocatechuic acid
2,4,6trihydroxyphenylacetic acid
Phloroglucinaldehyde

Circular dichroism

Caffeicacid

Chlorogenicacid

Cyanidin

Capillary zone electrophoresis
Diacylatedanthocyanins

Dynamic light scattering

Delphinidin
2,2-diphenyt1-picrylhydrazyl

Ethanol

Patent blue¢/ (European Union regulation)
Indigo carmine (FD&C 2)

Brilliant blue (FD&C 1)

Electrospray Source lonisation

Food, drug and cosmetic Act regulation (USA)
Ferrous/ferric ions

Ferulicacid

Molecularion with loss of a proton, regardless of the charges
Hydrogen atom / Proton (for MS ions)
Hydrogenatom transfer
Hydroxybenzoiacid
Hydroxycinnamicacid

High pressure liquid chromatography
(High-resolution) mass spectrometry
Sulfite/bisulfite ion

Rateconstant

Apparentrate constant
Thermodynami@quilibrium constant
Apparentthermodynamic constant
First acidity constant

Second acidity constan

Hydration constant

Tautomerization constant
Isomerization constant
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Ki

MAA
MM
MW
NAA
NMR
pC

Pn
PSPE
PCA
PGA
ppm
RCE
RP
Rt2
Sh

Sp
TD-DFT
ToF
UPLC
USA
uv

()

max

Isomerization constant

Molecularion
Monoacylatedanthocyanins

Molar mass

Molecularweight

Non-acylated anthocyanins
Nuclearmagnetic resonance
p-coumaric acid

Peonidin

Purplesweet potato anthocyanin extract
Protocatechuiacid
Phloroglucinaldehyde

Partper million

Redcabbage extract

Reversghase

Retentiontime

Shoulder

Sinapicacid

Time-dependent densitfynctional theory
Time of flight detector

Ultra-high performance liquid chromatography
United States of America

Ultra-violet

Delta referring to a % variation, generally«(AA;) / A
Molar absorption coefficient
Wavelengthof maximal absorption
Fraction(molar unless specified)
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FRSLIPHQWDWLRQ LQ PHWDOIiDOQWaiskRial.D2AQ16@) FRPSOH[HV IURP

LITERATURE REVIEW
Figure 1. Flavylium ions are weak diacids.

Figure 2. (1) Absorption spectra of GaMv3Glc: pH jump from pH = 1.0 (100% flavylium) to pH 3.00,
3.59, 4.50, 5.70, 5.96, 6.25, and 7.15, respectiBggctra recorded 10 ms after mixing (negligible water
addition) (Il) Spectra of the components obtained by mathieedalecomposition. Fror@] with
permission of thémericanChemical Society

Figure 3. Flavylium ions are hard electrophilesacting at C2 with €@entered nucleophiles, such as water
(water addition followed by formation of minor concentrations of chalcones).

Figure 4. Simulations of the pH dependence of theaappt rate constanfj and relative magnitudéj of
color loss. Selected values for parameteis; p 4, Ka1 =7, K#=2.5k,=0.1S , Ktk Sk/K .

Figure 5. (1) Spectral changes of GEtv3GIc between 10 ms and 9 s following a pH jump from pH =1 to
pH = 2.45; haHiife of flavylium = 2.4 s (1) pH jump from pH = 1 t@H = 4.5;half-life of quinonoid

bases =53.3 &t pH=6,thehal-OLIH RI TXL Q R3Q Rih.&rof Defeteiceg4] with permission of
the American Chemical Society

Figure 6. Flavylium ions are soft electrophilésat react at C4 with-@and Gcentered nucleophiles, such
as bisulfite and 4inylphenols.

Figure 7. Anthocyanin hemiketals are deophilesreacting with carbocations (Ar = catechol ring).
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Figure 8. Pathways of anthocyanin degradation.
Figure 9. Possible mechanisms of anthocyanin degradation witfiopneged hydrogen peroxide.
Figure 10.Possible mechanisms of anthocyanin degradatitmout preformed hydrogen peroxide.

Table 1. Antioxidant activity of malvidin 30- -D-glucoside (oenin) and related pigments: reduction of the
DPPH (2,2diphenyt1-picrylhydrazyl) radical (MeOH, 25 °C,and?®) and inhibition of heménduced
peroxidatia of linoleic acid (0.1 mM linoleic acid in acetate buffer + 2 mM Twgén0.1 uM
metmyoglobin, pH = 4, 37 °C). From referencg9].

Figure 11.Possible medmisms for the antioxidant activity of anthocyanins in food and in the gastro
intestinal tract.

Figure 12.Co-pigmentation of malvin (malvidin 3;8iglucoside, 50 uM) by rutin bis(hydrogensuccinate)
(mixture of 3 regioisomers, 200 equivA)(pH = 3.5, mlvin + co-pigment at T = 15.5 (1), 25.0 (2), 35.0
(3), 44.2 (4) °C, malvin alone at T = 25.3 °C (B) pH = 0.9, T = 25.0 °C, malvin alone (1), malvin + co
pigment (2). Adapted from referenf3b].

Figure 13. Acylated anthocyanins: discrimination of intramoleculajp@mentation (type 1) and self
association (types 2 and 3) by circular dichroism (pink or blue CD spectra depenthegcairality of the
stacks). Fronfid4] with permission of th&®oyal Society a€hemistry

Figure 14.Triacylated B) vs. nonacylated A) Morning glory(Pharbitis nil) anthocyanins: equilibrium
distribution of anthocyanin species in aqueous solution. Red solid line: flavylium ion, blue solid line:
neutral base, dotted green linetal colorless forms. Parameters for plots &djp 2.30, Ka1=4.21 A);
pK f1=4.01, iK1 = 4.32 B). From[36,37]

Figure 15.(A) < -DBihydroxy-7-O- -D-glucopyranosyloxyflavylium (50 puM) in a pH 4 buffer (0.1 M
acetate), red spectrum: before hydration, blue spectrum: 1afteiraddition of Al* (4 equiv.); B)
equilibrium distribution of species in aqueous solution. Red solid line: flavylium ion, blue dotted line:
neutral base, dotted green line: total colorless forms, blue solid liieca%hplex. Parameters for plots are
PK = 3.42, Ka1= 4.72,Ky = 2 x 10 . From[39].

Figure 16.(A) Frontier MOs of the flavylium ion of cyanidin (from referer{@éamouar et al., 2012aand
its most representative mesomeric forms in the ground state (left) and first excit¢dgsiteB) The fate
of freeanthocyanins in the excited state (from refereifisé$6).

Figure 17.The influence of cgpigmentation on the fate of anthocyanins in the excited gfse.
Intermolecular cepigmentation (from referendg7]). (B) Intramolecular cepigmentation (from reference
[58)).

Table 2. Serum pharmacokinetic profiles of cyanidiglBicoside (C3G) and its metabolites in humans
after the consumption of 500 miC-labelled C3G. From referen¢®] (in red is the reference compound
and its most abundant metabolites).

CHAPTER 2

Fig. 1.A:ColRU ORVV DW S+ f& 3LIPHQW $ 3 7 3 Vv % $QWKRF
ion after acidification to pH 12 and 48h stabilization at room temperature).

Fig.2. 'LVWULEXWLRQ GLDJUDPV IRU SLIPHQWVP$LR®@ Qs QBIWWHIXQ CELE
w D QLRQ LFcaldiassiforms (25°C). Calculated apparent rate constants of water addition (from
egn. (4) in text) and corresponding hifié values at 25°C.
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Fig. 3. A: Spectra of the iron complexes of pigment A, P2 an@R&uiv. Fe2+, pH 7, 25°C). B: Maximal
DPSOLWXGH LQ WKH GHYHORSPHQW RI WKH LURQ FRPSOH[TV YLVLEC
ratio.

Fig. 4. A & B: Color loss at pH 7, 50°C. C &: Residual fraction of anthocyanin (colored + colorless
forms, spectroscopic titration in acidified samples afteinthibation at RT) at pH 7, 50°C. Pigment alone
\Y SLIPHQW HTXLY )H SLIJPHQW HTXLY B&&H:P4. $ & 3%

Fig. 5. Color changes in P6 solutions at pH 7, 50°C following addition of Fe2+ (0.6 equiv.) and storage
over 24h (pigment concentration = 50 uM).

Fig. 6. Kinetics of bleaching (pH 7, room temperature). A: After addition of H202 (103 edivAfter
DGGLWLRQ RI VRGLXP ELVXOILWH HTXLY | 3% 3 w 3 ww U

Fig.7. .LQHWLF DQDO\VLV RI WKH WKHUPDO VWDELOLW\ RI 3 DW S+
;K7 IUDFWLRQ RI FRORWOMHVY K\GUBWHGQUDFWLRQ RI FRORUOF

products): r = 0.942. Curvitting according to egns (1}x(3) gave the following optimized rate constants:

kDA = 0.193 (+ 0.013), kh = 1.77 (£ 0.12}hk=0.58 (+ 0.06) 1.

Table 1 Distribution of colored forms / hemiketal + ethalcone / transhalcone / degradation products
(D) after 2h of heating at 50°C, pH 7 for pigment A, P1 and P4. First part of Table 1 gathers molar
absorption coefficients and absorbance values used in the calculations

Table 2 Rate constants of hydrogen peroxide (103 equiv.) and bisulfite (5 equiv.) addition to anthocyanins
at pH 7, room temperature.

Table 3.Kinetic analysis of thermal degradation at 50°C. Apparent rate constants kDA, kkhaeéek to
the degradadn of the colored forms, and to the hydration and dehydration steps, respectively.

Scheme 1The red cabbage anthocyanins studied in this work.
Scheme 2Structural transformations of anthocyanins in acidic to neutral aqueous solution.

Scheme 3The probcol for assessing the distribution of species in a neutral anthocyanin sample after
thermal treatment.

Scheme 4A simplified kinetic scheme for analyzing the thermal degradation of anthocyanins in neutral
solution.

Fig. 1-SI Spectroscopic monitoring @blor loss at pH 7, 50°Q\: PigmentA{),P1¢ 3 B:
same pigmentsiithe presence of 0.6 equiv.’Fe

Fig. 2-SI A: The slow conversion of theans-chalcone to flavylium ion (25°C) after acidification to pH
1-2 of samples uptaken after a 2h period of thermal treatment at pH 7,43 @bsorbance immediately
after acidificationPA (+), PLc 3  RCE (X). Firstorder curve fitting giveskons (10>, h™%) = 106.0
+ 2.3 (PA),31.7+£ 0.1 (P1),37.4 + 0.6 (P4) and 31.4 + 0.7 (RECB): intact pigment A (control, pure
flavylium), w: sample immediately after acidification (flavylium + Ct + degradation produatsyample
after incubation for 48h (flavylium + degradation produd®s)Normalized spectrum of thteans-chalcone
deduced from the spectra of part B.

Fig. 3-SI Kinetic simulations for the degradation of pigment A at pH 7, 50°C. First graph:-fitiivg of
the experimental data. Graph81simulations from parameters reported in TaKle.w, X,: w, X4 w.

Fig. 4-Sl Kinetic simulations for the degradation of P4 at pH 7, 50°C. First graph:-@itiing of the
experimental data. Graphs31 simulatiors from parameters reported in Tabtg. w, X,: w, X4 w.

Table 1-SI Apparent rate constants and amplitudes of color loss at pH 7 deduced fromomono
biexponential curwitting (r > 0.999).
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Chapter 3
Scheme 1SlI. a) Structural transformations of anthocyanins in aqueous solutions.

Fig 1-Sl. Species distribution at a) pH 7 and b) pH 8, calculated at 25°C from the acidity and hydration
thermodynamic constants [3].

Fig 2-Sl. UV-visible and mass spectra of the pigmemtd theirtrans-chalcones. P4 isomer obtained after
heating for 24h at 50°C, pH 7.

Fig 3-Sl. a) Formation of thérans-chalcone (Ct) of PA() and irreversible degradation of the flavylium
ion (AH") (V). b) Estimated fractions ¢fans-chalcone and degration products (D) from PA, P1, P4 after
2h at pH 7, 50°C. ¢) Same data calculated after 2h and 24h.

Table 1-SI. Product quantification in PA, P1 and P4 solutions after 24h at pH 7, 50°C.
Scheme 2SI. Proposed fragmentation pattern for ion-fil m/z481 dtributed to C3(GIc)C2 from PA.

Fig 4-Sl. UV, MS and MS2 spectra of the coumarin derivatives fromm&§79) and P1r/z825),
structure proposals.

Fig 5-Sl. Identification data for compountd = p-coumaroylsophorose from P1 (major isomer @t R.55
min): a) DAD spectrum. b) MS and MS2 spectra{fyl m/z487). ¢) MS chromatogram of the isomers. d)
Structure proposal.

Fig 6-Sl. a) UPLCDAD-MS data for compound. b) UV, MS and MS2 spectrum &f(m/z345). c)
Structure proposal.

Fig 7-Sl. Identfication data for a minor compouritbm PA and P1: a) UPL®GIS data. b) MS and MS?
spectra ([MH] m/z463). c) Structure proposal for C7 glucoside. d and e) Data for an unidentified isomer.

Fig 8-Sl. Identification data for compoun@sC6-(pC)Soph from P1nj/z675.1564) and@' C6-Soph from
PA (m/z529.1190). a) UPL@/S data; b and c) MS and MS2 spectra in b) PA and c) P1.

Fig 9-Sl. Identification data for compounds 6'and3": a) UPLC/MS data. b) MS and MS2 spectraof
(m/z597). c)MS and MS? spectra & (m/z743). d) Tentative structures for C7 derivatives.

Fig 10-SI. Impact of F&" addition on pigment degradation (1h stabilization at pH 1.2).

Fig 11-SI. Chromatogramat 280 nm of P1 solution after 24h at pH 7, 50°C without arid added HO,;
a) 1 molar equiv.; b) fomolar equiv. c) DAD spectrum, MS and MS? data of unidentified compound at
m/z625.

Fig 12-Sl. Chromatograms of the pigment solutions after prolonged thermal degradation: 24h (ivblack)
72h (in red).
Scheme 3SI. A possible mechanism for the formation of the coumarin derivatives.

Scheme 4SI. Possible intramolecular transesterification of the Sp residue-&tHC® the stable GOH
position in pigment P4. Intermediate positions are possible but would not accumulate. The pC was not
mobile.

Scheme 5SI. Possible intramolecular transesterificatiaf the pC residue at @BH to the neighboring
C5-OH positioninthe pcVRSKRURVH %RWK VShaELHWRBHUSUHMHD WUMVLQ DSS
equilibrium (in a stable ratio over time). When bound to the chromophore, the pC was not mobile.
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CHAPTER4
Scheme 1Structure of the purple sweet potato anthocyanins studied

Table 1. Thermodynamic and rate constants for the structural transformations of the PSP anthocyanins
(25°C).

Fig. 1.UV-YLVLEOH VSHFWUD RI SXUH FRORUHGIRRIPSARIA:SHRQLGLQ GFt
flavylium ion, w: neutral basey: anionic base.

Fig 2. UV-visible spectra of pigment P9b (Cya, Acyl = Cf, HB) and P10 (Pn, Acyl = Cf, Cf), at pH 7, its
pure anionic base (Am, calculated) and it§'aad AF* complexes (1 equiv.).

Fig. 4. The kinetics of metal binding to P9b and P10 (pH 7, 2 equiv. metaloWonitoring in the UV
range (370 nm).: Monitoring in the visible range (Fe 670 nm, Af*: 550 nm).

Table 2.Kinetic analysis of metatdigand binding (pH 7, 0.01 M phpkate buffer, 25°C).

Scheme 2Proposed structure for the 1:1 RIBe*" complex (left) and the 1:1 P9be**(right, n = 2
(initially) or 3 (after autoxidation).

Fig 5. Kinetics ofa) color loss andb) thermal degradation (pH 7, 50°C). PA (Cya, noady H\ 3%
(Peo, no acyl, black), P10 (Peo, Cf, Cf, green), PA' + equiv. 2 Cf (orange).

Fig. 6. UPLC-DAD-MS analysis of the degradation products at pH 7, 50Mtoi@atograms at 520 nm and
ion current for the major ion of compounds 1a anch2R12after8h (M-2H] ion: m/z1123). Formation

of two-electron oxidized isomeric pigmertaand2b (m/z1121). b) P4 after 24h [M-2H] ion: m/z1123),
with formation of caffeic acid addition pigmeritaandlb (m/z1301).

Fig. 1-Sl. Spectroscopic titrations of P10 in the acidic pH range at equilib@yend in near neutral
solutions b): pK §=3.53 (£ 0.03), K2 = 7.16 (x 0.05). pH dependence of the hydration kinetics in the
acidic pH ranged): pKa1 = 4.11 (£ 0.06). The solidries are the results of the cuifiting procedures
(Moloney et al., 2018).

Fig 2-Sl. Speciation diagrams of PSP anthocyanins at equilibrium (calculated from the valugg pkaK
D Q G )S-.<1: flavylium ion, - « : neutral bases : anionic base, « : total colorless forms.

Fig 3-Sl. UV-visible spectra of free caffeic acid, P9a, P9b, P10 (plain black lines) and tHeioFmlexes
GDVKHG JUD\ OLQHV DW S+ Se2d iddicefed, M B FWUXP LQ UHG

Fig 4-Sl. Evidence for 1:1 binding fd?9b and 1:3 binding for the caffeic acid.

Fig 5-Sl. Thermal stabilityof four peonidin derivatives at pH 7, 50°BA’ (3-O-sophorosys-O-glucosyt
peonidin, P10 (Cf,Cf), P11 (Cf,HB), P12 (Cf, FI). a) Color loss, b) Pigment degradation.

Fig 6-Sl. Thermal $ability of 3-O-sophorosys-O-glucosytcyanidinPA, 3-O-sophorosys-O-glucosyt
peonidinPA' and the dicaffeoylated Pi®the presencelbtted line} or absencesplid lineg of added F&
(pH 7, 50°C)PA: 0.6 equiv.; PA"and P10: 1.5 equiv.

Fig 7-Sl. Color (top) and thermal (bottom) stability of red cabbage (red) and purple sweet potato (black)
extractg(pH 7, 50°C).

Fig 8-Sl. DAD absorption spectra of P4 and cressipling productdaandlb (m/z130J).

Fig 9-SI. Thermal degradation of P12 (pH 7, 8)? UPLGDAD-MS analysis showing the formation of
new isomeric pigmentg) resulting from P12+caffeic acid oxidative coupling.f€omatograms with
detection at 520 nm at t = Oh, 8h and 28hDAD absorption spectra of P12 and pigme&#snd2b.

Table 1-SI. Spectroscopic data of selected ligands and théiraRel AF* complexes deduced from the
binding kinetics (initial vs. final spectrajlyperchromic shifHS =(Amax; TAmax,0/Amax,c Bathochromic
shift BS = maxs * maxo Metal/anthocyanin oiar ratio= 1.
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CHAPTERS
Scheme 1Structure of the purple sweet potato anthocyanins studied.

Table 1. Thermodynamic and rate constants for the structural transformations of the PSP anthocyanins
(25°C).

Fig. 1. UV-visible spectra of pure colored forms f&f HRQLGLQ GHULYDWLYHW3$Y 3 D 3 D
flavylium ion, w: neutral basey: anionic base.

Fig 2. UV-visible spectra of pigment P9b (Cya, Acyl = Cf, HB) and P10 (Pn, Acyl = Cf, Cf), at pH 7, its
pure anionic base (Am, calculated) and it§'aad AF* complexes (1 equiv.).

Fig. 4. The kinetics of metal binding to P9b and P10 (pH 7, 2 equiv. metaloWonitoring in the UV
range (370 nm).: Monitoring in the visible range (Fe 670 nm, Af*: 550 nm).

Table 2.Kinetic analysis of metatligand bnding (pH 7, 0.01 M phosphate buffer, 25°C).

Scheme 2Proposed structure for the 1:1 PIBE** complex (left) and the 1:1 P9B€**(right, n = 2
(initially) or 3 (after autoxidation).

Fig 5. Kinetics ofa) color loss andb) thermal degradation (pH7, f& 3% &\D QR DF\O JUH\ 3%
(Peo, no acyl, black), P10 (Peo, Cf, Cf, green), PA' + equiv. 2 Cf (orange).

Fig. 6. UPLC-DAD-MS analysis of the degradation products at pH 7, 50Mtoi@atograms at 520 nm and
ion current for the major ion of compountis and 2aa) P12after 8h [M-2H] ion: m/z 1123). Formation
of two-electron oxidized isomeric pigmertaand2b (m/z 112). b) P4 after 24h [M-2H] ion: m/z 1123),
with formation of caffeic acid addition pigmeritaandl1b (m/z 130).

Fig. 1-Sl. Spectroscopic titrations of P10 in the acidic pH range at equilib@yiend in near neutral
solutions b  S,#3.53 (x 0.03), pke=7.16 (£ 0.05). pH dependence of the hydration kinetics in the
acidic pH ranged): pKa1 = 4.11 (x 0.06). The solidies are the results of the cuifitting procedures
(Moloney et al., 2018).

Fig 2-Sl. Speciation diagrams of PSP anthocyanins at equilibrium (calculated from the valugg pkaK
D Q G p)S-.<1: flavylium ion, - » : neutral bases : anionic base, - : total colorless forms.

Fig 3-Sl. UV-visible spectra of free caffeic acid, P9a, P9b, P10 (plain black lines) and tHeioFmlexes
GDVKHG JUD\ OLQHV DW S+ Se2nd iddicdfed, M BB FWUXP LQ UHG

Fig 4-Sl. Evidence for 1:1 binding fdP9b and 1:3 binding for the caffeic acid.

Fig 5-Sl. Thermal stabilityof four peonidin derivatives at pH 7, 50°BA’ (3-O-sophorosys-O-glucosyt
peonidin, P10 (Cf,Cf), P11 (Cf,HB), P12 (Cf, FI). a) Color loss, b) Pigment degradation.

Fig 6-Sl. Thermal $ability of 3-O-sophorosys-O-glucosytcyanidinPA, 3-O-sophorosys-O-glucosyt
peonidinPA' and the dicaffeoylated P1the presence (dotted lines) or absence (solid lines) of added Fe
(pH 7, 50°C)PA: 0.6 equiv.; PA' and P10: 1.5 equiv.

Fig 7-Sl. Color (top) and thermal (bottom) stability of red cabbage (red) and purple sweet potato (black)
extractgpH 7, 50°C).

Fig 8-Sl. DAD absorption spectra of P4 and crassipling productdaandlb (m/z 130).

Fig 9-Sl. Thermal degradation of P12 (pH 7, 8)° UPLGDAD-MS analysis showing the formation of
new isomeric pigmentg) resulting from P12tcaffeic acid oxidative coupling.f€omatograms with
detection at 520 nm at t = Oh, 8h and 2)NDAD absorption spectra of P12 and pigm&asand2b.

Table 1-SI. Spectroscopic data of selected ligands and théiraRel AF* complexes deduced from the
binding kinetics (initial vs. final spectrajlyperchromic shifHS =(Amax; TAmax,9/Amaxc Bathochromic
shift BS = maxs * maxo Metal/anthocyanin oiar ratio= 1.
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CHAPTERG.

Fig 1. Color patches calculated from the L*a*b coordinates of 4 pigments and their metal complexes (1
molar equiv., 50 pM).

Table 1.a) Coefficients of linear regressions correlating the physicochemical parameters of 16
anthocyaims with the type of phenolic acyl moieties. b) Coefficients of linear regressions correlating the
pK fof 16 anthocyanins with the position of the phenolic acyl moieties.

Fig 2. Thermal degradation of a) PA (in grey) and two monoacylated anthocyanip€ Fib:black), P3:
Sp (in blue); and b) PA' (in black) and two diacyalted caffeoylated anthocyanins P11: HBA (in dashed red),
Cf; P12: FI, Cf (in dashed grey).

Fig 3. Example of biexponential fitting for the irreversible consumption of a monoacylated pigment,
normalized absorbance at the flavyliup.

Table 2.t;s0f pigment loss at pH 7 for various pigmefritBigments aloné,in the presence of 0.6 or 1
equiv. F&". NB: for several pigmentssgwas not reached over 24h.

Scheme 1Skeletons of the degradation products detected, in green.

Table 3. Spectroscopic features of the metal chelates formed from various cyanidin derivatives at pH 7
after addition of 1 equivF€".

Table 4. Compared behavior of 4 types of anthocyanins.

Scheme 2Hypothetical triacylated anthocyanin and the covalent bonds (in red) allowing free rotation for
the development ofSstacking interactions between cyanidin and HCA moieties. The notaber of
degrees of free rotation is 5 (HCAL), 6 (HCA2a) and 7 (HCAZ2b).

Scheme 3The most probable organization of the metal complexes of NAA, MAA and DAA (a mixture of
1:1 and 1:2 complexes), and 1:3 complexes expected for Cf or detected for PB.

Table 5. Relative content in the RCE anthocyanins, aigddips classification by stability.
Table 6.Fraction of anthocyanins based on their acylation number and calculated pK'a values.

Fig 4. Rate of color loss (left) and pigment loss (right) of P6 at 54Y@H 7 phosphate buffer (black plain
line), P6 with 1 equiv. P& (dotted line), P6 with 1 equiv. Ee+ 10 equiv. Nacetylcysteine (NAC, dashed
yellow line), and P6 with 1 equiv. Fet 10 equiv. NAC + 10 equiv. rutin (dashed green line). The NAC
compensates for the ¥enduced degradation; and rutin further stabilizes the pigment and the color. The
absorbance was initially higher with rutindA 1.42 vs. 1.32).

Fig 5. Fraction in each specie relatively to the flavylium, aggdf color loss in the presence ofkuiv.
H,0O,, at room temperature.
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Introduction

Over the lasyears, the food color industry hasenrapidly growing and is expected
to continue growing 10% to 15% annualyortez et al., 2017putreachinghe growthof the
overall food additive industry (+3.4%)This growth is driven by the rise in the congtion
of transformed product¢Kearney, 2010)and theever improvingoffer and suppl by
ingredients companies. In additionhere ha been a continuig demand for healtpromoting
food productsas well as sustainable and ddendly foods, ingredients and packaging
withessed bylte T O HD Q t@bdeaHdxhe® Q D V0 X UFIpHIItbre 2017) A catalyst of the
consumerddistrust about the Bumberan the European UniofEU) wasthe 36 RXWKDPSWRQ
6 L [Study (McCann et al.,, 2007)which assessethe effect syntheticcolors used in
confectionery products on children attention and hyperactivity disorgleans Gunst &
Roodenburg, 2019As a result, hie European Uniohas increased its labeling requirements
for severalfood colors.Globally, the transition towardhaturalingredients in foodkextends to

the cosmetic and care produ@@arbulova et al., 2015; Soto et al., 2015)

In this context, the segment of natumlors is promising By contrast to the
petroleumderived synthetic ingredientsiatural colors are directly extracted from ling
organisms (plants, algae, fungi, bacteria or animals) can be modified by only physical or
biological processes (e.g. drying, fermentation, but no chemical rea&iong 2003among
the global patents presene¢dhnical solutions to produasatura colors, 12 target thélue
color (Table 4Appendix).

In order to satisfythe new consumers expectations20i15and 2016the Nestléand
Mars Inc. companies bottommitted to removing all artificial colors and flavors from their
confectionery products. To date, several synthetic colors have successfully been replaced by
natural alternatives. For exampled is obtained with carminiacid lycopene or annatto

yellows and oranges with carotenqigisnks with betanins oranthocyanin extractdrown

! Food Liquid Colors Market Global Industry Analysis, Size, Share, Growth, Trends, and ForecastZ20P¥ 2016. Retrieved 5/08/2019.
https://www.transparencymarketresearch.com/tipaid-colors market.html

% press release of thiestlé company. P15 Retrieved 5/08/2019https://www.nestleusa.com/media/pressreleases/nest|%Cag#9
commitsto-removingatrtificial-flavorsandfda-certified-colorsfrom-all-nesti%C3%A9chocolatecandyby-the-endof-20

% Press release of the Mars dnporatedcompany. 2016. Retrieved 5/08/2019.
https://gateway.mars.com/m/69d4da3d183f114c/original/POLMEYSsto-RemoveAll -Artificial -ColorsFrom-lts-HumanFood
Portfolio.pdf
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with malt/caramelsand black with carbon blackHowever, the blue andreen colors are
challenging: no natural sourds able to mimic the vibrant blue hues displayed by the
synthetic blue pigmentbrilliant blue FCF (FD&C 1, E133pr indigo carmine (FD&C 2,
E132) Extracts from the spirulina microalgaan be purified so as to produce laebcolor.
However it exhibits only restricted shades of cyan blue, that are slightly greener than the
synthetic colorsPure copper sal@also produce a cyan coldsut arenot considered suitébd

for food applications.

For several yearshe Mars Wrigley Companyhas beereading a program aiming at
replacing the synthetic bluéss their confectionary productsy a natural alternativédmong
the potential blue sourceanthocyaninswere identifiedas the best candidat&nthocyanins
are non photesynthetic plant pigments belonging to thelyphenoic compound. Some of
them exhibitblue colors at mildly alkaline pH (pH 7.5- 8.5). In addition, theyre already
used adoods colors (pink andpurples), so they are available on the market, amne not
regulatory restricted (s€kable 3A in Appendix). They arealsoabundant imature present
in many edible parts of plantand quite concentrated ircultivated plants(Oplatowska
Stachowiak & Elliott, 2017)However, some obstacles stilindertheir developmenttheir
lower stability,the cost othe rawmaterials and their limitedurrent markeavailability.

A consortium of several universiti@gth comgementaryresearch activities has been
exploiing the color expression of anthocyaningnh the molecular orbitals moltey by TD-
DFT (timedependent density functional theory) calculations, to the color measurement in
model productsThe Micronutrients, Reactivitgnd Digestion team from the UMR SQPOV
(Security and Quality of Plasitased Products) was invited to characterize the physico
chemical properties of isolated anthocyanins from various food sources.cdllestive
research effortcontributedto build theordical knowledge on anthocyanins structuaed
assembly color expressiorand stability, reactivity,as well astheir potential production
through biological engineeringn this purposethe industrial partner the Mars Wrigley

Companyisolatedfourteen different anthocyanins fragifferentvegetable extracts

Anthocyaninsexhibit a blue color in two conditions: in mildly alkaliselutiors (pH
7.5 - 9.0, or in the presence of metal ions suchF&s" or AI** (at pH 6 +8). Pure
anthocyaninsn neutralaqueous solutions rapidlpse their colorwith half lives of a few
hours(Moloney et al., 2018)The overall color lossactuallyresults from the combination of
reversibleand ireversiblereactions The two components are not always distinguished in the
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literature, pointing to the nde@o designmethodsn that purposeThereversiblereactionsare
well documentedPina et al., 2012bjand are mainly governed by intrand intermolecular
interactions between the aromatic acyl moieties and the chromofmotslas et al., 2016a)
However, the ireversible component dhe degradationresulting from autoxidative and
hydrolytic mechanismss less knowrat neutral pH The highoxidation rate of phenolat
neutral pH is expected to contribute to thegradatiorof anthocyaningC. Li & Hoffman,
1999) Several degradation products have been charactefe&zgd the phenolic acid, the
phloroglucinaldehyde2,4,6trinydroxyphenylacetic aciderivative$, but the specific routes
followed at neutal pH remain poorly documented. Indedke reactivity at pH 7 is complex
as is results of the combined reactivity 6f major species in equilibriunNeutral pH is
comma in food and cosmetic products, deciphering the reaction mechanisms at neutral pH

may therefore open new stabilization strategies with various applications.

Besides, mong the color stabilization mechansranthocyanirbinding to metal ions
broadens the color expressed by anthocyanins and increases their color stabitiguTtime
organkation in supramolecular assemblies nassty been addressed computationally yet

(Trouillas et al., 2016a) herefore, thexplorationof this techniqueffers opportunities of

Three main questionsare thus 1) What is the contribution of the irreversible
degradation to the color losst neutral pR? 2) What are the products dfreversible
degradation at neutral pH, atite major degradation pathway3)? Doesmetalsanthocyanin
binding providea satisfyingcolor stabilizationat neutral pH?n each casehe contribution of
the phenolic acylation patterwas assessedo that purposethe reversible transformations
and color expression of isolated pigments and extracts were investiyatetihe pH range 1
+9, in UV-visible (UV-vis) absorption spectroscopyhdir irreversible degradatiowas
accelerated by a mild thermal treatment at 50/MZh appropriate iketic analysesFinally,
products identification was carried outliPLC-DAD/MS.

The first chapter ngews the current literature on the degradation routes of
anthocyaninsat all pH Then, the kinetic studyof the irreversible degradatioof different
anthocyaninsat pH 7is presented in Chapt@r These results wegublishel in the journal
Food & Function (Fenger et al., 2019he two phenomena leading to color loss thus

investigated.
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Secondlythe tentative identification ofegradation productss propsed associated
with thear kinetics of formation These rsults are presented in ChaptemaBd wereacceped

for publication in thgournalDyes & Pigments

Thirdly, the color expression of anthgenin complexes is explored witkd cabbage
and purple sweet potatnthocyaninsThe contribution of the phenolic acyls number and
position in red cabbage anthocyanims presented in Chapter /A case ofcompetition
betweentwo sites ofmetal bindings observed purple sweet potato anthocyaepanidinvs.

caffeic acid) igpresentedn Chapter 5.

The overall reults are discussed in Chapte6methodof determination of theolor
stability extends the studio anthocyanin extractdn this purposethe compositionof four
extracts (ed cabbagepurple sweet potato, black carrot and elderewss determined in
UPLC-MS/DAD (Appendix)
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Chapter 1. Literature review
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1. | NSEARCH OF A BLUE NATURAL FOOD COLOR

1.1. The importance of food color

The color of foods an important quality criterion, associated either to the freshness of
a food item or to its density in micronutrien@olorful foods also have become trendy in the
recent years, a popularigonveyed by theocial networks. For exampldet "rainbow fod
challenge" features YoutuBevideos where the participants attempt to eat food of a single
color for 24 hours. Oinstagrant, an application where usecanshare culinary picturest
was observed that thposts showing food pictures have higher irtgoes (number of
comments, shares and reactions) than posts showing body irfklgesen et al., 2018)
Besides the social networks, food color is important as the consumer associates it with safety,

quality, and adequate (mild) process({bglgadeVargas et al., AIR).

The blue color is the favorite color in the US#nd in Europ® but few studiesiave
assessed the psycholagfigmpact of blue color in foodstf The blue color in food may
reduce the appetitdhowever this perception igery productdependentin mint chewing
JXPV WKH EOXH FRORU LV $ldibé& Etlay,H2Go9Prvothds ypesHOf K L Q J°

confectionaries, blue is generally used as in a mixture with other bright colors.

1.2. What is color?

This section aims atxplain what color ispefore dealing with more practical aspects
of the color and its optimization. h€ definitionof coloris not as obvious as it seems. Color
is defined as & phenomenon of light visual perceptittimt enables one to differentiate
otherwise identical object§"whichis essentially a property: the discrimination propelttjs
thus amental not physicaphenomenonMore descriptive definitions exist for the color: "the
aspect of the appearance of objects and light souttsmay be desibed in terms of hue,
lightness, and saturation for objects and hue, brightness, and saturation for light sources the
changing color of the sky", or "a specific combination of hue, saturation, and lightness or
brightness".Color can arise from theselectiveabsorption of lightby materiaé containing
dyes or pigments, or to purely physical phenomena susblestive reflectiomnd scattering.

To exist, color requires a light souremlighteninganobject andhe human eye

“7KH 3V\FKRORJ\ Rl &RORU $ '"HVLIQHUTTV *XL2Z01b . RétRe\RRII0B/ROIPMNSRFeledDWdidR. Qom/didD QL Q J
association/#blue

5 Color trendsin Europe 2016. Retrieved 5/08/201%ttps://www.coatingsworld.com/issues/2018-01/view_europgeports/coloitrends

in-europe
® Merriam Webster online dictionary. Retrieved 2/06/202€s://www.merriarvebster.com/dictionary/coto
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Light is a combinationof monochromaticelectromagnetic radiations emitted by a
source (the sura fire, an electric light bulb) and interfag with matter including gases,
liquids and particles suspended in these systassvell as solidsAs a reference for light
emission in UHVHDUFK DQG WKH LQGXVWU\ WKH VWDQGDUC
internationally set as corresponding to a natural light reaching the earth surface at noon (at the
summer solstice on the Cancer tropy, an uncloudy day). It corresponds to a color
tenperature of 6504 KCIE Standard, 2004nd is described as a cold white. The standard
light sources are polychromatic, so they comprise all the colors. When a radiation is absorbed
by matter only the residualcomplementary)ight travels to the analyzer and is responsible

for color perception.

Pigmentsare molecules (organic amorganc) that selectively absorb radiatiorfsor
instance, manyransition metal€.g, Mn, Fe, Co, Ni, and Cuyomplexes absorb visible light
and the resulting colois modulated by metdigand interactionsinteractionsbetween the
P HW d@Uitsls and theligand | Wontier orbitalscause theal layer to split ino two energy
levels. Upon excitation by a photarhose energyH = hc/ ) matches the gap between the
energy levels, an electron from the lower level is transferred to the leppéfincomplete for
transition metals)All the other wavelengthef the exciting lightare transmittedTypically,
the initial white light (all wavelengths) is changed into olored OLJKW ODFNLQJ VS

wavelengths

The criterion fororganic molecules to absorbvisible light is to display extensive
electron delocalization bringing the frontier orbitals HOMO and LUMO in close proximity
Upon light irradiationa HOMO electron is transferred tihe LUMO orbital. For pigments,
the HOMO-LUMO gap, in other wrds, theabsorbed photofiV H Qlledid the rangd..6 +
3.3 eV, corresponding tawavelength in the range 380 QP WKH 3YLVWHEOH UHJL
highly conjugated systems such as anthocyanins, other molecular orbitals EHONMIMO-
2, LUMO+1, LUMO+2 HWF« FDQ FRQWULEXWH WR WKH DEVRUSWL
solute - solvent interactions and molecular vibration cause monochromatic transitions to
degenerate into absorption bands. Finally, severatzsd forms and/or tautomers, each

having dstinct absorption bands, can be present.

An absorption bandis typically characterized by two major parameters: the
wavelength omaximalabsorption max (in NM), characteristic of the pigmefjtvblor, andthe
molar absorptioncoefficient in M™* cm™) at max Q R WikkGeharacteristic of the color
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intensity. However, the whole visible spectru@+ f( ) is necessary to qualify the color
expressed. Ae majorcolorimetricparametergan be determined therefrom, in particutae

hue indicating the type of color, and the chromehaacteristic otolor purity.

1,54
< UV C >< UVA&B VISIBLE LIGHT >

1,0 - =—Chl a
Chlb
Beta-carotene
e C3diG5G
0,5 -

0,0

250 300 350 400 450 500 550 600 650 700 750

Fig. 1. Absorption spectra of natural pigments: the photosynthetic chlorophylls a and b; the
D FFHVYVRU\-GloteRdHaQdNe ngrhotosynthetic cyanidi3,5-diglucoside (spectral
data from Taniguchi, 2001 & Li, 1997)

The human eyesre equippedvith photosensitivecells on the retinathe cones and
rods In both cases, pigments are associated phibtoreceptor proteingalled iodopsinor
photopsindor the cones, and rhodopsins for the rod$lese pigmentsof example thel 1-
cis-retinalin rods,play a key role in the mechanism of visidine visual transduction occurs
at three levels: a membramdich offers a large surface thanks to a ciliatiedcsurein cones
a high number of fine discs inside the rods; the cytoplasm compositiwh;finally the
synaptic a@d of the cellBriefly, in rods,photonsinduce thecis-transisomerizatiorof the 11-
cis-retinal, modifying the structure of the rhodopsin, activatimgransducin bound to the
rhodopsin inducing the opening of the cellular GPMc into GMP absence of GMP¢he
sodium channels close, resultingmm@mbrane hyperpolarizatipthus inhibiting the glutaate
transmitter. In absence of glutamate, the bipolar cells are activatedraasthit electric
pulses to the visuaortex through the optic nerve, perceived as |{&atylor, 1996) Overall,
the photongransmitted by the object we see excite pigmented cells of omayretihich
converts the optical signal into a conscious sensory percepti@nadmitted thathe three

major iodopsingypesare sensitive to specific light radiations, enabling a trichromic vision in
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mammalsput this is still object of researel as eher photoreceptors may exist in part of the

population. In addition, genetic variations explain part of the imdeddual variability,

namelydaltonism, wh is due to the inactivity of one or several types of sxugp

b)

Absorbance

Absorbance

500 550 600 650 700
Wavelength

400 450

Fig. 2. a) Sensitivity of cones and rods (dashed black line) to light, according to the
wavelength Bowmaker & Dartnall, 1980)%) CIE color matching functions X\, Y(,), Z(,)
defined for a standard colorimetric obser(@tE Standard, 2004)

This work exploes the color expressed hgueous solutions containing hydrosoluble
pigments. Toquantify and qualifythe pigments in aqueous solutionss@ectrophotometric

analysisis used.The pigments are placed in glass or quartz containers that minimize the light

- surface interaction@eflection,refraction). The horizontal incident lighbeam(intensity l)
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is partially absorled by thepigments and partially transmittéohtensityl;) (Scheme L The
absorbancd is calculated fom thetransmissiorratio A = log (I/lo). A is an additive value,
linearly related tahe pigment concentratio® (mol/L), through the wellestablished Beer
Lambert's lawA = Oul uC, with | the optical pathlengtfcm) of the cel] and Othe molar
absorption coefficient characterist€ the pigmentA was measured within the linear range
of this relationship A < 1.2). Color actualy combines physical phenomenaelgctive
reflection, scatteringReflection and refraction are surface properties that are minimized with
quartz cells typically used in UVisible spectroscopybut light scattering can occur if large
particles are present (e.g., colloids, precipitates).

(Transmitted ray t absorbed rays)

Reflected ray
Refractedray
Aqueous solution
containing pigments
Incident ray

Quartz cuvette

Schemel. Occurrence of simudineous pysical and chemicgbhenomena impacting tloelor
in aquartzcuvette and associateaypotheticakrajectories othe incidentight rays

1.3. The diversity and t raditional uses of natural pigments

Nature offers a full range of organic ambrganicpigments. Organic pigments are
found in all the living reign: plants €.g, FKORURSK\OOV FDURWHQRLGV.
anthraquinones), bacterig.¢, phycocyanin, anthraquinones) and animals (hemoglobin,
carminic acid). In comparison taorganc pigments, organic pigments are generally much

morevulnerableto heat and aration

HISTORY
Natural pigments have been traditionally used as coloring agents by human

communities since ancient times. The earliest pigments were ground mineral pigmeshts, us
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in caves in Africa as fapackas 350400000 years BC. Lateca. 2500 BC, the Egyptians
invented theso-called 3 (J\SWLDQ %OXH" E\ JAdchweawitrDinte RusdSselnd
at850-950°C. Used in paintings, it is considered the first sytichpggment. The use of plants

for dyeing simultaneously appeared in China.

During the Mddle Ages in Europe, pigments frontinctorial plantswere usedin
painting aml textile dyeing, for instancanthraquinonese(g, alizarin) were extracted from
the GarancigRubia tinctoriuny; the yellow luteolin fronReseda luteold W K H-ctd¢iG
from the saffron stigmas. Sonoé them wee evenproduced byhemisynthesisfor example
the indigo blue, obtained by transformation of indican found in the leaves of wsai$ (
tinctoria L.). The extracted precursor is transformed into lemdigo by alkaline reduction,
then oxidized by air into indigo. The traditional process using Hueopean pastel was
progressively replacedincethe XV" century thanks to the discemy of a new source of
indigo coming from Asia, the indigo treéndigofera tinctorig. Like other pigments from
exotic sourceseg(g, the cochineal Pactylopius coccys the achiote Bixa orellang), their

production was industrialized in the Europearoon@@s until the XVIII" century.

MODERN TIMES. SYNTHETIC PIGMENTS

In the late XIX" and early XX¥' century, benefiting from advances brganic
chemistry and thanks to thedustrial Revolution, a successful chemical industry created a
range of syntheticigments finding applications in the coloring industry (paints, inks, textile
dyeing). The first industrial productions of synthetic pigmetdte back to thH fe¥o
pigments (mono and diazoic yellows and oranges), blue phtalocyaningligoids,
triarylcarboniumstc. (Eastaugh et al., 2007; Herbst et al., 200/)st /nthetic pigments are

based on aniline and nitrobenzene, hdtimatelyderived from the petroleum naphtas.

As of 2008, synthetic food colgrrepresented?2% of the market shargvs 27% for
natural food cola’. chemical modification can also be used to provide a specific property
based on an extracted pigment, for examplestiéonationof the indigotin that makes it
watersoluble. Their synthetic nature raises the question of their biological compatibility and
toxicity. The toxicological assessment is required farthorizationby the food safety&

health authorities.

! Transparency Market Researétetrieved 2/08/202https://www.transparencymarketresearch.com/coldrsmarket.html
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Besides, thechemical synthesigan produce pigents that are identical to their natural
versions, therefor&e DOOHG 2 QDWXUDO LGHQWLFDO"™ ,W LV WKH FDV
such as carminic acidThey may have a similar biological effetd their counterparts

extracted from planisprovided that the extracted compounds awge and not used as a

"totum” of compoundstheirproductionhas a different environmental impaassociated with

petroleum extraction as a raw material, high energetic expenditures required for the petroleum

cracking,use of solvents for compounds purification, etc.

1.4. Natural & synthetic food colors

Food colorshave two primary uses) to color a norcolored food (e.g. sugar candies,
syrups and spirituous), @j to correct the color aransformed foodgdue to th& processing
Among the array of synthetic pigments developed by the chemical ipndgstme were
authorized in food and became commonly used in the food processing industcarmine
red in sausages, erythrosine in canned cherries, and various ioot@sdies and chewing

gums.

In the food industrypigmens and dyes are referred to 8RR G FRDIRIY V"’
speaking, gpigment refers to a substance that is insoluble in the medium in which it is
incorporated, and therefore stap a crystaline orSDUWLFXODWH IRUP ZKLOH 3C
refers to a soluble coloring agefiierbst et al., 2005)A mineral color is thus always a
pigment, while an organic color can be a dye or a pigment. Some mineral compounds can be
used as pigments in foods, but only calcium carbonate (ga& titanium dioxide (Tig)
are authorizeags white pigmentsthe latter being a controvékingredient(Shakeel et al.,

2016)

LAKES

When mixing soluble food colemwith aluminum chlorideand sodium carbonate, the
s FDOOHG 3D O X brke grodacedleMdieval., 2017)They are usually preparéamm
synthetic sulfoglated azocompoundsor triarylcarboniums(brilliant blue, indigocarmine,
tartrazine, sunset yellow and allura redllowing binding to AlI**, the pigmens precipitate
(Yuan et al., 2019)They become waterinsoluble butare oitdispersible thanks to their
stable low particlesize. They are therefore usually dispersed in edible oils, sugar syrups,
propylene glycol and glycerin or waxes. Vheffer a high color stabilityas well asa

homogenous, uniform arrdproducible aspect in mixtures.
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BLUE PIGMENTS

In the food and beverages industriéise blue color is scarcét is thus generally
obtained withsynthetic colors The structures of threef them are provided in Scheme 2
Among them, PaterBlue V is present inseveralblue and purplecandiesas well as in green
spirituous liquorsit is however not authorized in the USRBrilliant Blue FCF iscommonly
used indrinks: mint syrup;blue wine"and bluespirits as well as in confectionary products
Finally, thelndigotine, or hdigo carminea naturalidentical pigmentis less common in fud
products. The three pigments are limited in their use to 200 mg/kg of prento et al.,
2017).

Other semisyntheticblue pigmentswere identified in aged portwine, called portisins
(Scheme 3)They are derived from anthocyanins (red at acidic pH), by the addition of e.g.
pyruvic acid to form carboxypyranoanthocyanins (orangg)en, eacton with good
nucleophiles(vinylphenol or vinylcatechir, leadsto the blueportisin and portisin dimers
(Mateus et al., 2004; J. Oliveira et al., 2QIYe latterare the only known organic pigment to

date, that exhibit a blue color at acidic pH.

Brilliant blue FCF

Patent blue V

2 H
e e
N SO5
o]

Indigo carmine

Scheme2. Structures of tree synthetic blue food colors, the triarylcarbonium brilliant blue
andpatent blue V; and the oxadolineindigo carmine  -indigodisulfonic acid)
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Portisin (P) Pyranomalvidin-3-glucoside dimer (PD)

Scheme3. Structures of hemisynthetic blue colors derived from anthocyahi@$ortisin (P)
and Pyranomalvidi3-glucoside (PD) dyes in ¢ir pyranoflavylium cation form, insert:
picture ofthe PD solution at pH2 (adapted from Araujo et al., 2018).
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2. PHENOLIC COMPOUNDS

2.1. General properties

Phenolic compounds agpant secondary metabolitéisat bear at least one phenolic
ring (CeHsOH). They exist as monp oligo- and polymersPhenolsand polyphenolsare
ubiquitousto greenplantcells. They are alsmajRU FRQWULEXWRUV WR (DUWKY
include the polymer ligninthe major component okood with cellulose They are also
abundant in plaAbased food (fruits, vegetables, cereaB)HFD XVH WKH ZRUG 3SRO\!
sometimes used abusively, it iSRW\UWK UHIHUULQJ WR LWVTheReviwW UHFH (
3 SRO\SKHQRO®™ VKRXOG EH XVHG WR GHILQH SODQW VHFRQ
the shikimatederived phenylpropanoid and/or the polyketide pathway(s), featuring more than
one phenolic ringand being devoid of any nitrogdrased functional group in their most
basic structural expressiori(Quideau, 2011)

Polyphenols ar@lantsecondary metabolitese. they are nanvolved in normal growth,
development, and reproductiolmstead, theylay diversebiological roles including redox
status regulation, am@cterial,inhibition of viral enzymes, genes activation, dtdavsteen,
2002) Ther functions are rooted in thehemial propeties of phenolic rings themselves
(Quideau, 2011)i) hydroxyl groups are hydrophilic and can establish hydrogen bonds as
donors and acceptor8) Phenyl rings is typically hydrophobic and can establish van der
Waals interactions with other similar (aldy polar, polarizable) structuras) thanks to their
H-donating capacity phenolare powerful antioxidantgDangles, 2012) The enhanced
electron/H-atomdonating propertieof polyphenolssuch as flavonoids provide them a
higher antioxidant activitythan simple phenaolsv) Catechol and pyrogallol ringsave the

ability to bind metal ionshanks to their adjacent hydroxyl groups.

2.2. Flavonoids : structural diversity and functions in plants

FLAVONOIDSSTRUCTURE

Flavonoids are the largest class of phenolic compqumitis more than 4000 different
flavonoidsalreadyidentified (Harborne & Williams, 2000)They are based ancore CsC3Cs
structure $cheme % They are divided in subclasses that differ by then@ substitution

phenolic acids, flavonoids, stilbenes, tannins, lignans, coumarins, curcuminoids, and quinones
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(Basli, Belkacem, & Amrani2017) Within a sukclass, various substitutioriscrease the
structural diversity, thénydroxylationand Omethylation(on the A and Brings), and O-
glycosylation. Flavonoid Grings includei) chromones either saturated (flavanones) or
unsaturated (flaanes flavonols) ii) the saturatecchromanes (flavaB-ols) andiii) aromatic

pyrylium catiors (anthocyanins)

They all show two majoabsorption bandsthe band Il in theJV region (240 - 290
nm), and the bBnd | (300 - 380 nm depending orthe Gring conjugation and Bing
substitution. Three structural featuredeterminethe energy of theabsorption band lithe <«
conjugation, orbital (de)localisatipand mesomeri¢+M) effects of the hydroxyl moieties
(Anouar etal., 2012b) Thanks to a continuouselectrons delocalization throughout the A, B
and C ringsanthocyanirmabsorption bandangesbetween480 and540 nm(fully protonated

flavylium form), making thenvisible to the human eye.

The strong UVabsorptionproperty of favonoics serves the phofarotective role in
plantsleavesNichelmann & Bilger, 2017)

Chalcone Flavonol

OH OH
@ O
[e) HO. O O
HO N O
l 7 on OH

OH OH

Anthocyanin Flavan-3-ol

Schemed. Examples of sucture of flavonoids
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2. 3. Anthocyanin structure diversity, biosynthesis, occurrence

and functions in plants

2.3.1.ANTHOCYANIN STRUCTURE

Anthocyanins are a subclass of flavonoids built on #Zaghenylbenzopyrylium
(flavylium) skeleton which is thechromophore. In plantgnthocyaningre mainly found as
O-glycosides As of August 2008644 different anthocyanins have been repo(fettersen
& Jordheim, 2010; Veitch & Grayer, 201I)heir structural diversity arises from theriBg
substitution andfrom the numbertype and site of glycosylation and acylatidinere are 6
main typesof natural anthocyanidins (Scheme @mberl&ke, 1980) Their diversity and

distributionin natureis discussed at section 2.3.4.

OH OH
OH OH OH
® O ® ®
O, HO o) O HO. 10) O
: O ) O ) O ) "
7 om Zon Z om
OH OH OH

Pelargonidin Cyanidin Delphinidin
o OH o
OH OH OH
o ] o [ o ]
0) (e) HO. 0)
RG® CCLCTY LT
7 on 7 on Z Son
OH OH OH
Peonidin Petunidin Malvidin

Scheme 5Structure of the @ainanthocyanin aglyconganthocyanidins)

2.3.2.ANTHOCYANIN BIOSYNTHHES

Anthocyanins and the othdlavonoids are present in cell vacuqldsut they are
syntheized by a mulienzyme complex localized at the surface of the endoplasmic reticulum
anddelivered byin vesicles to the vacuoles oo the extracellular cell walFlavonoidsare
synthesized trough the phenylpropanoid pathway, a continuation of the shikimate pathway
The phenylpropanoid pathway starts with the conversion gthénylalanine intop-
coumaroyiCoA (Winkel, 2006)(Scheme B Then, p-coumaroylCoA is cordensedwith 3

equiv. of malonytCoA into the naringenin cleone (a tetrahydroxychadne). Itis then
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cyclized into naringenirfa flavanone) from which the biosynthetic pathway branches out to
the different flavonoid classes. If notydroxylated at 3' and/or 50H, naringenin is
hydroxylated at C3 into dihydrokaempferglwhich is reducedinto a leucoanthocyanidin
(flavan-3,4-diol), the leucopelargonidinlt is generally admitted thaélicoanthocyanidins are
finally converted to anthocyanins by anthocyanidin synthase (ANBinally,
glycosyltransferageconvert anthocyanidins intanthocyanins. Optimally, cytoplasmic and
vacuolar acyltransferaseatalyze the acylation steps, with eitlaeytcoenzyme A thioesters

or acytsugars as acylonors(Appelhagen et al., 2018)

This biosynthetic pathway has been gradually elucidated ihg ptant models whose
genome is known, e.gArabidopsis thalianaor Nicotiana tabacum and by selectively
knocking out biosynthetic gends.is still an object of research open to refinementegent
in vitro study showsthat ANS from vine Yitis vinifera) actually only catalyzes the-3
hydroxylation of 3,4eucoanthocyanidins into flave$y3,4triols (Zhang et al., 2019)It
opens the possibility to produce anthocyanins by bioengineering in ifeDs®@ OHG *PLFURE]
FHOO IDFWRULHV™ DQG (ApmelbaQanN ef B.O 2013)EoF \&x@rhpleH e
anthocyanin concentrations reached in transgenic tobacco cell linesweefeld that of

blackberries or aronia
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dihydrokaempferol dihydrogquercetin
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OH OH
HO l 0. O HO. l O. O
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OH OH OH OH
leucopelargonidin leucocyanidin
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pelargonidin cyanidin

Scheme 6Biosynthetic pathways of the synthesis of flavonoids and anthocyanins, example
of pelargonidin and cyanidin. Adapted frdfalcone Ferreyra, 20khd Appelhagen, 2018.
Enzyme abbreviation®AL: phenylalanine ammoniyase C4H: cinnamatel-hydrogenase;
4CL: 4-coumarateCoA ligase CHS Chalcone synthase; CHI chalcone isomerase; F3H
flavanone SAK\GUR[\ODVH ) 9§ fhyddywaBeQBFR@Eihydroflavonoléeductase;
ANS anthocyanidin synthase.
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2.3.3.ANTHOCYANIN FUNCTIONS PLANTS

Anthocyanins canoccur naturally in diverse plant vegetative structures, from
underground storage organs terss, leaves, flowers and fruits. Thplay important rolesn
the regulation obiotic stress(insects, bacteria, vires) and abioticstress(UV light, high-
intensity light, droughtcold/heat). Anthocyanirs serve various roles in plants, including
ecological and physiological onds leaves, there are thremajor hypotheses for the role of

anthocyanins

First, the photoprotection, by specifically absorbing green radiatéaser & Gould,
2008)especially in young leaves that are not yet equipped with the photosynthetic apparatus,
or in autumn leaves, when the photosynthetic apparatus is broken down and the nutrients
reabsorbed. As for the UV absorption, acylated anthocyanins are much maeateffiat are
too uncommon for the UNAbsorbing function to be a universal primary role for anthocyanins
in planta(Landi et al., 2015)The localization of anthocyanins storage, in epidermal and/or

mesophyll cells (Fig 3) is in agreement with hithiiscreening role.

Second, le reduction of the photoxidative stress, by scavenging active oxygen
resulting from the photexcitation of chlorophyll, the Mehler reaction and the
photorespirationGould et al., 2002)Indeed, more than other flavonoids, anthocyanins are
excellent scavengers of reactive oxygen spd&€xS) and transition metal ioff¢amasaki et
al., 1996) However, athocyaninsare mainly located in the cell vacuole, thus separated from
the organelles where oxidative stress occurs (chloroplasts, mitochondriapOQagsliHuses
through the vacuole membrane, anthocyanins exert indeed a regulation eDtheohtent in
plant cells(Hatier & Gould, 2008) This redox regulation highly depends on the pigment
structure: the cyanidin aglycone is 10 times more efficient than its sopho(¥sithasaki et
al., 1996)

In addition, foliar anthocyanins can play @cological rolen trees, byrepelling of he
predators and parasite insects by producing unexpected or undesirable visiblgAcolati,
2000) Additional functions of foliar athocyaninsinclude namely theregulaton the
regulation ofredox enzymegLOX, POD) (Casedas et al., 2018nd thereguhtion of the
sugar metabolisp{Landi et al., 2015)
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In angiosperms, their additional presence finits and flowers both wild and
cultivated, attesbf thecoevolution of planpigments(including carotenoids) with insects and
animals(Archetti, 2000; Harborne & Williams, 20000 flowers for instance, the exhibition
of bright colorsand UV absorption helpattracing pollinating insectsand thismay have
contribued to the broadvariety of anthocyanin structures and celdoundin flowers
(Yoshida et al., 2009b)n fruits, the role of animals in ed dispersal may explain the high

concentration of anthocyanirtbat makehem more visibl€including to humans)

Overall, the physiological roles of anthocyanamtribute to delayinghe senescence
phenomenon, and thus to increasing plants life dapeg In addition to reproductive
function associated with their presence in fruits and flonemthhocyanindring important
evolutionary advantages plants Finally, in other organs o€ultivated plants consumed as
vegetablegroots,tubers, leaves anstem$, the varietiesich in anthocyam have rather been
selected by humans fdaheir health effectsand/or their visual attractivenesisan for their

benefits for the plant.

Fig. 3. @) Pigmentation in Arabidopsis thaliateave due to anthocyanin accumulation, b)
Anthocyanin localiationin A. thaliana leavespidermal cell§Kubo et al., 1999)c)

Epidermal cells of Rhoeo Discolor (Tradescantia spathacea) after plasmolysis. The vacuoles
(pink) have shrunk. S& ca. 450 pm (Innsbruck004).

2.3.4.ANTHOCYANIN OCCURREE®@N PLANTS

Given their various functions in plants, anthocyanins are ubiquitous in both the mono
and dicotyledons, although their type and concentratiog gansiderably(Table 1) For
example, cyanidin prevails indees, while delphinidin prevails in flowers. In leaves, they
accumulate in the cells of the upper epidermis @&ig)). In plant cells anthocyaninsare
localized in vacuoles (Fig 3 p)Although the vacuolar sap is very dilute, it contains the bulk
of thecell § cantentin K*, C&* (10* times more concentrated than in the cytosol), <Tigas,
organic acidsenzymes and other solutesin€tionsof vacuolesinclude storage for sugars,
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proteinsand solutesdefense (alkaloids, enzymes), toxic avoidancedgenf heavy metals),
pH and ionic homeostasis, pigmentatiand macromolecule recycling during senescence
(Taiz, 1992)

Edible plants der a variety of anthocyanin structures. The most common sources and
their content is provided iflable 1 The distribution of the six nebcommon anthocyanidins
in fruits and vegetables is: @y50%, Dp 12%, Pg 12%, Pn 12%, Pt 7% and Mv 7%
(Lawrence et al., 1939The most common glycosylatiositeis at C3-OH, most frequently by
glucose, but alsty galactoseor rhamnose, dioside&ophorose (Gld.,2-Glc), sambbiose
(Xyl-1,2-Glc), rutinose(Glc-1,6-Mal) or triosides (e.g. the Xyl,2-Glc-1,6-Gal sequence in
black carrot, Scheme 7). The additionklapsylation in C50H is also common (e.g. in black
carrot, purple potato, red radiskgnd significantly increasehie pigment solubility More
rarely anthocyanins can also Ilggycosylaed atthe C7- &-fRU &H] groups. The
glycosidic moieties can be acylated pwyenolic p-hydroxycinnamic,p-hydroxybenzoic)
acids and/oby aliphatic acidse.g, acetic, and maloai(Wallace & Giusti, 2013)Flowers
anthocyanins exhibit particular glycosylatianylation sequencegTimberlake & Bridle,
1982; Yoshida etla 2009b) There are however exceptions of permanentipred leaves
containing polyacylated anthocyanins, for examplethe Commelinacea€elradescuntia
gender For example, the anthocyanin foundTiradescuntia pallidgpurple secretiais the
cyanidn-3,7,3‘triglucoside with onderuloyl residueon each sugar.

Besides the type of anthocyanin, the concentration varies considerably: berries are
amongst therichest sources of anthocyanifsr example anthocyanin concentrations in
aronia and elderber reach 1.4 1.5g / 100 g fresh weighfTable1). Some common foods
have a fleshwhich isrich in anthocyanins: purple corn y&3-Glc), black carrotsGya-3-
Samb5-Glc), purple kohlrabi, etc. Other have anthocyanins gathered in their skin, for
examplethe lychee fruit (@a3-Glc, Cya-3-Gal, Pg3-Rha Pg3,5diGlIc), eggplant (Dg3-
pC-RhaGlc-5-Glc), grape (Mv3-Glc, Mv-3,5diGlc and others), plums ¢@&3-Rut), red
radish (Pg3-Soph5-Glc), etc.

2.3.5.ANTHOCYANIN BRUCTUREX COLOR PROPERTIES
At acidic pH (pure flavylium form), anthocyanins display a visible absorption band
with max between 480 (Pg) and 530 nm (Dp, Pt). This value is modulated by-timg B
47



hydroxylation and methoxylation pattern and by the glycosylation and acylation patterns
(Giusti et al., 1999; Gregory T. Sigurdson et al., 20H8)wever, he color variety displayed

by anthocyanins in nature lsrgdy due to thei acidbaseproperties, as the flavylium ion &

weak diacidin the natural pH domain (pH 28). From the flavylium ion, the loss of one

phenolic protongsields the neutral base, and the loss of the secondyiefds the anionic

base At this stagethe focus isimply put on theconsequenceof this featurdor the resulting

color. The spectra of the 3 individuforms are displayed on Fig they show the strong
EDWKRFKURPLF VKLIW DVVRFLDWHG ZLWK HDFKPBWE&EWRQ OF
al., 2012b) The 3-sophorosys-glucosytcyanidin and peonidin derivatived red cabbage

and purple sweet potato exhibit a blue anionic b@&sg 4), which israther uncommon

(Moloney et al., 2018)The structure/color stability relationshgdetailedat section 3.2.4.
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Table 1. Anthocyanin structure and content in common foodstuffs

Source Aglycone % MG* % DG* ,OA/?cyIation ?g\rt]i:sﬁgfnin Moisture
Strawberr)]; Pg 93 8 1-9 21-40 91
Blackberry Cy 90 10 6 244 87
Red currarit Cy 2 i'll'G 0 12.8 87
Chokeberry/aronia Cy 100 0 0 1480 72
Elderberry? Cy 71-95 4-29 54 1375 82
Plum? Cy 77 23 1 19124 87.4
Apple (Gala}  Cy 100 0 0 23 86
Cranberr} Cy,Pn 77 23 50 140 87
Grape (redjv6 Mv, Pn, Dp 28 71 1822 27-120 80.4
Blu(:gberryl Dp, My, Pt 100 0 4-13 131-155 89
Red radish Pg 0 0+TG 100 100 96
Red Cabbade Cy 0 0+TG 85 322 91
Red onion Cy 69 31 77 46.449 88
Black carrot Cy 100*** 0 82 1.517.7 87.3
Eqgplant Cy 83 6 0 86 92
Purple corh Cy, Pn 100 0 <10 ; -

E uple  Wcypn 0 0+TG 5186 65291 -
Black beah Dp,Pg 81 19 0 213 10
Soybean seed cda Cy > Dp, Pg 100 0 NA 353 40

1 (X. Wu et al., 2008)* (Veberic et al., 2009} * (Montilla et al., 2010) * (Jhan et al., 2016)
®(Montilla et al., 2011)° (Gémezadlonsoet al., 2007)" (P. Jing & Giusti, 2007)

*MG: monoglucoside3-Glc); DG: diglucoside ,5diGlg; TG = triglycosylated (at G®H)
**Expressed as mg/100 g fresh weight, from HPdr@alysis, as Cy&-Glc equivalent
***Glycosylation at C30OH by (Xyl-Glc)-Gal
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3. ANTHOCYANIN COLOR STABILITY

From the applied researgierspectivethe challenges thus to identify and produce
the most similanatural food coloto thesyntheticcolors namely Brilliant Blue FCFSome
anthocyanins produeblue colors, but severaéchnical hurdlesurrently limit their use in
food and cosmetic applicationsamely a limited number of anthocyanins are able to produce
blue colors (mostly in flowers); in the case of edible sources (red cabbage, purple sweet
potato),the conditions for hle expressioare very specific, as blue require the deprotonation
of the Bring. Two conditions thus produce a blue coloitip mildly alkaline pH(7.5- 9.0),
where the powerful reducing properties of anthocyanins lead to their destruction; or ii) in the
presencef metal ions over a broader range of pH, this solution operating only for cyanidin,
delphinidin and petunidin derivativel both caes the color stability @mains the major

challenge to tackle.

This part reviewthe current knowledge on anthocyanaiar stability. It first presents
the methodologysedfor the literature searchSection 3.2. presentsur literature review on
anthocyanin reactivityand additional relevant informatio(structural transformationsnajor
degradation products and mechanismere specifically related to this doctoral work

3.1. Search methodology

Articles search was executed with the datab&sesnce DirectAmerican Chemical
Society, Royal Society of Chemistry and Google Sch@arce 1995,hetopic 3SDQWKRF\DQLQ
AND stability " has beengrowing morerapidly thanin all research fieldsombined (control)
(Fig. 5). As of year 2017 includedegearch on anthocyanin stabilitpainly related tothe
following fields: food science& tednology category (1,769), applied chemistry (752),
nutrition & dietetics (418), agriculture (310) and chemical engineering (171).gitwgh is
likely driven by the industrial need for natufabd colors. Thisalsoexplains the prevalence
of studiescaried outin the pH range 3 6, corresponding tfood products that are or could
be supplemented in anthocyanins.g( fruit juices, syrups and jams, dairy products)
Although the pH of mosbiological fluidsis close to neutrality, few studies have addressed

the issue of anthocyanin stabilimpder neutral conditions
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For this literature reviewstudies atll pH and alltemperaturesre included so as to
build a completepicture of anthocyanin degradatiof©Only the degradation oindividual
pigmentsand structurallycharacterized extracts acensideredThe degradabin products of
phenolic acidsre also briefly reviewedasthey occurasacyl residus and could impact the

stability ofanthocyanins.

3.2. The chemical reactivity  of anthocyanins

A literature review on the general reactivity of anthocyanins was published in
Molecules(Dangles & Fenger, 2018)
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Abstract: Owing to their specific pyrylium nucleus {@hg), anthocyanins express a much

richer chemical reactivity than the other flavonoidssles. For instance, anthocyanins are
ZHDN GLDFLGV KDUG DQG VRIW HOHFWURSKi{staddivy QXFOF
interactions, and bind hard metal ions. They also display the usual chemical properties of
polyphenols, such as electron donatiand affinity for proteins. In this review, these
properties are revisited through a variety of examples and discussed in relation to their
consequences in food and in nutrition with an emphasis on the transformations occurring upon
storage or thermal treaent and on the catabolism of anthocyanins in humans, which is of

critical importance for interpreting their effects on health.

Keywords: anthocyanin; flavylium; chemistry; interactions

54


mailto:julie-anne.fenger@univ-avignon.fr
mailto:olivier.dangles@univ-avignon.fr

1. | NTRODUCTION

Anthocyanins are usually represented by their flavylium cation, which is actually the
sole chemical species in fairly acidic aqueous solution (pH < 2). Under the pH conditions
prevailing in plants, food and in the digestive tract (from pH = 2 to pH =rBjoayanins
change to a mixture of colored and colorless forms in equilibrium throughbasie, water
additionzlimination, and isomerizatioreactions(Pina et al., 202a; Pina, 2014a)Each
chemical species displays specific characteristics (charge, electronic distribution, planarity,
and shape) modulating its reactivity and interactions with plant or food components, such as
the other phenolic compounds. This sophisticated chemistry lmeusnderstood to interpret
the variety of colors expressed by anthocyanins and the color changes observed in time and to
minimize the irreversible color loss signaling the chemical degradation of chromophores. The
chemical reactivity of anthocyanins i@ important to interpret their fate after ingestion and
their effects on health, as anthocyanins may be consumed as a complex mixture of native
forms, derivatives, and degradation products, which themselves can evolve in the digestive

tract(Ferrars et al., n.d.)

2. THE BASISOF ANTHOCYANIN CHEMISTRY

2.1. Anthocyanins Are Weak Diacids

Due to cmjugation with the electrewithdrawing pyrylium ring, the phenolic OH
JURXSV RI WKH IODY\OLXP LRQ DW &Pina &t al.pDAQXRa;&Pind UH DL
2014a) In terms of structureacidity relationships, it is clear that €&H is the most acidic
group with a a1 of ca. 4, i.e., 6 I, units below the phenol itself. The corresponding neutral
quinonoid base (Figure 1) can thus be considered to be the prgvattomer. At higher pH
OHYHOV D VHFRQG SORWRGEG ORRV FRPPRQ* DQWKRF\DQLQV
anionic base with maximized electron delocalization over the three rings. Along this
deprotonation sequence, the wavelength of maximal visiiderption typically shifts by 26
30nm(AH : $ WKHQE\WQP $ ) gFigure 2), and the corresponding color turns
from red to purpléblue (Nave et al., 2010)
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Figure 1.Flavylium ions are weak diacids.
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Figure 2. (1) Absorption spectra of Glv3Glc: pH jump from pH = 1.0 (100% flavylium) to
pH 3.00, 3.59, 4.50, 5.70, 5.96, 6.25, and 7r&Spectively.Spectra recorded 10 ms after
mixing (negligible water addition)ll ) Spectra of the components obtained by mathematical
decomposition. Frorf¥] with permission of thémerican Chemical Society
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2.2. Anthocyanins Are Hard and Soft Electrophiles

By analogy with enones, the C2 and C4 atoms of the pymyling can be regarded as
hard and soft electrophilic centers, respectively. Hence, they respectively react with -hard (O
centered) and soft {&nd Gcentered) nucleophiles, the first mechanism being driven by local
charges and the second one by interastioetween the frontier molecular orbitals (HOMO of

nucleophiles and LUMO of electrophiles).

2.2.1.NUCLEOPHILIADDITION ATC2

Water addition is the ubiquitous process taking place within aqueous anthocyanin
solutions(Pina et al., 2012a; Pina, 2014H)leads to the colorless hemiketal (Figure 3) and
can be characterized by the thermodynamic hydration conkiganbr as an acceptable
approximation (chalcones making only a minor contribution, typically less than 20%, of the
total pool of colorless forms), by the apparent consantonnecting the flavylium ion and
the colorless forms taken collectively. With commanthocyanins, kg lies in the range of
2 8, which means that hydration is thermodynamically more favorable than proton transfer
(PK & < pKay). Fortunately, it is also much slower, and its-gépendent kinetics can be
quantified by the apparent rate stant of hydrationki,9 (Equation (1)h = [H'], $1 = mole
fraction of AH" within the mixture of colored formg,5]:

Kn
1 Kylh KyK,,/h?

Kobs KnFan K ph kK'ph 1)

kn is the absolute rate constant of water additlow,is the apparent rate constant of water
elimination (from the mixture of hemiketal amgs-chalcone in fast equilibrium), ar€is 8

ki/k # (trans-chalcone neglected). Equation (1) can be easily understood by keeping in mind
that the flavylium ion is theate colored form that is electrophilic enough to directly react

with water.
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Figure 3. Flavylium ions are hard electrophilesacting at C2 with €@entered nucleophiles,
such as water (water addition followed by formation of minor concentrations of chalcones).

At a given pH, the initial visible absorbanc&) (no colorless forms) and the final
visible absorbanceAf) (hydration equilibrium established) can be easily related through

Equation (2):

At 1 Kylh KgK,,/h? o
A 1 (Ky Ky)/h KgKg,/h?:
Thus, the magnitude of color loss can be expressed as (Equation (3)):
Ay A K'./h
©)

A 1 (Ky Kp)/h KgK,/h?:

From typical values for the rate and thermodynamic constants of common
anthocyanins, simulations of the pH dependence of the apparent rate constant and percentage
of color loss can be constructed (Figure 4). The plots clearly show that the reveokible
loss due to water addition to the flavylium ion becomes slower at higher pH (less flavylium in
solution), whereas its magnitude becomes larger because of the higher stability of the
colorless forms. The typical tirependence of the visible spectrdaring water addition is

shown in Figure $4].
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Near neutrality water addition is so slow (fraction of flavylium ion < 0.1%) that the
colored forms (mixtures of neutral and anionic bases) can, in principle, persist for hours.
However, such a reasoning ignores the irreversible mechanisms of color losptag&egear
neutrality as the anionic base is obviously much more sensitive to autoxidation (non
enzymatic oxidation by £triggered by transition metal traces) than the flavylium ion. These

mechanisms will be addressed in Section 2.4.1.
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Figure 4. Simulaions of the pH dependence of the apparent rate congtarand relative
magnitude B) of color loss. Selected values for parametelksy p 4, Ka1= 7, K= 2.5,kq
=0.18% ke 8ky/Kn.

Wavelength (nm) Wavelength (nm)

Figure 5. (1) Spectral changes of Ctv3GIc between 10 ms and 9 s following a pH jump
from pH = 1 topH = 2.45; haHiife of flavylium = 2.4 s (Il') pH jump from pH = 1 tH =
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4.5; half-life of quinonoid bases = 53.3 At pH = 6, thehalFOLIH RI TXLQRERLG ED\
min. From referenceq]] with permission of thémerican Chemical Society

2.2.2.NUCLEOPHILIAADDITION ATC4

Bisulfite is an antimicrobial and artrowning agent that is frequently used in the food
industry. As a Sentered nucleophile, it reversibly reacts with the flavylium ion at C4, thus
yielding colorless adducts (Figure @]. No such adducts have been identified so far by
simply reacting anthocyanins with oaal thiols such as cysteine and glutathione (GSH).
Unlike bisulfite, which is actually the conjugated base of 8., 8 DQG FDQ FRH[LVW
the flavylium ion under acidic conditions, thiolate anionk(p 8 ®) are usually formed at

much higher pH levels where the flavylium ion is only present as traces.

_ >
OH  Flavylium ion -H®
Microbial
HO \ <——— Hydroxycinnamic acid (R = H, OH, OMe)
decarboxylation

1) cyclization
_— >

2) autoxidation

Pyranoanthocyanins

Figure 6. Flavylium ions are soft electrophilebat react at C4 with -Sand Gcentered
nucleophiles, such as bisulfi@d 4vinylphenols.

A variety of Gcentered nucleophiles are also known to add to the flavylium ion, and
this chemistry underlies the color changes observed in red wine upon [&fiNg this
context, the mdgmportant Gcentered nucleophiles are electrach C+ double bonds, such
as 4vinylphenols (4hydroxystyrenes), formed upon microbial decarboxylation ef 4
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hydroxycinnamic acids (Figure 6) and the enol forms of various aldehydes and ketones such
as pyrwic acid and ethanal (acetaldehyd®)9]. In the process, new pigments, called
pyranoanthocyanins, are formed, which are resistant to nucleophilic addition at C2 and C4
[10 42]. Their color (shifted to oranged, compared to the corresponding flavylium ion) is
thus more stable. Through their nucleophilic -Cénd C8atoms, flavanols and
proanthocyanidins can also add to the electrophilic €ver of anthocyanind 3]. However,

the flavene intermediate thus formed is not awglated and evolves through two possible
routes: (a) under strongly acidic conditions (pH = 2), protonation at C3 allows a second
nucleophilic attack by a nearby phenolic OH group of the tannin to yield a colorless product
(see Section 2.3. for a similareghanism); or (b) under moderately acidic conditions (pH =

3 6), dehydration with concomitant formation of an additional pyrane ring is favored and a

new pigment bearing a xanthylium chromophore is formed.

With its enediol structure, ascorbate (vitamind@h also react with flavylium ions at

C4 but the corresponding adducts have not been reported so far.

2.3. Anthocyanin Hemiketals Are Nucleophiles

Basic organic chemistry teaches that electtonating substituents of benzene rings
accelerate aromatic efeophilic substitutionsSAr) and orient the entering electrophiles to
the ortho and para positions. In that perspective, the phloroglucinol (%,3,5
trihnydroxybenzene) ring (Aing) of anthocyanins must be especially favorabl&#r as the
three Gatoms combine their electronic effects to increase the reactivity of C6 and CS8.
However, the pyrylium ring (€ing) of the flavylium ion (and, to a lesser degree, the enone
moiety of chalcones) is strongly electraithdrawing, so that onlyhe hemiketal is expected
to react bySAr.

Here, again, wine chemistry provides interesting examplesS#fr between
anthocyanins and various carbocations derived from other wine components (Fifie 7)
For instance, wine pigments in which anthocyanins and flavanols are linked though an
ethylidene bridge between their Cénhd/or C8atoms are formed by doub&Ar between A
rings and ethano]14,15] The likely intermediates in the reaction are theo6 8vinyl-
flavanol and the 6or 8vinyl-anthocyanin heiketals, the protonation of which delivers a

benzylic cation that is directly involved in tt&Ar reaction. Of course, in addition to the
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cross reaction products, anthocyasthylidenesanthocyanin and flavanegthylidenet
flavanol adducts can also form igomers and mixed oligomerg16]. Even,
pyranoanthocyanins stemming from the nucleophili@ckttof vinytphenols at C4 of

anthocyanins can be produced.

Oenin hemiketal
and its 2
nucleophilic sites

(Epi)Catechin + CH;-CHO

H+
H.0 l oH 1) Oenin
2 OH " hemiketal (SgAr)
_— >
HO W\
2) hemiketal
dehydration
OH
OH
OH
OH
HO O
& OH
OH
Tacidic cleavage
Procyanidin
OMe
OH
HO

0-p-D-Glc

@)

H Oenin flavylium

Figure 7. Anthocyanin hemiketals are nucleophiteacting with carbocations (Ar = catechol
ring).

Flavanol carbocations formed by acidic cleavage of the -flaean linkage of
proanthocyanidins also react with anthocyanin hemiketalSzBy [17]. Interestingly, both

direct and ethylidereridged flavanotanthocyanin adducts are more purple than the native
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anthocyanin, but only the latter expresses a color that is stable, i.e., a flavylium nucleus that is
less sasitive to water additioj4,18]. A possible explanation is that eficfenebridged
flavanolsanthocyanin adducts are prone to foowalent seKD V V R F L D tdcKrn@, whickE

provides a less aqueous environment for the flavylium nuclei.

Water elimination from the anomeric&om of the ellagitannin vescalagin (abundanbak
barrels) also delivers a carbocation for direct coupling with wine anthocygifihsand
subsequent modeprotection against water additif#0]. Finally, the anthocyanin hemiketal
can react with the flavylium ion itself, and this pathway provides a route for anthocyanin
oligomerization, a poorly documented mechanism as the corresponding oligomers are
probably difficult toevidence and quantify. However, an oenin trimer has been found in Port
wine, and its structure has been fully elucidated by NJ®R. The two linkages are of the

C4 L8 type. As in the direct flavangdnthocyanin coupling (see Section 2.2.2.), flavene
intermediates evolve by £ cowpling and only the lower unit remains colored. Similar
oligomers also occur with-8eoxyanthocyanidins, e.g., in red sorghum, but the detailed
structures remain unknow@2]. Anthocyanin hemiketals can also react by Michael addition
with o-quinones formed by twelectron oxdation of catechols, such as epicatediis] and
caffeoyltartaric acid23].

2.4. Anthocyanins Are Electron -Donors

Many polyphenols, especially those containing eleeticim catechol (1,2
dihydroxybenzene) or pyrogallol (1,2t8hydroxybenzene) nuclei are good electron H-
donors. Electron transfer is typically faster when the pH is raised, i.e., when the frdction
phenolate anion (a much better electdmmor than the parent phenol) increases. Electron
transfer from phenols is involved in their oxidation mechanisms and also underlies the most
common mechanism of antioxidant activity, i.e., the reduction of k@actkygen species
(ROS) involved in oxidative stress from plants to humans. Anthocyanins are known to be
thermally unstable, especially under neutral conditions, and various degradation products
have been identified. Their antioxidant activity has beem edtablished in various chemical
models. However, detailed knowledge on the mechanisms involved and on the relative

contributions of the different colored and colorless forms is still missing.
2.4.1.OXIDATION
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Anthocyanins are among the least thermalgbi flavonoids. Anthocyanidins, the
corresponding aglycones, are actually only stable under highly acidic conditions and are
extensively degraded in less than one hour under physiological conditions (pH = 7.4, 37 °C)
[24,25] From the structure of the degradation products, it is clear that a combination of
hydrolytic and autoxidative pathways oats, leading to cleavage of the € « &3 and
C3%£4 bonds (Figure 8)13,26,27] A mechanism involving préiormed hydrogen peroxide
actually accounts for the formation of some cleavage products (Figure 9). The critical step is
the addition of HO, (a hard nucleophile) at C2 of the flavylium ion, followed by Baeyer
Villiger rearrangement, which opens routes for cleavage of the&C2 D Q @3&onds
[13,26] However, the preliminary formation of,8, remains unclear and mustvolve the
direct autoxidation of anthocyanins. Thus, an alternative mechanism beginning by electron or
H-atom transfer (mediated by unidentified transition metal traces) from the anionic or neutral
base to @ would deliver a highly delocalized radical tha susceptible to addition at
different centers (Figure 10). The cleavage of hydroperoxide intermediates thus formed could

also yield the degradation products detected.

HO @) @)
O-Glyc R
OH OH
R
c1-C2 HO
cleavage OH R’
HO N 0
R c2-c3 HO 05
—_—
OH cleavage X 0-Glyc
C3-C4 OH
cleavage

Xy

Figure 8. Pathways of anthocyanin degradation.

64



HO_

HO O® A HO (@) 9 A
>~ H,0,/-H® '
= - =
O-Glyc O-Glyc

OR OR
Route :/ Baeyer-ViIIige\lzoute 2
rearrangement

OR

O Ar

OH
\Q/\;[o -Glyc \Q/\)\O Glyc\©/\/k0 -Glyc
HZO
o H202 , HO OHJ  Ar-co,H
mo -Glyc \Qi)l\o -Glyc
OR

Figure 9. Possible mechanisms of anthocyanin degradation witfiopmeed hydrogen

peroxide.
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Figure 10.Possible mechanisms of anthocyanin degradation withotfopreed hydrogen

peroxide.

2.4.2. ANTIOXIDANTACTIVITY

Anthocyanins under their native forms can transfer electrons to ROS and could,
therefore, provide protection to important oxidizable biomolecules, such as polyunsaturated
fatty acids (PUFAS), proteins, and DNA. The relevancsugh phenomena is probably much
higher in food preservation than in nutrition and health, given the current knowledge on
anthocyanin bioavailability (see Section 3). In this section, we simply mention that
anthocyanins can indeed effectively reduce-eleetron oxidants such as the stable radical
DPPH (2,2diphenytl-picrylhydrazyl).  Structureactivity relationships show that
K\GUR[\ODWLRQ DW & e« D @dnatthgecdpgcky) tHud sudiyestvidf tHat+the B
ring is primarily involved in electron dation [28]. Comparing oenin and the flavanol
catechin shows that the transfer of the first (most labil@tdin to DPPH is roughly as fast
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for both flavonoids but that oenin reduces at leastehax many radicals than catechin (Table

1) [29]. This advantage must be rooted in the extensive oxidative degradation undergone by
oenin during the DPPidcavengig process with the transient formation of intermediates
(possibly, syringic acid) retaining a substantial electtonating activity. It is also
remarkable that the wine pigments combining the oenin and catechin units retain a high but
contrasting DPPkscavenging activity[29]: the direct coupling between the two flavonoid
units results in a faster first-ekom transfer (highdg) but markedly lowers the totabmber

of radicals reduced), whereas the coupling through an ethylidene bridge apparently leaves
each unit free to independently react with DPP #&lmost unchanged, approximate

additivity in theny value), as observed with the equimolar oeeatechin mixture (Table 1).

Table 1.Antioxidant activity of malvidin 30- -D-glucoside (oenin) and related pigments:
reduction of the DPPH (2@ipheny}1-picrylhydrazyl) radical (MeOH, 25 °C,and?) and
inhibition of hemeinduced peroxidation of linoleic acid (0.1 mM linoleic acid in acetate
buffer + 2 mM Tweer20, 0.1 pM metmyoglobin, pH = 4, 37 °&), From referenc{29].

Antioxidant Niot ~ ki/s? ICg O0°
Oenin 11.26 (+0.08) 910 (70)  0.68
Catechin 4.86 (x0.03) 1200 (x110) 0.27

Oenin + Catechin (1:1) 14.04 (£0.10) 1160 (£330) nd
(R)-Catechin8-CHMe-8-Oenin  14.56 (+0.03) 1000 (x320) 0.15
(9-Catechin8-CHMe-8-Oenin  14.61 (+0.18) 600 (x120) 0.41

Catechin4,8-Oenin 7.16 (£0.08) 5120 (+1050) 0.60

! Antioxidant stoichiometry (number of DPPH radicals reduced per antioxidant
molecule)? Rate constant for the transfer of the firsatém from antioxidant to DPPH.
Antioxidant concentration for a doubling of the period of time required for the
accumulation of a fixed concentration of polyunsaturated fatty acid (PUFA)
hydroperoxides (congated dienes).

Oenin, catechin, and wine pigments were also compared for their ability to inhibit the
peroxidation of linoleic acid induced by dietary heme iron in acidic micelle solutions, a
chemical model of postprandial oxidative stress in the stomaeh As hydrophilic

antioxidants, polyphenols are known to act at the initiation stage by reducing the hypervalent

67



iron species (F¥) involved in the generation of propagating lipid peroxyl radicals (Figure 11)
[30] which, on the other hand, are directly reduced by the typical thaaking amphiphilic
D Q WLR [-toGopr@nadl (vitamin E). The highly hydrophilic oenin was found to be less
potent than catechin in the inhibition, but coupling both flavonoids via atidethg bridge

improves their efficiency (Table 1).

OH
R R’

Anthocyanin

~~  (B-ring)
o°
R R'
Globin chain Globin chain
Ferrylmyoglobin ne. Metmyoglobin

\'/ (dietary iron)

H,0, or lipid hydroperoxides

Figure 11. Possible mechanisms for the antioxidant activity of anthocyanins in food and in
the gastrantestinal tract.

Acylation by electrorrich hydroxycinnamic acidssuch as sinapic and ferulic acids,
potentiates the capacity of anthocyanins to inhibit the dizsidated autoxidation of styrene
in acetonitrile. In particular, a higher rate constant and stoichiometric factor of radical
scavenging were obtained for aat@d ¢s. nonacylated) anthocyanin81]. Curiously, this
trend could not be conmfned for the peroxidation of linoleic acid in micelles, as if the
intrinsic differences in electredonating activity were counterbalanced by differences in the

partition of anthocyanins between micelles and the aqueous phase.
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2.5. Anthocyanin Complexes

Phenolic nuclei have an intrinsic ability to develop molecular -goralent)
interactions as they combine flat polarizable apolar surfaces (the aromatic nuclei) for strong
dispersion interactions and polar OH groups that are susceptible to actingoas Honors

and acceptors.

2.5.1.SELFASSOCIATION ANERO-PIGMENTATION

One of the most remarkable properties of the anthocyanin chromophores is their
DELOLW\ WRtatkiHgYikt@RtHNEE 84], mostly driven by dispersion interactions
and the concomitant favorable release of water molecules from the solvation shells of the
interacting nuclei, known as the hydrophobic effect. Owing to their plsimactures and
extended electron delocalization over the three rings, the colored forms are much more prone
W Rstd&king interactions than the colorless forms, for which such interactions, although not
necessarily absent, are typically neglected. ExaMpleR tsta@king interactions with
anthocyanins are sedfssociation and binding between anthocyanins and other phenols, a
phenomenon called gugmentation. The affinity of epigments for a given anthocyanin (as
measured by the corresponding thermodynalmecling constant) decays along the series:
planar flavonoids (flavones, flavonols) > nplanar flavonoids (catechins), hydroxycinnamic
acids > hydroxybenzoic acid82]. As for selfassociation, it is stronger for the neutral base
than for the flavylium ion and the anionic base, as the latter stacks are destabilized by charge

repulsion.

The spectral consequences of-gigmentation are summarized in Figure 12 with
malvin (malvidin 3,5di-O- -glucoside) and a highly watsoluble rutin (quercetin-8- -
rutinoside) derivative[35]. In strongly acidic solutions (negligible waterflavylium
D G G L W-t&EKIng irieractions between the two partners promote bathochromism as a
consequence of epigmentto-pigment charge trafey. Changes in color intensity simply
reflect differences between the molar absorption coefficients of free and bound pigments.
Under the mildly acidic conditions typically encountered in natural media, pigaeent
pigment interactions also promote hypewoshism, which can be understood as a shift in the
now established flavyliuhemiketal equilibrium toward the colored form, which is
selectively stabilized by its association with the-poggment. This combination of

bathochromic and hyperchromic shifts makaspigmentation one of the most important
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mechanisms for color variation and stabilization in plants. It can also be noted that heating
usually attenuates the hyperchromic shift (Figure 12) as a consequence of the exothermic

character of cgpigmentation 'H° < 0).

2 !
1 B
1
0 * : ] 0
450 500 550 600 650 450 500 550 600 650
Anm

Figure 12. Co-pigmentation of malvin (malvidin 3s8iglucoside, 50 pM) by rutin
bis(hydrogensuccinate) (mixture of 3 regioisomers, 200 equA))pH = 3.5, malvin + co
pigment at T = 15.5 (1), 25.0 (2), 35.0 (3), 44.2 (4) °C, malvin aloife=a25.3 °C (5). B)
pH = 0.9, T = 25.0 °C, malvin alone (1), malvin +migment (2). Adapted from reference
[35].

The possibility R1 G H Y H GsR&In@ ihte@ctions increases with the acylation of
anthocyanins on their glycosyl moieties by hydroxycinnamic acid (HCA) residues. Indeed,
depending on the location and number of HCA residues, different spatial arrangements can be

obsewed (Figure 13)34]:

X Intramolecular ceS L JP H QW BtatkiRgQintei&ctions prame a conformational

folding of the pigment bringing one or more HCA residue(s) into contact with the

chromophore;

x Enhanced seléssociation: the HCA residues can stabilize the chiral stacking of

chromophores evidenced by circular dichroism.
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Figure 13.Acylated anthocyanins: discrimination of intramoleculapagmentation (type 1)
and seHassociation (types 2 and 3) by circular dichroism (pink or blue CD spectra depending
on the chirality of the stacks). Frd®@4] with permission of th&®oyal Society of Chemistry

In such assemblies, the flavylium nucleus has restricted accéiss weater solvent.
Consequently, the thermodynamics of water addition are less favorable (incréagednul
the percentage of colored forms at equilibrium incre@s&6838]. For instance, at pH = 3,
ca. 90% of the triacylatedlorning glory pigment is still in colored form (mostly flavylium)
vs. 15% for its noracylated counterpart (Figure 14ls vulnerability to water addition
prevents the noeacylated pigment from accumulating the neutral quinonoid base at higher pH
levels, and the corresponding solutions are almost colorless. In contrast, 30% of the
triacylated pigment is present as the® UHG QHXWUDO EDVH D-¥lacRing ORU
interactions developed by the triacylated flavylium ion induce a 20 nm bathochromic shift of

L WhM compared to its neacylated counterpart.

Anthocyanins with am-dihydroxy substitution on theirH8ng (cyanidin, delphinidin,
and petunidin derivatives) also bind hard metal ions, such®sid F&*, in mildly acidic to
neutral solution. As the anthocyanin binds as the quinonoid base with additional proton loss
| UR P -@H¢sbathochromism is obsevavith additional liganeo-metal charge transfer with
Fe’* (Figure 15).

At least in mildly acidic solution, metal binding is restricted to the colored forms and
thus efficiently competes with the hydration equilibrium, thereby preventing the formation of
WKH FRORUOHVV IRUPV ,Q WKH PRVW VRSKLMaKngDWHG L

interactions combine, thus providing the most common mechanism towards the formation of
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stable blue color§34,40,41] In the secalled metalloanthocyanins, a fixed mefagment+
co-pigment stoichiometry of 2:6:6 is observed: three anthocyanins bind to each metal ion and
two equivalent complexes assemble by -IKfD Q G4&t&kind: interactions between the
chromophores. Then, three pairs of flavone or flavongigments in lek K D Q G3taGkitg
intercalate between the pairs of stacked anthocyanins. In this intercalatiorhanigletd
pigmenttF R S L J P-$ta@Rivig @ccurs. Largscale aggregation of acylated anthocyanins can
also result in the formation of highly colored assemblies within the vacuole ({t&lsd
anthocyanin vacuolar inclusionf{allam et al., 2017)the organelle where anthocyas are

stored in plant cells.
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Figure 14. Triacylated B) vs. noracylated A) Morning glory (Pharbitis nil) anthocyanins:
equilibrium distribution of anthocyanin species in agueous solution. Red solid line: flavylium
ion, blue solid line: neutral base, dotted green line: total colorless forms. Parameters for plots
are K = 2.30, )Ka1=4.21 Q); pK = 4.01, K41 = 4.32 8). From[36,37]
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Figure 15. (A) < -Bihydroxy-7-O- -D-glucopyranosyloxyflavylium (50 puM) in a pH 4
buffer (0.1 M acetate), red spectrum: before hydration, blue spectrum: 10 min after addition of
Al** (4 equiv.); B) equilibrium distribution of species in aqueous solution. Red solid line:
flavylium ion, blue dotted line: neutral base, dotted green line: total colorless forms, blue solid
line: AI** complex. Parameters for plots ané = 3.42, Ka1 = 4.72,Ky = 2 x 10 From

[39].
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2.5.2.BINDING TOBIOPOLYMERS

Despite the potential significance of such associations in food chemistry and nutrition,
the ability of anthocyanins to bind proteins and polysaccharides ipabilly documented at
the molecular level. This paragraph focuses on anthocyanins (glycosides), although
anthocyanidins are also commonly investigated. Indeed, aglycones are chemically unstable in
mildly acidic and neutral conditions and may be substayttgraded over the duration of

analysis.

Saturation transfer difference (STMR was used to probe the binding of cyanidin
and delphinidin 3lucosides to pectin from citrus fruits (MM = 111 kDE3]. Indeed,
magnetization transfer (requiring proton pairs distant by less than 0.5 nm) from irradiated
pectin protons to anthocyanin protons provided direct evidence that the two partners are in
close contact. STD titrations at pH = 4.0 and pH.5 suggest that the flavylium ion has a
higher affinity for pectin than the hemiketal. Assuming the Scatchard modekeftical
binding sites having the same binding const#a), pectin was found to bind 18600
anthocyanin units depending on the stdcanthocyanin and pH. The correspondifg
values are very weak (<iav™). Thus, the picture emerging from this study is that
anthocyanins (as individual species or {oowalent oligomers) provide a coating of the
SHFWLQYV VXUIDFH W K bfRefy]\Weal iKteraGithy (ddd RS PMdals contacts,
H-bonds).

The quenching of intrinsic protein fluorescence by increasing ligand concentrations is a
classical method to probe ligamotein binding and to extract binding parameters. As
anthocDQLQV W\SLFDOO\ DEVRUE OLJKW DW WKH SURWHLQY
corrections for these innditter effects should be applidd4], which are not systematjd5]
and thus lead to discrepanciesKipvalues as well as in enthalpy and entropy changes. With
human serum albumin (HSAa globular protein, 1:1 binding is observed witkiain the
order of 16 M ™ [44,45], meaning a moderate affinity. The influence of the pH (from pH = 4
to pH = 7.4) on the binding strength is very modé4}. Competition with probes of a known
binding site (ibuprofen, warfarin) enables location of the @yhnin binding site, a
hydrophobic pocket lined by positively charged arréioad residues (Arg, Lys) for possible
accommodation of the anionic bapt]. As for the weakly structured salivary proteins,

interaction with malvidir3-glucoside (probed by STTRMR) was found to be much weaker
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(Ko 8 &) and largely pHndepaxdent (same affinity at pH = 1.0 and pH = 3.4), which
suggests that the hemiketal and flavylium ions bind with close affirfjiigs Electrospray
ionization MS revealed the formation of soluble aggregates involvigaBthocyanin units

and 1# peptides (prolingich proteins or histatin). STINMR was also used to investigate

the binding of keracyanin (cyanidinrBtinoside) to wheat flour gliadins at pH = Z4/].
SURWR®V &k +C6-H and C8H appeato be primarily involved in the binding. At this

low pH, the corresponding aglycone (cyanidin) is stable and can be also investigated. Its
affinity for gliadins appears higher based on the strong shielding of its proton signals when
gliadins are added (cbrmed by the large retention of cyanidin in the centrifugation pellet:

up to 80% vs. only 8% for keracyanin). However, SN/R did not point protons
specifically involved in the interaction. CyanidirgBicoside expresses a rather high affinity

for sodiumcaseinate (NaCa$48]. Two binding sites were identified at pH = 2 and pH = 7,
one of high #inity (K, § # x 16 M ™ depending on pH and T) and a second of lower
affinity (K, § #% x 1 M ™). For both sites, the binding was found to be exothermic at pH =

7 but endothermic at pH = 2 and thus is driven by a favorable entropy, which could point to a
large contribution of the hydrophobic effect. Interestingly, NaCl addition gradually cancels
cyanidin 3-glucosidetNaCas binding at pH = 7 but has no effect at pH = 2. In contrast to the
high affinity of cyanidin 3glucoside for NaCas, malvidin3O XFRVLGH RQO\ ZHDNO\ E
D Q ®aseind49] D Q G -le¢tRglobulin[50] (1:1 binding withKy, < 10° M I'1).

Unlike co-pigmentation, théinding of anthocyanins to biopolymers does not trigger
spectacular spectral changes. For instance, in the presence of various polysadéiiriues
FKDQJH LQ WKH ZDYHOHQJWK RIB)DvEks BixévedLiMerac@ods BfEV R U S
anthocyanins with cellulose, oat bran, and lignin is associated with a weak hypochromic
effect, whereas anpposite effect (weak hyperchromism) is observed with highly methylated
apple pectins. Sugar beet pectins have been shown to promote strong bathochromism in
solutions of blackcurrant anthocyanins (cyanidin and delphinidin glycosides), but this effect is
due to endogenous iron ions (bound to the polysaccharide) forming blue chelates with the
pigments [52]. In agreement with the small spectral changes observed, the binding of
anthocyanins to pectin does not significantly affect the thermodynamic constants of the acid
base and hydration equilibripd3]. In other words, all anthocyanin forms (colored or
colorless) bind pectin with close affinities. This apparent discrepancy with theNS®
data (stronger flavyliunpectin binding) might be due to anthocyanin -sei§ociation, which

probablyis significant in the concentrated solutions used in the-SMR experiments. In
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contrast, the flavylium cation of the pyranoanthocyanin portisin is strongly stabilized by
interactions with anionic wood lignosulfates as evidenced by its much weaker atithity

presence of the polysaccharid&{p= 6.6 vs. 4.6 for portisin along3].

2.6. Anthocyanins in the Excited State

Although their main function is to absorb visible light and express color, anthocyanins
are intrinsically poorly flucescent with quantum yields typically lower than 4 x10
(meaning that less than one photon out of 250 absorbed is actualtlyitted)[54]. Indeed,
the fate of anthocyanins after absorption, i.e., once in the excited state, is a difficult question
that must be addressed by sophisticated fast techniques, such -asstiaed fluorescence
and transient absorptieemission spectroscopies. In tH¢OMO : LUMO transition
accompanying the absorption of visible light by the flavylium ion, electron transfer from the
B-ring to the A/C-rings takes place (Figure 16)nouar et al., 2012a)n the excited state,
the flavylium ion is a strong acid Kg < 0) that transfers a proton to the solvent on a
picosecond timescale (20 ps for pelargonin at pH [54)56] In the next step, the quinonoid
base in the excited state is deactivated by a combination of radiative (fluorescence)-and non
radiative (heat) processes and then captures a proton in the ground state to form the ground
state flavylium ion. In other wordsthe quinonoid base is responsible for the (weak)
fluorescence observed for anthocyanins even in strongly acidic solution. In the presence of a
co-pigment, other mechanisms (Figure 17) supersede the fast flavylium deprotonation
observed with free anthoayis [57] in the following ways: (a) within the complex in the
excited state, through ultrafast internal conversion (<1 ps) via &h@ngy cepigmentto-
pigment charge transfer state, resulting in static fluorescence quenching; and (kg for th
fraction of free anthocyanin, diffusiezontrolled electron transfer from the-pagment to the
flavylium ion in the excited state, resulting in dynamic fluorescence quenching. The
mechanism of energy dissipation by ultrafast internal conversion hasctwe®med for the
folded conformation of a cyanidin glycoside acylatedpbegoumaric acid58]. In addition,
fast energy transfer to the chromophore following absorption of UV light by the acyl residue
operates (Figure 17), thereby conferring acylated anthocyanins to havgpamant role in

plant photoprotection.
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Figure 16.(A) Frontier MOs of the flavylium ion of cyanidin (from referer@aouar et al.,
2012a) and its most represetive mesomeric forms in the ground state (left) and first
excited state (right).B) The fate offree anthocyanins in the excited state (from references

[54,56).
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Figure 17.The influence of cgoigmentation on the fate of anthocyanins in the excited state.
(A) Intermolecular cegigmentation (from reference [57]).BY Intramolecular co
pigmentation (from referendé8]).

3. THE | MPORTA NCE OF ANTHOCYANIN CHEMISTRYIN FOOD

AND NUTRITION

3.1. Formulation of anthocyanins for food applications

Anthocyanin degradation typically occurs during thermal processing and storage. The
knowledge on anthocyanihiopolymer interactions can lagplied to devise formulations for
improved chemical stability. Degradation studies aimed at demonstrating the protection
afforded by biopolymers may be limited to monitoring the color loss under given conditions
of pH, temperature, and light exposure. lanformation is obtained when samples are also
acidified to pH 12 for quantification of the residual flavylium ions by HPLC or by -UV
visible spectroscopy. With this approach, color loss (directly observed at the monitoring pH),
which combines the reveide water addition and irreversible phenomena (hydrolysis,

autoxidation), and true anthocyanin loss (irreversible component), can be distinguished.

In the simplest experiments involving modeling beverages, solutions of anthocyanins
and solublebiopolymers are heated, and their color or residual anthocyanin concentration is
monitored as a function of time. For instance, yeast mannoproteins (@&%or both
anthocyanins and mannoproteins) increase thelifalbf color loss by a factor of 5.Ai
experiments conducted at pH = 7 and T = 80 °C or 126 °C (modpésteurization or
sterilizatior) [59]. Similarly, the color loss in soliains of purple carrot anthocyanins at pH =
3.0 and T = 40 °C (in light) was shown to be inhibited by the addition of gum arabict(0.05
5.0%) with maximal stability observed at 1.5% (50% color retention after 5 days, vs. 20% in
control) [60]. Similar observations were madgath pectins or whey proteins (1%), the best
result being obtained with hedénatured whey proteins (70% color retention after 7 days at
40 °C, vs. 20% in contro[p1]. In these works, fluorescence quenching experiments suggest
that color protection involves direct interactions between anthocyanins and proteins
(including the glycoprotein of gum arabic). However, thechanism of protection remains
largely unknown. It may be speculated that biopolymers mostly act by providing a more
hydrophobic environment to anthocyanins, resulting in slower hydrolysis (despite the weak
impact on the hydration equilibrium itself, s8ection 2.5.2) and/or by scavenging transition
metal traces acting as initiators/catalysts of anthocyanin autoxidation.
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A more sophisticated approach consists of preparing solid necroanoparticles as
delivery systems for anthocyanins. Hostance, nanoparticles of whey proteins and beet
pectin can be loaded with anthocyanin extracts with a higher efficiency (55%) when
anthocyanins are added prior nanoparticle formgt@h However, when dispersed in pH 4
solution, these nanoparticles do not show improved color stability. Particles of chitmsan a
FDUER[\PHWK\OFKLWRVDQ &0& ORDGHG ZLWK DQWKRF\DC
efficiencies ranging from 16 to 44% depending on the CMC/chitosan proportions) can be
simply prepared by mixing at pH =% followed by centrifugatiofi63]. The thermal stability
of encapsulated anthocyanins was shown ¢éatly improve: 12% degradation after 3 days at
40 °C, vs. 90% in the control (no particles). Similar protection was observed in samples
HISRVHG WR ZKLWH OLJKW IRU GD\V i YV i 6 XOIRC
dextran sulfate and carrageasacan also be used to encapsulate bilberry anthocyanins from
DFLGLF VROXWLRQV S+ § ZLWK KLJHK6465LTRé iR oD QG LP S
isotherms and HPLC analysis showed that the binding is selective of anthocyanins (the other
phenols remaining in solution) and is stronger when the sulfonylation degree is higher. These
data strongly suggest théne encapsulation is driven by ionic flavyliusulfate interactions.
Interestingly, the nanoparticles are gradually dissociated under near neutral conditions
modeling the small intestine, which is desirable for subsequent intestinal absorption.
Combining chitosan and cellulose nanocrystals at pHB also allows the formation of
nanoparticles with high affinity for anthocyanins (up to 94% encapsulal&fi}) When
cellulose is replaced by sodium tripolyphosphate, a reticulating agent for the polycationic
FKLWRVDQ FKDLQ JHO PLFURFDSVXOHV VL]H 8§ —P HQF
FinalO\ ODUJH K\GURJH OBSiny avrhtinihégl Mgingté hHd gectin can be used
for encapsulation of anthocyaniith extracts under acidic conditions (pH =3}, and they
are released upon dissolution at higher [pA]. Whenexposed to white light, the hdlfe
values of anthocyanins in hydrogel, hydrogel particles dispersed in pH 3 solution, and in a

control solution (pH = 3) were 630 h, 277 h, and 58 h, respectively.

Interestingly, anthocyaninich blackcurrantextracts can be incorporated into bread
[68]. Replacing wheat flour by a mixture of gluten and starch led to markedly decreased
anthocyanin concentrations (especially, for delphinidin glycosides, which are most sensitive
to oxidation). This suggests that other flour proteins (e.g., albugiotsylins) and nosstarch
SRO\WDFFKDULGHV H Jglucdas) ialy H&® inpoaddtv/td \provide chemical

stability to anthocyanins in such matrices.
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3.2. The Fate of Anthocyanins in Humans, Consequences on the
Possible Effects on Health

The bioavailability of phenolic compounds has been largely elucidated over the last
decade$69]. This knowledge, which is crucial to the interpretation offgbssible effects on
health, encompasses the bioaccessibility (the release of phenols from the food matrix during
digestion), intestinal absorption, metabolism, transport, distribution to tissues, and excretion
of dietary phenols and their metabolites. Avtyanins have emerged as poorly bioavailable
micronutrients as judged from the low concentrations (generally, <0.1 puM) of native forms
(mostly, anthocyanidin glucosides) and anthocyanidin conjugates detected in the general
blood circulation[70,71] These derivatives are formed in the small intestine after enzymatic
hydrolysis by membranea RXQG ODFWDWH SKORUL]L @lkcosiddse@bdVvH RU |
subsequent conjugation -glucuronidation,O-methylaton, and/orO-sulfonylation. The
detection of native forms in the blood circulation is not equivalent to other flavonoid
glucosides and could be duepartial absorption from the stomach. This early absorption has
been demonstrated in cell and animal ms{ig2 #4] and has been proposed to involve the

organic anion transporter bilitranslocase in the gastric epith¢fi@in

Most importantly, recent investigations, in particular usti@-labelled compounds
[3], have shown that the bulk of the ingested amount of anthocyanins is actually converted
into simple phenolic compounds (Tal#§ as a consequence of (a) the chemical instability
(under near neutral conditions) of anthocyanins and, especially, of anthocyd2#jired
(b) the extensive catabolism by the colonic microbiota of the fraction reaching the large
intestine. These simple metabolites, which themselves can be further conjugated by intestinal
and hepatic enzymes, have been found in thedbbor@ulation in much higher concentration

than anthocyanidin derivativgs, 75].
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Table 2.Serum pharmacokinetic profdef cyanidin 3glucoside (C3G) and its metabolites in
humans after the consumption of 500 H@-labelled C3G. From referengg] (in red is the
reference compound and its most abundant metabolites).

Compound n Cmax/nM tmax/h ty/h AUC.4¢/nM h

Cyanidin3-glucoside (C3G) 5 141 (x70) 1.8 (x0.2) 0.4 279(x170)
Protocatechuic acid (PCA) 8 146 (x74) 3.3 (x0.7) 9.9 (£3.4) 1377 (x760)

Phloroglucinaldehyde 4 582 (x536) 2.8 (x1.1) nd 7882 (£7768)

PCA-sulfates 8 157 (+116) 11.4 (+3.8)31.9 (+19.1 1180 (+349)

Vanillic acid (VA) 2 1845 (+838) 12.5 (+11.5 6.4 23319 (+2065C

VA-sulfates 4 430 (+299) 30.1(+x11.4 nd 10689 (+7751

Ferulic acid 7 827 (#371) 8.2 (+4.1) 21.4 (+7.8)17422 (+11054

Hippuric acid 8 1962 (+1389) 15.7 (+4.1)95.6 (+77.846568 (+30311
\%30 . -OH

Phloroglucinaldehyde

13 13 13
o ZC._OH S Cero
Ho_Zc_oO Pc OH
13\// ne ~on 13(: OH OH HOC Ple
°““o-p-D-Gle L LY 2 <
© "OH HO,C H ©

o Hippuric acid

In agreement with the strong in vivo catabolism of anthocyanins, in vitro digestion
models have shown that whereas anthocyanins are readily released into the acidic gastric
compartment and relatively stable, they undergo substantial degradation in threeueak
upper intestinal compartment, possibly because of autoxid4@6iv7] However, this
chemical instability could be overestimated in in vitro models, as ffoe@ent is higher than
under real physiological conditions. As a striking example, protocatechuic acid (PGA, 3,4
dihydroxybenzoic acid), recovered in blood and fecal samples, was shown to represent more
than 70% of the ingested dose of the cyanfdiglucosides from blood orange jui¢g5].
Interestingly, PCA can be formed by chemical oxidative degradation of anthocyanins and

anthocyanidins (Figures #80). However, it must be noted that anthocyanins bearing an
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electronrich B-ring (e.g., cyanidin and delphinidin glycosides) miostmuch more prone to
oxidative degradation than, for instance, pelargonidin derivafi&swhich indeed could be
detected irhigher concentration®(29.3 uM) in the blood79].

In the digestive tract, anthocyanins may afsodulate the digestion and uptake of
nutrients by interacting with intestinalglucosidaseg80]. They could, as well, a&huate
oxidative stress in the digestive tract, for instance, by inhibiting the peroxidation of dietary
lipids induced by heme irof29,81] After intestinal absorption, anthocyanin derivatives are
probably transported in the blood in moderate association with serum albumin [45] before
distribution to tissues, which, again, could involve bilitranslocase, as evidenced in the kidneys
of rats[82].

Most importantly, it must be kept in mind that the degradation products of
anthocyanins, which are formed in the digestive tract and are generally much more abundant
than the residual anthocyanidin derivatives,lld mediate most of the potential healtfeets
of anthocyaning83,84], which remains intriguing given their chemical simplidid} (Table
2). However, redoyactive compounds, such as PCA, could indeed participate in regulating
the expression of genessociated with transcription factors susceptible to redox activation.

Such mechanisms could, at least partly, underlinénthection of antioxidant defense via the
Nrf2 pathway and the reduction of inflammation via-N#% LQKLELWLRQ REVHUYHG L
rodents with cyanidin derivativg85] or PCA itself[86].
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3.2. The chemical reactivity of anthocyanins (continuation)

As exposed in the reviewhe chemicateactivity of anthocyanins in aqueous solution
is very versatile given the multiple propertiesthe anthocyanidin nucleu$Scheme 8). It
shows anacidic character (flavylium ion: G2 + & OH, possibly C50H), electrophilic
propertiegflavylium ion: at C2 and C4)nucleophilicpropertieghemiketal and anionic base
at C3, C6 and C8)and electro-donating capacity (potentiallgll forms but the flavylium
ion). The relatively poor stability oAnthocyanincolors in near neutral solutiostems from

this high reactivity

This sectiomaims at reviewing the current knowledge on degradation pathways
of anthocyanins in aqueous conditions in the pH range 1 to 9. The reversible chemistry
anthocyanings only briefly commented here as the fundamental reactions involved and their
thermodynamic and kinetic bases are welllerstod and accepte(Pina et al., 2012b)lhese
reactions (proton transfer, water addition and subsequent isomerizatietgrmine the
distribution of anthocyania as mixtures of colored and colorless forinsaqueous solution
(Moloney et al., 2018)

3.2.1.THE REVERSIBLE STRUGRAL TRANSFORMATIONS

Aqueous solution of anthocyanins atgpically prepared by dilutingan acidic
concentratedsolution of pigment(100% flavylium)into a buffered solution at a given pH.
Anthocyanins immediately form a mixture obloredspecies (the flavyliunon, the neutral
base and the anionic base) inequilibrium governed by th2 thermodynamic constants
deprotonation of the flavylium iofEcheme 9)Over time, this initial mixture evolvelrough
threesteps yielding colorless formwater addition to th8avylium ion forming the hemiketal
(the major colorless form at the equilibriunthe hemiketalcycle *chaintautomerization
forming thecis-chalconeand thecis-chalcone isomerization intthe trans-chalcone(Pina et
al., 2012hb)
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These reactian evolve toward an equilibriunstate combining the colored and
colorless formsThe two acidity constants (pKea. 4 and ), barely depend on anthocyanin
structure, whereas¢ thermodynamic constaagoverningthe other reactionslepend on the
anthocyaninstructure(Moloney et al., 2018; Pina, 2014bJFor examplewater addition is
favored (faster, more complete) when-QOHl is glycosylatedGregory T. Sigurdson et al.,
2018) and inhibited by acylation by phenolic acidsee section 3.3.2)This inhibition is
strongly dependent on the number and location of the acyl reqilledgney et al, 2018;
Trouillas et al., 2016a)

The ratelimiting step toward the equilibrium is tleés-chalcone isomerization into the
transchalcone,e.g, k § ™ s for malvidin3-5,diglucoside(Pina et al., 2012b)At room
temperature, the formation ¢fans-chalcone (Ct) is slow and minor, but upbeating the
endothermic Ct accumulation becomes signifi¢g@nouillard & Lang, 1990)It was recently
reported that wh complex (polyglycosylatedyolyacylated)anthocyanins, this reactiazan

bemuch slowethan with simple glucosiddd. Mendoza et al., 2018)
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Scheme 9The twocompetitiveroutes followed by the flavylium cation in aqueous solutions:
the acid/base equilibria (tpginetic productsand hydration equilibria (bottom
thermodynamic producdisandrelatedthermodymmic constants (adaptéwm Pina et al.,

2012.
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Table 3. Thermodynamic and kinetic constants used to describe the pltysauical
behavior of anthocyanins.

Reaction Thermodynamic constant Kinetic constant
AH = A+H' Ka1  First acidity constant Fast

A=A +H" Ka2 Second acidity constant Fast
AH"+H,O0=B+H" K,  Hydration constant Ehh ggﬁ;ﬁ:g‘én rate
B=C K Tautomerization constant Fast

C.=GC K; Isomerization constant K Isomerization rate

K constants
Apparent hydration
Apparent hydration constant k',  /dehydration rate

AR+ HO=B+C+H Kn  seudeequilibrium) K constants

AH'=A+B+ G+ C+H" K§ Overallacidity constant

Three domains of pH can be distinguishatdpH 1 +2: flavylium formis nearlypure
and hydrationis thermodynamically unfavorable, thus negligibd.pH 2 +6: a mixture of
flavylium ion and neutral bageevails andhydrationbecanesthermodynamically favorable.
The apparent rate constaot hydrationdecays when the pH is increased, as the electrophilic
flavylium ion is thesole anthocyanin species undergoing water addiidnpH 6 £8: a
mixture of neutral andnionic baseprevails andhydration becomes very sloWorks at pH
> 8 are rare due to the high sensitivity of anthocyataraitoxidatiorin alkaline solutioni.e.
the non-enzymatic oxidation by ©initiated by transition metal tracéSalgado Mendoza et
al., 2017)

The pHdependence of the composition at equilibrium can be represented on
speciation diagrams (Fi§). The fraction of colored species, which represents the color

intensity of the solution, is simply the sum of the fractioW¥8sred species= MH++ M+ ..
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A R

R
OH O 0]
AN (O] N
+ Fe?* — /Fez‘ + 2HF ——— /Fea‘
OH O 0]
B R R R
OH O 0] 0]
N 2 Fes*
+ Fe? ——= /Fe —_— j‘ e +Fe?t ——= + Fe?*
OH o 0 )

Schemel0. A. Coordination of F& by o-diphenol ring (catecholsand subsequent electron
transfer in the presence of oxygen generating tiiegegyphenol complex; B. Coordination
of F€* by polyphenols, subsequent iron reduction &nfbrm semiquinonendo-quinone
speciesR=H, OH(from Perron & Brumaghim, 2009)
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3.2.2.DEGRADATIONPATHWAYS ANIPRODUCTS

Anthocyanidinswhich are the product aicid-catalyzed or enzymatic hydrolysis of
glycosidic bonds, are highly unstapland were shown torapidly decomposeinto
phloroglucinaldehyde and the corresponding pheradid (Seeram et al., 2001; Tanchev &
loncheva, 1976, 1976Anthocyaninsare maee stable at pH 1 thaat higher pH, suggesting
that the colorless species are intermediates in the irreversible degraBatioontrast, the
glycosylated athocyanins are much more stable and studying their degradation requires long
periods of time (dayswveeks or even months) or specific conditions (e.g., heating, high pH,
irradiation, addition of oxidants)The different products characterizadd wlose structure
was confirmedy NMR arelistedin Table 4

Anthocyanins(Malvidin-3-glucoside cyanidin3-glucosideand their 3,5diglucoside
homolog$ show the same degradation products as their aglycones. In particellphenolic
acids produced by GE3 cleavaggqresidue of theB-ring, protocatechuic acid osyringic
acid), and phloroglucinaldehyder its 2-O-glucoside) produced by @34 cleavagdresidue
of the Aring) (Cabrita et al., 2014; Lopes et al., 2007; Piffaut et al., 1994; Sadilova et al.,
2007; Sinela et al., 2017; Tsuda et al., 1996gr identification is easily achieveitthanks to
available commercial reference¥hese two products are however not complementary,
suggesting distinct simultaneous pathwaysith( elimination of CO or CQ). Other
degradation products identified retain the full 1&stGms of the flavonoidkeleton, among
them: compoundsla/lb and 5 (Géza Hrazdina & Franzese, 1974; Kamiya et al., 2014)
compound4 (Es-Safi et al., 2008and 6hydroxycyanidin 3glucoside (Stebbins, 2016) (Table
4). Compoundsla/lb were detected under their reduced form. By contrast, pr&judtich
may result from the hydrolysis of 1a/las detected unddwo oxidizedisomers(Lopes et
al., 2007) In arecent articleusing **0-labeling experiment¢Satake & Yanase, 2018he
likely mechanism for the formatioof 1b from cyanidin 30-glucoside and kD, was
unveiled(Schems 11 &12).
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Table 4. Anthocyanin degradation products isolated and characterized by NMR.

Pigment &

Reference Conditions

Products identified Mechanisms proposed

la

o
OH
: Mv-3Glc HO o @ _ - I
Hrazdina & Aqueous HO, @ o BayerVilliger oxidation
O

Franzese, 1974

OH
@) O-Glc
| HO o
Fr?ger’a? d?cal @ O-Glc Oxidation by peroxyl radica
Tsudaet al.,1996 initiator. air (from aerobic decompositio
37°C ’H 7 oH © 2 of azo compound)
P + protocatechuic acid
HO OH
Lopeset al.,2007 5 Bayer-Villiger oxidation
pH 25 (@] O-Glc
(2) + (E)-isomers
+ gyringic acid
EsSafiet al Mv-3Glc Cyclization oftrans-chalcone
2008 " + autoxidation
EtOH
8 acylated PSF
Teraharaetal., anthocyanins . .
2009 Fermented red diacylated sophores Not determined
vinegar
Cy-3GlI o
. y-3Glc
Kamiyaetal., Free radical
2014 L :
initiator, air,
60°C, pH 7 Nucleophilic attack of
hemiketal to HO,
5 prevails in EtOH
1b prevails in HO
Agueous

Satake & Yanast H,0,/ H, 0,

2018
Fenton reaction followed b
Cy-3Glc hydroxyl radical attack
Stebbins, 2016 Ascorbic acid
pH 3.6




Other degradatiomproducts were proposed, for which the structure was not fully
characterized. For example, phloroglucinol was proposed to result from the thermal
degradation of MM3GIc and Mv3,5diGlc at pH 3, according to MS analygRiffaut et al.,

1994) The 3glucosides and 3s8iglucosides of 3,5;frihydroxycoumarin were detected
from several anthocyanins and identified by TLC with an authentic reference compound and
by spectral comparison in 5 solver{éza Hrazdina & Franzese, 19'&4)d hter by HPLC

MS (Malien-Aubert et al., 2002)The coumarin derivatives were proposed to be generated by
BayekrVilliger oxidation with elimination of the Bing, observed in presence of addeésD,

(Géza Hrazdina & Franzese, 1974inally, in the presence of ascorbic acid 6-
hydroxylationproduct of cyanidin d5lc was characterizegcompound6). Its formation was
proposed tanvolve the hydroxyl radical (Fenton reaction with@d generated by ascorbate
oxidation and iron tracegytebbins, 2016)

The mechanisms for the thermal degradation of anthocyanins are only partly
understoodAs polyphenols, anthocyanins are sensitive to oxiddiyoair. These pathways
may be initiated by iron or copper traces (Nkhili et al. 2014) viasdeetron or tweelectron
oxidation steps, the second mechanism being generally restricted to polyphenols having

catechol or pyrogallol groups,g delphinidin, ganidin and petunidin glycosides.

In the oneelectron route, aryloxyl radicals are formed, which could either adid O
eventually lead to hydroperoxide intermediates or recombine to form dimers. To our
knowledge, no such dimers (formed upon oxidative diaéon) have been identified with
anthocyaninslin parallel, superoxide is produced, which then either disproportionates or
undergoes a second eakectron transfer, both steps resulting yOgIproduction.In the twe
electron route, hydrogen peroxidencalso be directly produced, while the polyphenol is
converted into ano-quinone, a strong electrophile, which could then react with any
nucleophile in the medium. To our knowledge, no anthocydeiived o-quinone

intermediates have been evidenced sop@ssibly because of their too high reactivity.

The more advanced stage of anthocyanin degradation invol@g ploduced upon
the first stage is better known, typically from works directly usin@4hs a reagentn this
context,H,O, can havehreedistinctfates:
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- In the presence of Fé (deliberately added or simply contaminating the mediin),
produces dighly reactive hydroxyl radicalFenton reaction), which can trigger eslectron
oxidation and/or aromatic hydroxylatioAn example of thedtter case has been reported: a 6
hydroxy derivative is formed when cyanidinGc is treated by ascorbate (a®4 generator

upon autoxidation) in an acidic aqueous solut®telpbins, 2016

- H,O, can react as a hard nucleophd#ackingthe electrophilic flavylium C2 site, as
proposed in early work&. Hrazdina, 1970; Lopes et al., 2007hisadduct would undergo a
BayekrVilliger rearrangement cleaving the €3 bondandforming products that have ba
characterized by NMR (Table).4Derivatives of 3,5,rihydroxycoumarincould also form

via this routgGéza Hrazdina & Franzese, 1974)

- H,O, can react as an electrophigtackingthe nucleophilic hemiketal C3 &t as more
recently proposed ancbnfirmed by*®O labeling(Satake & Yanase, 2018pchemell and

12. As the product distribution is similar in both routes, it may be claimed that the proposal of
H.O, reacting as an electrophiie now more convincing. Moreover, it also provides an

interpretation for the €ing contraction observed in EtOH.

R=H,Et
OR OR
O O Ar @) O Ar
H “H,0*
\V _—
% NN
O-Glyc O-Glyc
*OH
OH OH

* 180

0] Ar
Y HO o)
Ar

HO o /

0-Glyc OH *g O-Glyc

OH

Schemell. Electrophilic addition of KO, to flavylium fwater(hemiketal)or alcohol
adductgesulting inmoncoxygenation (consistent B§O labelling and MS analysis, Satake
& Yanase, 2018)
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Schemel2. Nucleophilic addition of HO, to theflavylium ion resulting in dioxygenation
(not consistent byPO labding and MSanalysis, Satake & Yanase, 2018)

3.2.3.THE ROLE ORCYLATIONIN THE REACTIVITY OANTHOCYANINS

In the literature the thermal stability of anthocyaningcylatedby hydroxycinnamic
acid (HCA) residues is usually associated to stramgfacking interactios between the
chromophore and the acyl residu@galien-Aubert et al., 2001)Indeed, the most stable
extracts at pH 3 5 were also the richest in diacylated aayanins. In anthocyanins only
differing by the structure of the acyl residues, differences in thermal stability were also
observed. For example, a studyidenced an impact of timethoxylationdegreeof theHCA
residues on the thermal stability @afylaed anthocyanins from black carrat pH 1, witha
stability ranked a$p < pC <Fl (Sadilova et al., 2006Moreover, the thermal stability of
acylated red cabbage anthocyanins at pH 6 was also rask&gl €pC | FI (Wiczkowski et
al., 2013) In addition, theérans o cis photoisomerization othe HCA residues was proposed
to be a factor of instability in (poly)acylated anthocyaninsgler irradiation(Yoshida et al.,

2003) Hence, we briefly compare here the reactivity of free HCAs.

Radicalscavenging experiments aaléctrochemical methods lil@yclic voltammetry

provide information on the reduction teatial of phenols and theirs mechanisms of electron
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and Hatom transfers (ET, HAT(Teixeira et al., 2013HAT from phenoldorms an aryloxyl
radical (ArO) stabilized by resonanc&he mechanismat stake for phenolic acids was
reported to be PCET (protaroupled electron transfe()-oti, 2007)or SPLET (sequential
proton loss electron transferjAmorati et al., 2006)Overall,these mechanisms are favored
when the bnd dissociation energy (BDE)f the phenolic @H group and the reduction
potential (or peak potential,Esee Table 5) are lowhe pK, of the phenolicprotondoes not
clearly correlate with the electraionating capacity, although a loweKjpmeans a higher
fraction of more reducing phenolate ion at a given(pbti et al., 2004; Roche et al., 2005)
The reducing capacity follows the order: SEH> Fl > pC(Teixeira et al., 201)3However,
the redox activity of caffeic acid has specificities as it can undergel®atron oxidation to
the corresponding-quinone and bind transition metal ions, a first step to inner sphere

electron transfer (Scheme 1(@erron & Brumaghim, 2009)

In the HCA series, sinapic acid is the most sensitive teetewtronoxidation, and
sinapoyl residueare alsaothe least efficient at providing stability to acyldtanthocyanins.
This suggests that oxidation of HC#&sidue contribute to anthocyanin degradatiomo our
knowledge, the relative stability of anthocyanins bearing caffeoyl residues is not documented.
However, the free radical scavenging capacity of glated anthocyanins and their
acylsophorose released upon fermentation revealed the strong and additive contribution of

phenolic acid residues according to: Cf >|FHIB | no acyl(Terahara et al., 2009)

Table 5. Parameters fasssessing the redox activity of hydroxycinnamic acids.

K.a BDE" Kope” E,
PRaz” (kcalimol) (x10° sY) (mv)

in H,0 in EtOH in EtOAC pH 7.4, 7.8
p-coumaric acic 8,37 79,6 < +736¢
+335 +447
Ferulic acid 8,65 81,3 20 +410¢
+183°
Caffeic acid 8,32 79,2 600 +142¢
Sinapic acic 9,21 75,2 1000 +188 +295

2 Phenolic OHOzkorucuklu et al., 2009)Amorati et al., 2006f(Gaspar et al., 2009)L. Li
et al., 2018)kops= goparent rate constant phenol oxidationE, = Reductionpeak potential.
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OH OH OH OH | | OH
p-coumaric acid Caffeic acid Ferulic acid 5-OH ferulic acid Sinapic acid

Schemel3. Structure othedifferent hydroxycinnamiacids

Scheme 14Three types of caffeic acid dimetseft bis-lactone type Antolovich et al.,
20049). Center tetrahydrofuran typé@-ulcrand et al., 1994stereocisomers not represented.
Right 2,3dihydro-1,4-benzodioxanype calledcaffeicins(Cilliers & Singleton, 1991

Regarding thelegradation products caffeic acid forms a broad range of covalent C
C and GO dimers involving theorresponding-quinone asnintermediatgBernillon etal.,
2004; Cilliers & Singleton, 1991; Roche et al., 2003¢carboxylation and further oxidation
were also evidence@khili et al., 2014) Ferulic acid was also reported to form dimers and
trimers, inthe presence of azogenerator of free radicals at pH {Roche et al., 20059nd
by periodate and Fenton oxidatigntolovich et al., 2004) In presence of an J@,-
peroxidase system at pH 6.5, several novel ecosplingFl +Cf and Sp+Cf productswere
reported(Arrieta-Baez & Stark, 2006)All HCAs react with the Fenton reagent to produce the
corresponding benzaldehydes as major proddettlovich et al., 2004)The main products
identified in the photolysis of pCare protocatechuic acid (PCAwinting to aromatic
hydroxylatior), 4-hydroxybenzylalcohol and oxaloacetic aflid Li et al., 2018)
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3.2.4.STRUCTURESTABILITY FELATIONSHIPS
The structural features of anthocyanins, i.e. the glycosylation and acylation pattern and

the Bring substitution areknown to impact their color stability. Howeveyystematic stuigs

on the structure/stability relationships are scarce andstituetural diversity increase the
complexity.Besides, the glycosylation and acylation pattern are embeddeatolor stability

at a given pH actually reflects twbstinct phenomenathe susceptibilityof anthocyaningo

water addition (reversible)and their oxidizability (leading to irreversible degradatiorhe
structural featureprotectingthe chromophore against water additierg( acylation by HCA

residuey may differ from thosestabilizing itagainsioxidation.

It is generally accepted that anthocyanins with complex patterns of glycosylation and
acylation exhibit remarkable stability to pH changes, heat treatment and light ex{iasiste
& Wrolstad, 2003) Thefavorable influencef acylationon the reversiblecolor loss is well
known (Trouillas et al. 2016putits possible influene on the irreversible componesftcolor
lossremainspoorly documentedespecially at higher pH, where the reactivity of the phenolic

acid residues could become significaiMe emphasizehe following trends

Glycosylation at CAncreases thsusceptibiliy to water additionFor example the
overallacidity constant K § (overall hydration + first proton transfé€, = K § + K1) of Mv-
3-Glc is 2.55vs 1.7- 2.1 for Mv-3,5diGIc (Pina et al., 2012b, p. 201ompared to Glc, a
bulky disaccharidenoiety at C30H, e.g sophorosgprovides a modest stabilization, whereas

the type ofsugarhas no clear impa¢Gregory T. Sigurdson et al., 2018)

The impact of theB-ring substitutionis marginal onthe susceptibility to water
addition (Leydet et al., 2012but more pronounced on tleidizability (electrondonating
capacity) Delphinidin and cyanidimglyconesare lesstable than pelargonidifiPereira et al.,
1997) with a similar observation otne correspondin@-O-glucosidesn vitro (tso(Cy3G) =
1.8h, to(PgBG) = 2.1h)Sadilova et al., 2007@ndin vivo (Braga et al., 2018)he stability of
anthocyanins with differentfing and glycosylation patterns was assessesaliva Cy and
Pg glycosideswere more stable thaheir Dp and Pthomolog (Kamonpatana et al., 2012)

The stabilityof di- and trisaccharideslightly exceedethatof monosaccharides.

Acylation by HCAs efficienly protects the flavylium ion against hydration and the

protection is usually greatly improvedhen a second acyl residue is introdyaacahgreement
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with the formation of sandwichke conformations in which one acyl residue is stacked onto
each anthocyadin face(Moloney et al., 2018; Yoshida et al., 2000)

3.2.5.CONCLUSION

The ingability of anthocyaninsduring storage and/oprocessg is a major limitation
to their applicationsas natural colotan spite of theirgreat potentialThear color stabilityis
affected by a combination of reversible and irreversible pathwiysr chemical stability
represented bythe irreversible componat of color loss, involves a combination of
autoxidative and hydrolytic mechanisnBoth phenomendargely depend on the anthocyanin
structure.Among the parameters impacting the rate of color, Igsseralenvironmental

factors are also criticalheyarereviewed inthe next section
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3.3. Color stability

3.3.1.INSTABILITYDURING INDUSTRIAEOOD PROCESSING

In the food processing industrgeveral ingredients containiranthocyaninsan be
added tocontributeto the colorof the finished productsNatural extracts used in a coloring
purpose are considered as coloring foods, whereas a$@eetive enrichmenfy a factor
higher than § they areconsidered agood colors édditive regulation) Their color is
particularly important infruit preparabns (juices, syrups, jams and jellie3. From the
elaboration of the ingredier{extraction, stabilization stefp its addition in the finished
product (matrix interactions, stabilization stepnthocyanins degradation can occur
Degradation may continukroughout the entire product shéfé. In the case of the coating
of a hard panned candy with an anthocyanin preparai@praydried anthocyanin extract
would typically be diluted into a sugar syrup a heated tankpumped imo heated pipes,
coatedthrough aspray nozzledried (thermal treatment), antihally stored in opaque
packaging, at refrigerated or room temperatdier the color tostay acceptableover 18
months, colorchangesshould be mingri.e. £ < 5, with 4 being the color difference

(deduced from coloric parameters) between t0 and ;t & =

¥: F 48E:fF f4;8 E:, F,4:% The critical step to anthocyanirstability are those that

induce the highest color loss in the normal processing conditienthethermal treatments

Several recent reviews summarize the factors that impact the stability of anthocyanins
(Castaiied®vando et al., 2009; Cavalcanti et al., 2011; Cortealet2017; Tierno &
Galarreta, 2016)The destabilizing factors includg physical factors: ahigh temperature,
light exposure high hydrostatic pressure; and i{pio)chemical factors, especially the
presence obxidants(ozone), preoxidant compounds (e.g. ascorbic acid, transition metals),
nucleophileqsulfites in wine water hydrogen peroxidegndthe enzymesControlling these

factors is important to improve color stability.

A critical step in the food processinggdustry is microbiatabilization which aims at
extendingthe duration of productoragebefore consumptiarAs anthocyanins arthermos
sensitivecompounds, thermal treatments generally minimizedFor instanceanthocyanin
rich extractsare commony lyophilized/freezedried (DelgadeVargas et al., 2002However,
in finished product, pasteurization and sterilization remain common stabilization processes,
that will alter the color of produs rich in anthocyanins. Amorigermal processes, steaming

appears as the softdareatment {29% anthocyanin content), followed by boiling1%) and
103



then blanching -69%) (Ankit Patras et al., 2010Dther microbial stabilization techniques

exist, thatalso diminish anthocyanistability. For instancen the winemaking process, the

addition of sulfites for preservatioactually induce the bleaching of free anthocyanins.

Finally, the compounds naturally present in the plant sources (phenolic compounds,
endogenous enzymes (polydlQ RO R[LGDVH JOXFRVLGDVH« RWKHU U
can destabilize anthocyanjrar stabilize thentde Aguiar Cipriano et al., 2015)t would be

interest to compare the relative contribution of these factors in a given process

The major natural mechanisms of anthocyanin stabilization are knavn:
copigmentation, revieweth (Trouillas et al.,2016a) and the second one is the binding to
metal cations, aviewed in (Yoshida, 2009). In plannajor stabilizationalso consiss$ in
isolating the pigments in compartments of controlled composition (vacuoles, delimited from
the cytosol by the tonom§, enabling a high local concentration, thus favoring
copigmentation and selissociationThe presence of metal cations (VMgFe*”*, AI*") also
allows the formation of sophisticatedpramolecular assembljesalled metalloanthocyanins,
in which 3 anthoyanin molecules bind a metal ion via theirriBg, while 3 flavone
copigments are inserted between the anthocyanidin nucl&skycking(Yoshida, 2009)The
dimerization of such complexes results in final aggregates having a 2:6:6pigetent
copigmer stoichiometry.

3.3.1.STABILIZATIONBY GOPIGMENTATION: SELFASSOCIATION

Copigmentation consists in the spontaneous associatitimegblanar anthocyanidin
nucleus(the pigmentywith a colorlessphenol(the copigment), througlveak (norcovalent)
interactionsof the two rings facing each oth€rrouillas et al., 2016a)lhe driving force of
copigmentation is mostly a combination of dispersion (the stabilizing component of van der
Waals interactions) and the hydrophobic effect (the thermodynamically favorable desolvation
of weakly polar surfaces when they associate in water due to the concomitant release of high
energy water molecules from the solvation shells to the bulk solvenphénol +phenol
interactions, this association is call&$tacking: the interacting aromatic nuclei are typically
parallel with an offset to minimize the electrostatic repulsion between tBelectrons.
Thanks to theiwide planar polarizable chromopte, anthocyanins are particularly prone to
Sstackinginteractiors with copigments such as flavanand flavonolglycosides(K > 2
0 orto a lesser extent, hydroxycinnamic adids= 2-4 u 2 0 (Trouillas et al., 2016a)
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In mildly acidic solution copigmentationcauses both a hyperchromic shificfease in the
visible absorbance) and bathochromic shift (increase in thgax of the visible band). The
former issimply ascribed ta shift of the hydration equilibrium to the flavylium ion, which is
selectively stabilized by itsSstacking interactions with the copigmeiite latter is more
subtle and possibly involves copigméatpigment charge transfer interactiofigouillas et

al., 2016a)and/or conformational distortionse.@, rotation about G2& § RU DERXW
glycosidic bonds) due to the stacked copigment mole@ilsishvili et al., 2019)Overall,
copigmentation slows dowmydration andhus the relatedolor loss,results in a higher mole
fraction of colored forms aquilibriumand in a bluing effectThis sole phenoenonmight
explainsup t030 - 50% of the color in win¢Boulton, 2001)

Intramolecular copigmentation operates in anthocyanins acylated by .HI¥%s
conformational folding bringing the two nuclei in van der Waals contact is favored by an
appropriate balance between flexibility and rigidity in the sugar spacer. As such, the
efficiency of intramolecular copigmentation is very dependent on the glycosidatidn

acylation sites, and on the type of sugar spacer (linear or brar{dfosthida et al., 2009b)

Finally, Sstacking interactions can also develop between 2 (or more) anthocyanidin
nuclei and indeedelfassociationof anthocyanins also participates in color stabilization
Anthocyaninacylation not only allows intramolecul@opigmentation but also strengthens
selfassociation. The two mechanisms can be distinguished by circular diclfiosiida et
al., 2009b)

With red cabbage and purple sweet potato anthocyaninbutki@ess of the ®-sophorosyl
moiety should favor intramolecular copigmentation over-asffociation. However, Cotton
effeds in the visible range (typical of stacked anthocyanidin nuclei) are observed with

diacylated red cabbage anthocyanins, especially when acyl residues display methoxy groups

(Sp > FI > pC)YMoloney et al., 2018)
The differentcases ofSstacking interactions are depicted on Scheme 15.

Anthocyanins exhibiting the highest color stabilaye found in flowerspwing to
polyacylation (up to 4 adyresidues) of sugars at C3, C& TR U. FBr examples of
anthocyanins stabilizechainly by intramolecular copigmentation include tpelyacylated

ternatins DW & 1 D @&se&ombiningntra- and intemolecular opigmentation include
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the tecophilin(triacylated at C7)while monoacylatedalataninis mainly stabilized by sel
association LQ WKH ( 3QHVW§¢r&hidart@Il,RQBHD) WLR Q

The acylated anthocyanins found in the edgaets of the purple varieties of cabbage,
potato, carrots, radish and grape, are simpler, bearing only one or two phenolic acid residues.
Overall, it was reported thany extensionR | W-Kddju@ated system beyond the phenolic
ring (e.g, conjugation though the 2,3louble bond of flavonoidssubstitution by electron
donating hydroxyl and methoxyl groups) hapasitive impact on copigmentatidirouillas
et al., 2016a)In particular, for a given anthocyanithe copigmentation binding constant
increases in the order: pC < FI < Sp, and HBA is a weaker copigment than HCAs. The

intensity of copigmentation is weaker at higher temperature, due to its exothermic nature.

(A) ()]
i | i i |
I ]
(D) I I I Pigment (anthocyanin)

[ 1 Copigment

(E) ‘E n Acyl link

. Metal ion
En—
® e P
e

Schemel5 EiE& 6 WhieRablibrd darithocyanins antheircomplexes. (A)

intermolecular copigmentation, (B) selsociation, (C) intramolecular copigmentation in

acylated anthocyanins, (D) s@$sociation of acylated anthocyanins, (E) intercalation in
intermolecular copigmentation, anl ( FRSLJPHQWDWLRQ LQ PHWDOIDQWKR|
from Trouillas et al., 2016
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3.3.3. STABILIZATION BY NETAL COMPLEXRON
Cyanidin, delphinidin and petudinin glycosidase able to bindhard metal ions(e.g,
Fe¥*, AI¥*, G&"), thus formingstablesolublecomplexegSigurdson et al., 201§Yoshida et
al., 2009b) (YHQ LQ PLOGO\ DFLGLF VRDX\NDRREQ& erem&edR WR Q V
upon binding and the anthocyanidin adopts phguinonemethide structure typical of the
anionic base. The main consequences ara:saongbluing effect, b) a hyperchromic effect
(as the anionic base is the colored form having the highest molar absorption coefficient) and
c) an improved resistance twater addition.However, unlike copigmentation complexes,
metal- anthocyanin complexes are dissociated at acidic pH (pH+4)3 which restricts the
application of this phenomenon to color stabilization. In addition, an excdss adppears

damaginga color(G.T. Sigurdson et al., 2016)

Cooperatio between FRSLJIPHQWDWLRQ S3YHUWLFDO"™ DQG PHW
(Scheme 16) is expectéalmodulate the color and greatly enhance its stabilitys approach

appears relevant with acylated cyanidin glycosides from vegetables.

Besides,the addtion of biopolymers: proteins, natural or modified polysaccharides
was reported to stabilize anthocyanins (and other phenolic compounds) through direct
interactions or microencapsulatigang & Bhandari, 2010)Electrostatic interactios and
hydrogen bonding were proposed to be important drivingefom these associatiof@Ghung
et al., 2015; Lang et al., 20319yV. Wang et al., 2017)

= Phenolic acyl group
mmmmm= Chromophore

/ \ Glycosyl moiety

Fe3*im

Scheme 6. The cooperation between intramolecular copigmentation through ve8&ical
stacking interactions and horizontal metal binding, modulates the color and greatly enhance
its stability in neutral solution.
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Abstract

The main red cabbage anthocyanins (pigments) are cyanidin glycosides bearing one or
two acyl groups derived from hydroxycinnamic acids (HCAS). Throu§hktacking
interactions with the cyanidiohromophore, the HCA residues have a deep influence on the
color expressed and its stability. In this work, a series of,noone and diacylated
anthocyanins were investigated in neutral solution (pH 7 and 8), where the pigments exhibit
purple to blue clors. Under such conditions, the gradual color loss observed is a combination
of two distinct processes involving the cyanidin nucleus: reversible water addition and
irreversible autoxidation. By acidification to pH < 2, the colorless forms stemming feder w
addition (hemiketal and chalcones) are converted to the red flavylium ion, thereby permitting
the selective monitoring of the irreversible contribution. The kinetics of color loss and of true
pigment degradation could thus be recorded for each pigniémt influence of iron+
cyanidin binding and of antioxidants (caffeic acidabktylcysteine) was also investigated. A
complete kinetic analysis combining the anthocyanin colored and colorless forms and the
degradation products is provided. Overall,gpears that acylation is critical to color stability.

For instance, the nonacylated pigment is rapidly bleached as a result of fast water addition and
its iron complex is too unstable to provide protection. By contrast, the diacylated pigments are
efficiently protected against hydration but much more moderately against autoxidation, which
on the other hand is inhibited by efficient iron binding and addition -@icétylcysteine.
Finally, the diacylated pigments are much more resistant to bleaching by hygrexpxide

(possibly produced by cyanidin autoxidation) and bisulfite (a common food preservative).

119



1. | NTRODUCTION

Anthocyanins (plant pigments) whose glycosyl moieties are acylated by hydroxycinnamic
acid (HCA) residues (Scheme 1) are known to exhibdre stable colors than their
nonacylated counterparis. Li et al., 2018; Matera et al., 2015; Moloney et al., 20Lds

color stability is observed across the range of foochpatible pHs (from 2 to 8), rkimg
acylated anthocyanins from edible sources promising candidates for development as natural

red, purple and blue food colors.

HCA residues contribute to color stability throudbstacking interactions with the
anthocyanidin chromophore (evidenced bygloange correlations in NOESY NMR spectra)
and, depending on anthocyanin structure, involves individual anthocyanin molecules
(intramolecular copigmentation) or noncovalent dimers {@&dbciation) and possibly higher
oligomers(Pyysalo & Kuusi, 1973; Trouillas et al., 2016ahe prevalence of intramolecular
copigmentation or selissociation is governed by the shape of the acylated saggr (
extendedss more compact disaccharides), the acylation site (on a given sugar) and the site a
which the acylated sugar is attached to the chromofRgsesalo & Kuusi, 1973 hrough
these Sstacking interactions, the flavylium nucleus is protected against the reversible addition
of water at the hard electrophilic site C2, which yields the colorless hemiketal and chalcone
forms (Scheme 2). éherally, the presence of a second HCA residue brings a larger increase
in color stability than the first one, which is attributed $stacking interactions developing
on both sides of the chromophore within a "sandvliledi' structure(Dangles et al., 1993c;
Moloney et al., 2018Moreover, anthocyanidin HCA interactions promotes bathochromic
VKLIWYV LQ WKH SLIPHQWVYT YLVLEOH DBE\YH®dI@&aatidRQ EDQG DC

Besides pH and copigmentation / sa$isociation, the color of anthocyanins can be
modulated by metal catiori&.T. Sigurdson et al., 2016)pr instance, owing to their catechol
group (Bring), cyanidin glycosides can bind #eFe* and AF*. Due to concomitant proton
loss and increased electratelocalization, metal anthocyanin binding also triggers a
bathochromic shift of the visible absorption band (up to +100 nm at gPyg$alo & Kuusi,
1973; G.T. Sigurdson et al., 2016; Trouillas et al., 2016a)

Color loss during industrial food processing can be due to othexapktles than water,
namely bisulfite (a common food preservative) and hydrogen peroxide. The latter may be
formed upon the autoxidation of oxygeansitive compounds, such as&corbate and plant

phenols bearing a catechol or pyrogallol ring, like cafeid gallic acid8.The soft bisulfite
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ion reversibly adds to the soft electrophilic site C4 of the flavylium cation, yielding a
chromen4-sulfonate’ To limit the oxidative degradation of anthocyanins at neutral pH,
antioxidants, such as thiols, can keed. For instance, glutathione (0.5 @) lincreases the
stability of anthocyanins in blackberry juit®.

In neutral solution, acylated anthocyanins from red and purple varieties of vegetables
(red cabbage, purple sweet potato, purple cauliflower) gaeat potential for use as blue
colors. Red cabbage is particularly interesting for its high content (> 80%) in acylated
anthocyaning?! particularly in diacylated anthocyanins (37% in the extract studied in this
work), known for their higher color staliyfi While the color stability of anthocyanins has
been broadly studied, their irreversible degradation in near neutral solution is still poorly
documented. Under neutral conditions, acylated anthocyanins display a higher fraction of
neutral and anionic gaonoid bases (the major colored forms at pH8) than nonacylated
anthocyanins, which are predominantly under the hemiketal and chalcongftoloeey et
al., 2018)At pH > 7, the anionic base becomes the major colored form and a significant
fraction of anionic chalcone may also be preséhtBoth anionic species are probably much
better electron donsy and thus more vulnerable to autoxidation (nonenzymatic oxidation by
O, under the mediation of transition metal traces), than the corresponding neutral forms. The
overall rate of anthocyanin degradation is thus expected to reflect the initial distrib@itio
colored and colorless forms, as well as their relative sensitivity to the oxidative/hydrolytic

pathways leading to colorless products.

In this work, a selection of red cabbage anthocyanins (RCAs, mostly, pigments A, 1 and
4, see Scheme 1), from nonktgd to diacylated, has been investigated for its thermal
stability in neutral dilute solution (pH 7 or 8). The kinetics of color loss and true anthocyanin
degradation have been monitored in the presence or absence of adteshdref two
common antioxidnts caffeicacid and Nacetylcysteine (NAC)The corresponding curves
have been quantitatively analyzed to extract kinetic parameters and information on the
mechanisms at work. The influence of acylation a) on the reversible or irreversible color loss,
ard b) on the susceptibility of the cyanidin chromophore to nucleophilic attack by bisulfite or

H->0,, is discussed.
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OGlc OGilc Anionic quinonoid
Fast H* +H* }(a2 base (A-)

Neutral quinonoid
base (A), most stable tautomer

K'a = [H+]([A] + [B] + [Cc] + [Ct])/[AH"] = K, + K", (1 + K)

k'h  -H,O+H" | +H0/-HY Ky, K'y = kplk',

OH
Fast
HO on st
O-Glyc
OGIe Hemiketal (B) OCle  gjs.chalcone (Cc)

K'.=k"/k .
Slow k-i k'i ! e
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L
OH
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oGlc O

Scheme 2 Structural transformations of anthocyanins in acidic to neutral aqueous solution.
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2. MATERIALS AND METHODS

Anthocyanins were studied in dilute aqueous solutions (typically, 50 pM), thus
minimizing selfassociation.

R
R;,R, = HO
Rl
Pigment R1 Rz
A H H
1 p-&RXPDUR\O 5 H
2 JHUXOR\O 5 2C H
4 p-Coumaroyl Sinapoyl
5 Feruloyl Sinapoyl
6 6LQDSR\O 5 5 Sinapoyl

Scheme 1 The red cabbage anthocyanins studied in this work.

2.1. Chemicals

Individual red cabbage anthocyanins (isolated and characterized according to previously
reportedprocedure¥) and he red cabbage emtt (RCE)were provided by Mars Wrigley
Confectionery (Hackettstown, NJ, USA). Based WALC/DAD analysis (data not shown),
RCE containsca. 7% pigment A (noted PA), 56% monoacylated anthocyanins and 37%
diacylated anthocyanins, a composition in good ement with the literatur€. Stock
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solutions (5 mM) of pigment were prepared in aqueous 0.01 M HCI |(@). Cyanin
(cyanidin3,50-diglucoside), Nacetylcysteine, caffeic acid, NaH§Oaqueous D,
FeSQ,7H,0, NaHPQO,,2H,0 and NaHPQ,,7H,O were all purchsed from Sigmaldrich

Co. HPLGgrade water was used in all experiments. RCE was purified on a Bondelut C18
cartridge. Solvents for purification contained 0.01 M HCI. The extract was washed with 2
volumes of water, 2 volumes of MeOHBI (15/85) and elutedith MeOH/H,O (30/70). The
anthocyanin fractions were mixed, concentrated under vacuum and lyophilized. A 6 mM
solution of the purified RCE fraction (in cyanin equivalent) was prepared in aqueous 0.05 M
HCI (pH | 1.3).

2.2. UV -visible spectroscopy
Absorption spectra were recorded on diagieay spectrometers (Agilent 8453 or Specord
S600) in thermostated magnetically stirred quartz cuvettes (1 cm pathlength).

2.3. Thermal degradation

Thermal degradation was performed at 50°C in sealed pyrex bptteescted from light to

avoid photodegradation and placed in a thermostated water bath. At time zero, the
anthocyanin was diluted to 50 uM directly in the preheated 10 mM phosphate buffer. Aliquots
were taken up at time zero and at regular time intervaés 8h and finally at 24h. The
samples were immediately cooled in an ice bath to stop the thermal degradation. As a control
in the absence of degradation, the -\Sible spectrum of the pigment was recorded after
dilution to 50 puM in 0.05 M HCI.

For degradation experiments with added’£ea stock F& solution in aqueous 1 mM
HCI (pH | 3) was freshly prepared and a small volume added to a final concentration of 0.6
molar equivalents. anthocyaninThe binding was fast and accompanied by the development
of a large visible band in the range 609750 nm characteristic of the irgmgment
complex(G.T. Sigurdson et al., 2018he selectedre’* concentratiorwas sufficient to reach

near maximal binding while minimizing the concentration of unbound iron ions in solution.

The thermal degradation experiments weeeformed in triplicate for P1 and P4 at pH
7, and in duplicate for pigment A. The degradation in the presence of antioxidants and under
modified atmosphere were performed once. To establish the modified atmosphere, series of
freeze/thaw cycles were penoed with the buffer in a Schlenk tube, enabling full degassing.
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Argon was then added to atmospheric pressure. Stock solutions (15 mM) of antioxidants
(caffeic acid, Nacetylcysteine) in aqueous 1 mM HQ@H | 3) were prepared and added

(antioxidant/anthoggnin molar ratio = 3) to the anthocyanin solutioh=a0.

2.4. Kinetics of color loss and anthocyanin degradation

The fraction of residual colored forms in the heated near neutral solution was
calculated asX, = Anadt)/Anax0) and plottedvs time. For assessing the true anthocyanin
degradation (irreversible component of the observed color loss), the aliquots were then
acidified to pH ~ 1.2 with 2M HCI for conversion of all anthocyanin forms (colored +
colorless) into the flavylium ion. A UWisible spectrum was recorded after 1 min, allowing
the fast regeneration of the flavylium ion from the quinonoid bases, hemiketatisnd
chalcone. However, as ths-trans isomerization of chalcones is very slow, especially with
acylated anthocyanirs,much lager periods of time are required for the overall conversion
of the trans-chalcone into the flavylium ion. Monitoring flavylium regeneration at pH 1.2
over up to 140h at 25°C showed that at least 80% of the final plateau value was reached after
48h for boh P1 and P4. Hence, a second spectrum was recorded 48h after acidification to
determine the residual flavylium concentratidhe residual fraction of flavylium ioX, was

calculated as foX, and plottedss time.

For experiments with added #g the speta were simply recorded 1 min after
acidification to avoid further pigment degradation. Indeed’ &etoxidation to F¥ is fast in
near neutral solutidrand F&" thus formed is an oxidant at low pFortunately, independent
UPLC-DAD analysis (data noshown) revealed that iron binding largely inhibits the
formation of thetrans-chalcone. Hence, in experiments withded F&, a 1 minperiod is

sufficient to ensure the conversion of most colorless forms into the flavylium ion.

2.5. Additions of hydrogen peroxide and bisulfite

Red cabbage anthocyanins were compared in bleaching tests involving sodium
bisulfite (5 equiv.) and hydrogen peroxide {E@uiv.,i.e. a large excess to achieve a strong
color loss in less than 1h). To that purpose, 1.5 mL ofgitede buffer (10 mM, pH 7) were
placed into the spectrometer cell and a small volume of a concentrated stock solution of
anthocyanin was rapidly added (final concentration = 50 uM), immediately followed by a

small volume of concentrated aqueougOK (0.6 M) or sodium bisulfite (0.015 M). Spectra
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were recorded immediately every 2 to 5 s over 50 min with,Hand every 0.5 s over 1 min

with bisulfite.

2.6. Kinetics of trans - chalcone isomerization

In a first step, theranschalcones (Ct) of PA, P1, P4 antithe whole red cabbage
extract were accumulated by heating at 50°C, pH 7 for 2h. This duration was sufficient to
provide significant Ct concentrations, while limiting the rate of irreversible degradation.
Then, aliquots were cooled down and acidifiedptd 1 by concentrated HCI. UVisible
spectra showing the regeneration of the flavylium ion were recorded every hour over 7 days
and the visible absorbance plotted as a function of time.

2.7. Mathematical analysis

The Scientist software (Micromath, Saltake City, USA) was used for all curve
fitting calculations. Most curves of color loss could d®alyzed according to a firstder
model. The apparent rate constakf,t D QG DEVRUE D QF)hveiz R&cDIateéd XFerH
the kinetics in the presence &% and for the irreversible degradation kinetics, a
biexponential model was used, yielding one set of paraméters’(@ for the fast component

and another on&y{ "~ § for the slow component.

The Scientist software was also used for the simultaneanalysis of the fractions of
colored K,), colorless hydratedX{) and colorless degradedqf species. A kinetic model
assuming an apparent fistder for the degradation pathways was built (eqnsHB)) and

used for the simultaneous cusfiting analysis of the timadependence of the three fractions.

X/t = (on + ke)Xn X (1)
-dXy/dt = (kDB + k_h)Xh - knXn (2)
dXa/dt =kpaXn + kpeXn (3)

The procedure gave access to the optimized values of the four adjpstebieeters: the rate
constants of apparent hydratiok,)( and dehydration k{;), and the rate constants of
irreversible degradation for the colored formksa) and for the colorless form&gg). As the
calculation provided negligible values fig, this mte constant was set at zero for the final

assessment of the other three rate constants.
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3. RESULTS & DISCUSSION

In red cabbage anthocyanins, acylation occurs on the compact sophorosyl moiety
(Glc- E1,2-Glc) at C30H, more specifically at C6 of the internal Glc (HCAp=<oumaric,
ferulic or sinapic acid) and/or at C2 of the external Glc (HCA = sinapic acid) (Scheme
1).(Matera et al., 2015; Moloney et al., 2018; Torskangerpoll & Andersen, 2088)latter
sinapoyl residue is critical to the sensitivity of RCAs to water add{tiwloney et al., 2018
The structure of acylated RCAs favors the conformational folding of the HCA residues onto
the cyanidin nucleus, known as intramolecular copigmenté#gysalo & Kuusi, 1973;
Trouillas et al., 2016a%el-association may also contute to the color stability of acylated
anthocyanins, as evidenced by the circular dichroism spectra of the diacylated red cabbage
pigments in mildly alkaline aqueous solution, which display a Cotton effect in the visible
range(Moloney et al., 2018Based on the Cotton effect intensity, sadkociation increases
with the number of methoxyl groups on theemal acyl residue (within thp-coumaric,
ferulic, sinapic series). ThesBstacking interactions have a huge impact on thaepkendent
distribution of colored and colorless forms and are thus expected to deeply modulate both
color stability and the ratR 1| WKH SLIPHQWVY WKHUPDO GHJUDGDWLRQ

3.1. Color loss and true anthocyanin degradation

The curves of color loss for PA, P1 and P4 were built by sampling over 8h (Fig. 1A). As
expected, the color of diacylated P4 is much more stable than that of motexh&1a itself
more stable than that of nonacylated PA, in agreement with the lite(atoleney et al.,
2018) A more accurate spectroscopic monitoring over 2h (Fig:SDAgave the following
first-order rate constants of color loss at pH 7: 6:9dn PA, 4.1 i for P1 and 0.8 thfor P4
(Table 1SI).

At pH 8, P1 color was more stablg,{= 1.5 h) than at pH 7, = 0.4 h) (data not
shown). The same trend is observed withtp4< 7.0 h at pH &s 3.8 h at pH 7). However,
the opposite holds for P& 4 = 5.6 h at pH &s 6.0 h at pH 7)The faster degradation of P6
at pH 8 might rdéct the higher sensitivity to autoxidation of the second elegtobn

sinapoyl residueMoreover, in control experiments at pH 7 andsiBapic acid was actually
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rapidly consumed with concomitant formation of covalent dimers (evidenced by-DRIDC

MS andysis, data not shown) whereasoumaric acid was mostly unchanged.
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Fig. 1. A: Color loss at pH 7, 50°@igmentA (+), P1(0), P4 v B: Anthocyanin loss
(residual flavylium ion after acidification to pH 42 and 48h stabilization at room
temperature).

The color loss observed likely results from a combination of the reversible water
addition (and subsequent isomerization reactions, Sel®rand of irreversible reactions that
are expected to be slower than the hydration process under acidic conditions but could
actually compete with it under neutral conditions. Indeed, water addition is very slow at pH 7
+8, as the electrophilic flavylm ion is in trace amounts, and autoxidation is probably
relatively fast, as electrench anthocyanin forms (mostly, the anionic base, but also the
chalcone anion) are present. The residual color of the solutions after 24h at pH 7, 50°C was
pale yellow forPA, light blue/violet for P1, and blue/violet for P4 and P6.

Among the structural transformations of anthocyanins (Scheme 2), water addition
(hydration) is the step that is most critically influenced by acylation. Ind&sticking
interactions (intramelcular copigmentation and/or selsociation) slow down the
nucleophilic addition of water at C2 and consequently loieand thusK § and the global

acidity constank §*

The distribution diagrams of the colored and colorless species are represehRigd2on
for pigment A, P1 and P4. For PA, water addition to"Addmuch more favorable than proton
loss, and the neutral base A does not accumulate. By contrast, for P4, under mildly acidic
conditions, the neutral base A is more abundant than the globlabpoolorless forms. An
intermediate situation is observed with P1 (the neutral base can accumulate but remains less
abundant than the hemiketal and chalcones). At equilibrium at pH 7, the colored forms (a near
1.1 mixture of neutral and anionic bases® assentially absent with PA and represent no
more than 15% with P1. By contrast, they remain largely domiramt80%) with P4.
However, these percentage values are theoretical (deduce& ffoka; andK,,) because the
kinetics of water addition is v slow at pH 7, meaning that the equilibrium state is not
reached before the onset of irreversible reactions combining hydrolysis and autoxidation.
Indeed, AH is the sole electrophilic species susceptible to react with water. Hence, the
apparent rate catant of water addition can be expressed as eqn.A4)= mole fraction of

AH" within the mixture of colored forms in fast equilibriuhns [H™]):
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Kepe Kn Gy K ph
obs TRTAR TN 1 K /h KgK,,/h?

k' ,h (4)

pH 7 pH 8

Kobs ti Kobs tio
(x10°hY|  (h) |x10PhY|  (h)

PA| 274 0.25 6.24 111

P1| 195 3.55 0.78 88.9

P4| 6.4 10.8 0.50 | 138.6

Fig. 2 Distribution diagrams for pigments A, 1 and 4 at equilibrium.flavylium ion, w:
neutral basew: anionic base;--: colorless formg25°C). Calculated apparent rate constants
of water addition (from eqn. (4) in text) and correspondinglifalizalues at 25°C.
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Eqgn (4) (in fact, a simplified version neglecting tH8 [@oton transfer) can be used to
estimate Kai, kn andk T, from exgeriments conducted in the pH ranget3 where hydration
is relatively fast and degradation negligiflMoloney et al., 2018However, it can also be
used for estimating the apparent rate constant of pure hydration (in absence of degradation)
under neutral conditions (Fig. 2). For instance, calculiitggvalues at pH 7, 25°C were
estimated at 0.20"hfor P1 and 0.06 fhifor P4. Under the same conditions, the experimental
curves recorded upon direct spectroscopic monitoring over 2h required biexponential analysis
for quantitative exploitation, which suggests more complex processes combining hydration
and dgradation. The rate constants of the fast component were estimated at' fo42Ph
and 0.32 H for P4 (Table 1SI), i.e. 6 +7 times larger than the theoretical values assuming
pure hydration. Therefore, it is clear that degradation participates ferstart in the slow

color loss observed under neutral conditions.

The contribution of irreversible reactions to the global color loss observed under neutral
conditions is fully confirmed by cooling the samples to room temperature, acidifying them to
pH 1-2, waiting for the complete conversion of the residual coloreccalmlless forms to the
flavylium ion, and eventually plotting the final flavylium concentration as a function of time
(Fig. 1B). The decays now observed only reflect the irreversible component of the color loss
recorded at pH 7 and 50°C. Interestingly, thiferences between the pigments are not
significant, suggesting that if the acyl residues are efficient at protecting the cyanidin nucleus
against the reversible addition of water, they seem much less efficient at inhibiting the
irreversible pathways lelng to cyanidin degradation. In other wordsstacking interactions
prevent anthocyaninsfrom water addition butmay not protect them against oxidative
degradationThus, the differences in the rates of color loss between acylated and nonacylated
anthocynins would be mostly attributable to differences in susceptibility to the reversible
water addition. A more complete kinetic analysis (see below) permits to refine the
interpretations.

3.2. Chalcone isomerization

Upon heating at 50°C, theans-chalcore (usually a minor colorless form at room
temperature) readily accumulatat pH 7 (as evidenced by UPLHTAD analysis, data not
shown). After sample uptake, cooling to room temperature and acidification to 3far

spectroscopic titration of the resaluflavylium ion, the residualtrans-chalcone was still
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observed after a 1h incubation at room temperature. Indeed, the slowest step in the structural
transformations of anthocyanins is ttie-transisomerization of chalconéé**To accurately
quantify the true degradation of anthocyanins, the full recovery of the flavylium ion is
required. The rate of chalcone isomerization was thus determined for PA, P1 and P4 after

accumulating the colorless forms over 2h at pH 7, 50°C.

Following the pH jump, the kirties during the first 30s shows the fast regeneration of
the flavylium ion from the hemiketal args-chalcone (Table 1, Scheme 3). Then, the very
slow Ct isomerization was monitored over up to 3 days to reach the plateau corresponding to
full flavylium regeneration (Fig. -5l). With the 3 major anthocyanins studied, a 48h period is
sufficient to converta 80% of the residual anthocyanins into the flavylium ion. Acylation
has a significant impact on the rate of flavylium regeneration at room tempelatsit@gher
with PA (kops= 0.11 K') than with P1 and P&dps | 0.03 +0.04 hY). Surprisingly, chalcone
isomerization with pigment A (cyanidiB-sophorosideb-glucosidet;, | 5h) is much slower
than with malvin (malvidir8,5-diglucoside, t;» = 17.5 min)}> meaning that the bulky
sophorosyl moiety strongly inhibits the reaction. With the sterically hindered Heavenly blue
anthocyanin (a sophorose moiety at-GH acylated by 3 glucosylated caffeoyl residues),
chalcone isomerization is even mwstbwer than with RCAs, requiring more than 2 weeks for

complete flavylium regeneratidd. Mendoza et al., 2018)

From absorbance measurements along the process of heating over 2h at pH 7,
acidification and kinetic monitoring of theans-chalconeo flavylium conversion (Scheme
3), the distribution at pH 7 of the coloreatins (a mixture of neutral and anionic bases in fast
acidbase equilibrium), hemiketal tis-chalcone (in fast cyciehain equilibrium),trans
chalcone and degradation products (D) could be estimated for PA, P1 and P4 (Table 1). As
expected, after 2h at pH 50°C, the percentage of residual colored forms is much higher for
the acylated pigmentsd 36% for P4vs. 7% for PA) and the reverse holds for the colorless
hydrated forms (resga. 16 and 6 % of B + Cc and Ct for R4 ca. 39 and 21% for pigment
A). However, the protection against hydration exerted by the HCA residues apparently does
not extend to autoxidation and the percentage of degradation is even slightly higher for P4
(42%) than foPA and P1 (34%).
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Table 1 Distribution of colored forms / hemiketalcis-chalcone trans-chalcone /
degradation products (D) after 2h of heating at 50°C, pH 7 for pigment A, P1 and P4. First

part of Table 1 gathers molar absorption coefficients and absorbance values used in the
calculations’

QPH D" QpH 7’ A A Aqi© Aur'
PA 21990 10400 1.17 0.036 0.531 0.776
P1 16590 9400 0.906 0.104 0.435 0.597
P4 17620 11000 115 0.259 0.601 0.665

Cot [A+A1,% [AH'] [AH) [D], % [Ct], % [B+Cd, %
PA 53.2 3.5,6.6 24.1 35.3 17.9,33.6 11.1,20.9 20.7,38.9
P1 546 11.1,20.3 26.2 36.0 18.6,34.0 9.8,17.9 15.2,27.8
P4 653 235361 341 377 275422 36,55 10.6,16.2

2 All concentrations in uM,0values in M* cmi. ® Values estimated from our previous wark.

°pH 1, no degradatiofi.pH 7 after 2h at 50°C.pH 1, initial value just after acidificatiohpH 1, final
value.Method concentrations are deduced from the following relationsi#ips: QiCiot Y Ciot; Asf =
QulAHT1¢ Y [AH™]15; Cot = [AH™]3s + [D] Y [D]; A Ru[AH™]5 Y [AH™]4j; Ciot = [AH ]y + [CH] +
[D] Y [Ct]; Az  QJA+AT] Y [A+AT]; Coe = [A+A’] + [B+Cc] + [Ct] + [D] Y [B+Cc].

Neutral and anionic bases (A & AY)

Neutral and anionic Time (hours)

quinoidal bases (A & A")

in fast equilibrium Slow hydration

& degradation
pH 7, 50°C

Hemiketal (B) & cis-chalcone (Cc) in fast equilibrium
Trans-chalcone (Ct)
Degradation products (D)

Cooling | Fast dehydration

(HCI) | (seconds)

Flavylium ion
Trans-chalcone (Ct)
Degradation products (D) Slow isomerization

Time (hours) Flavylium ion

Degradation products (D)

pH1, RT

Scheme 3 The protocol for assessing the distributiorspécies in a neutral anthocyanin
sample after thermal treatment.
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3.3. Metal binding

Addition of F€* (1 equiv.) to a solution of anthocyanin in dilute phosphate buffer (pH
7) results in the fast development of a large-wvergy visible band characterisof the
complex (Fig. 3A). The binding is accompanied by the fast autoxidation dfteere™
(confirmed by the observation that the final spectra are identical after additiorf obrFe
Fe’"), as already observed with other polyphenols havirgatachol nucleu$.Total iron
binding is achieved at low metal/anthocyanin molar ratio (< 1, Fig. 3B), which suggests the
formation of complexes in which several anthocyanin molecules are bound to metalggns (
1:2 and 1:3 F¥ - anthocyanin complexesr higher aggregates). Surprisingly, although the
+&% UHVLGXHV DUH QRW H[SHFWHG WR VWURQJO\ LQWHUD
band is more intense with P5 than with P2 or PA, and hevalue is much higher (650 nm
vs 590 nm, Fig. 3A). Othe other hand, seHssociation of the cyanidin nuclei under neutral
conditions (evidenced by Cotton bands in the visible circular dichroism spectra) is much more
important with the diacylated red cabbage anthocyanins than with thek anmoh
monoacylatedcounterpart¢§Moloney et al., 2018Hence, it may be speculated that kon
anthocyanin aggregates are rm@asily formed from P5 than from P2 or PA. Under these
conditions, no precipitation of the complexes was observed over a storage period of 3 months

at room temperature.

The halflife of color for the F& complexes of P1 and P4 is respectively 4 ananedi
larger than that of the free pigments (Figs 4B & 3B With their quinonoid structure, the
metal complexes do not undergo water addition, and are probably less prone to autoxidation
A similar strong color stabilization was obtained with the wholeAR&xtract. For P6,
although F& increases the halife of color by only a factor 3 (a possible consequence of
the higher oxidizability of the sinapoylvs. p-coumaroyl- moiety), the strong influence of
Fe* on the color expressed and its stabilityolsvious (Fig. 5). By contrast, no color
stabilization is observed with PA (Fig. 4A). Again, HCA residues are critical to the stability
of the iron complexes (possibly by promoting the formation of aggregates) and the

corresponding color.

Diacylated P4 omnl has a slightly higher thermal stability in the presence of iron ions
(Fig. 4D), again suggesting that the color stabilization observed at pH 7 mostly reflects a
protection against hydration, rather than against true (irreversible) degradation. Bytcontras
P1 and even more so PA (Fig. 4C) are more rapidly degraded followffigdidition. This
suggests that P4 efficiently sequesters iron ions (possibly within aggregates of high
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stoichiometry), while leakage of iron ions from the weaker complexes fornitedPwiand P1

may initiate autoxidation.

In the acidified samples, the wavelength of the flavylium absorption maximum
decreased by up to 9 nm for diacylated P6 over 24h at pH 7, 89°@hly 5 nm for P4, and
less than 1 nm for P1 ai\. This hypsochromishift is ascribed to the partial hydrolysis of
the hydroxycinnamoyl residues (confirmed by UPDED-MS analysis, data not shown). As
expected, the decrease if{AH") was larger at pH 8 than at pH 7 (R8:nm at pH 8),
pointing to a faster deacylati@t higher pH, in agreement with the basgalyzed hydrolysis
of ester bondsWith P4, the addition of Fé cancelled the hypsochromic shifthe strong
iron £P4 binding could thus inhibit the deacylation reaction. On the whole anthocyanin
extract, F&" accelerated the irreversible degradation in agreement with the dominant
contribution of non and monoacylated pigments (representing 64% of the anthocyanins).
Overall, F€* ions exert a dual impact on red cabbage anthocyanins: on the one hand, it
stabilizzs the blue color of acylated pigments by forming stable complexes that prevent the
oxidation of the anionic bases and the hydrolysis of the acyl moieties. On the other hand,

loosely bound Fé promotes the irreversible degradation of n@nd monoacylategigments.

t=0
t=4h
t=24h

P& P6 + Fe?*

Fig. 5. Color changes in P6 solutions at pH 7, 50°C following addition &f(Be5 equiv.)
and storage over 24h (pigment concentration = 50 pM).
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Fig. 3. A: Spectra of the iron complexes of pigment A, P2 and P5 (1 equil;. fté 7,
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function of the metal/pigment molar ratio.
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3.4. Impact of dioxygen and antioxidants

To inhibit the irreversible degradation of anthocyanins, naturally occurring antioxidants
(caffeic acid, Nacetylcysteine), an inert atmosphere and a rofitalating buffer (citrate)
were tested. As expected, when the samples were heated under ragefteditidns (argon
atmosphere), pigment degradation was much slower (see Fig. 4C forti#a\)s evidence for

the contribution of oxidative degradation pathways.

Caffeic acid (3 equiv.) has essentially no impact on both color and pigment content,
although a lgght destabilization could be detected in the long term (> 24h, data not shown).
Similar observations were made with other phenols bearing catechol or pyrogallol groups
(protocatechuic acid, methylgallate). Under the present conditions (pH 7, 50°Ci; eafte
can produce bD, upon autoxidatioh and this preoxidant effect could cancel out the

expected antioxidant protection.

More interestingly, NAC (5 equiv.), while having no influence on the color stability of
PA (governed by the hydration kinetics,gFi4A), exerts a strong protection against its
degradation (Fig. 4C). As P4 is much less sensitive to water addition than pigment A, its color
loss at pH 7 has a strong irreversible component (autoxidation), which is significantly
inhibited by NAC (Fig. 4B. This protection is confirmed in the acidified samples (Fig. 4D).
Overall, NAC inhibits anthocyanin degradation at pH 7 but this favorable influence is
translated into a more stable color only for the acylated anthocyanins that are efficiently

protectedagainst hydration.

A similar stabilization by thiols was observed with blackcurrant anthocyanins at pH 7.
Glutathione, dihydrolipoid acid and-tysteine enabled to double the residual amount of
anthocyanins after 4h at 37°C. The effect was stronger ihahthocyanins that are more
susceptible to oxidation (delphinidin > cyanidih)The antioxidant effect of NAC may be
ascribed to its ability to reduce reactive oxygen species (includig@)Hnvolved in

anthocyanin autoxidatiotf.

Finally, citrate (10mM) added to the phosphate buffer slowed down the irreversible
degradation oPA (70% residual pigment at t = 24%s only 40% in pure phosphate buffer,
data not shown), a likely consequence of its ability to chelate unidentified transition metal
traces mitiating cyanidin autoxidation. Although still poorly documented, the combination of
metatchelating buffers and thiols has potential for stabilizing anthocyanin colors in food

matrices.
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Fig. 4. A & B: Color loss at pH 7, 50°@ & D: Residual fraction of anthocyanin (colored
+ colorless forms, spectroscopic titration in acidified samples afterciibation at RT) at pH
7,50°C.3LJPHQW D ORQHO0.&/equis.[RERH,@igvnent +5 equiv. NAC( » ). A &
C: PA, under argont). B & D: P4

3.5. Impact of acylation on the addition of hydrogen peroxide
and bisulfite

The presence of aromatic acyl moieties protects the flavylium from the nucleophilic
addition of watefMoloney et al., 20187t pH 7, two other common nucleophiles possibly
involved in anthocyanin bleaching were tested: a hard one, hydrogen peroxide, reacting at
Cc2!® and a soft one, the bisulfite ion, reacting at’@ecently, HO, was also proposed to

react as an electropkibt C3 of the nucleophilic hemikefal.

138



Time (min)

A/AO at max(VlS)

1 5
0,75 -
0,5 -
0,25 -
0 T T T 1
0 10 20 30 40
Time (S)

Fig. 6. Kinetics of bleaching (pH 7, room temperaturd). After addition of HO, (10°
equiv.).B: After addition of sodium bisulfite (5 equiv.}). 3$ 3: P5,w w: red cabbage
extract.

At pH 7, bisulfite adds to cyanidin much more rapidly tha@HFig. 6). As expected,
the presence of aromatic acyl groups clearly hinders the addition ofnibcteophiles.
Compared with nonacylated PA, P5 reacts witDH(10® equiv.) 11 times less rapidlys
only 4.8 times for P2 (Table 2). For P5 and P2, the color loss following the addition of
bisulfite (5 equiv.) is 6.7 and 2.7 times faster than for fe8pectively. In the case of the fully
reversible bisulfite addition, the acyl groups shift the position of the equilibrium toward the
colored forms, whose percentage is 73% for P5, 17% for P2 and 4.6% for PA. The

corresponding binding constants could Iséineated (Table 2), showing that the affinity of
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bisulfite for P5 is decreased by a factor 74 compared tov®Anly a factor 4.4 for P2. These
stabilization factors are of the same magnitude as for the rate constant of water addition,
which is respectigly 29 and 2 times smaller for P5 and P2 than fo(f8loney et al., 2018)
These observations show that acyl groups protect the cyanidin chromophore against

nucleophilic additions, not only at C2 (hard nucleophiles) but also at C4 (soft nucleophiles).

3.6. Refined kinetic analysis

For each thermal degradation, two kineticseveronitored: a) the color loss (fraction
of colored species at pH 7, not&g), and b) the irreversible degradation (fraction of residual
flavylium recovered after acidification to pH 1 and 48h of stabilization, n&igedAt pH 7,
both the hydrated and geaded forms (respective fractionsXs and Xg) contribute to the
species distribution and one hag: + X, + Xy = 1. After acidification to pH 1, the colored
forms (a mixture of neutral and anionic bases at pH 7) and the hydrated forms are both
convertedinto the flavylium ion (fractionXy) and one now hasXs + Xq = 1. After direct
spectroscopic determination Xf andX, (e.g, from curves on Fig. 1A and Fig. 1B, resgxy,
and X4 can be easily calculate&, = X5 £X,, X4 = 1 =X, The apparent rateonstants of
hydration k,) and dehydrationk(,), and the rate constants of irreversible degradation for the
colored forms Kpa) and the colorless form&gg) can be estimated from the simultaneous
curvefitting of X,, X, and Xy vs time according to eqnd) £(3) (Scheme 4, Table 3). The
calculations provided negligible values fgj for all samples. This is an indication that under
neutral conditions the colorless forms undergo minor degradation. An example of kinetic

analysis (P1, pH 7) is shown orgFir.

Table 2 Rate constants of hydrogen peroxide*@quiv.) and bisulfite (5 equiv.) addition to
anthocyanins at pH 7, room temperature.

Kobs(S)  Xeq(%6)* K(M™)  kops(min™)
Bisulfite  Bisulfite Bisulfite H,0,
PA 0.40 46 1.0x1G 1.46(+ 0.01)
P2 0.16¢0.02) 17 2.3x1d 0.63(+ 0.01)
P5 0.06¢0.01) 73 1.6x1G 0.13(x0.01)
044 + 0.04 a7 1.33 (+ 0.03)
0.05 + 004 0.05 (+0.01)

Pigment

RCEP

& Percentage of residual anthocyanin at equilibritins @).
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® Biexponentional decayN(= 3).

Table 3. Kinetic analysis of thermal degradation at 50°C. Apparent rate con&tants,
and k, refer to the degradation of the colored forms, and to the hydration and dehydration
steps, respectively.

k (h™) Pigment A P1 P4
koa (x10%), pH 7 546 (+ 39) | 193(+ 13) | 83 (x5)
kn, pH 7 14.0 (+ 0.5) |1.77 (+ 0.12] 0.14 (+ 0.02)
kn, pH 7 1.16 (+ 0.10)| 0.58 (+ 0.06] 0.20 (+ 0.06)
koa (x10°), pH 8 - 411 (+58) | 85 (+3)
kn, pH 8 - 1.4 (£ 0.3) |22 (+ 3)x10°
kn, pH 8 - 0.61 (+ 0.18] c
koa (x10%), pH 7 + FE"2[5110 (+ 380F| 218 (+ 11) | 62 (+ 5)
kn, pH 7 + Fé*2 6.41 (+ 0.47¥|0.56 (+ 0.10] c
kn, pH7 + F&®  |0.39 (+ 0.03)|0.80 (+ 0.17] c

3 Fe?*/anthocyanin molar ratio = 0.6Additional adjustable parameter = fraction of Fe
bound colored forms = 0.11 (+ 0.0i)Y oo low to estimate.

The data of Table 3 permit to distinguish the impacts of the acyl groups on hydration
(rate constantk,) and on degradation (rate constaks) and thereby to refine the
interpretations. As expéed, acyl groups markedly slow down water additidg,for
diacylated P4 being smaller by 2 orders of magnitude than for nonacylated PA. However,
despite the almost superimposed curves featuring flavylium consumption for PA, P1 and P4
(Fig. 1B), acylation does protect the cyanidin chromophore against degnadtas for P4
being smaller by a factor 67 than for PA. This paradox can be explained from eqn (5)
governing the time dependence of the flavylium fraction= X, + X, (degradation of

colorless forms neglectekhs = 0):

-dXy/dt =kpaXn (5)

If acylation actually inhibits degradation (lowksa), it also inhibits hydration (higher
fraction of colored forms at pH %,). Hence, compensation in thkgaX, product results in
similar rates of flavylium consumption, irrespective of the acylatiotepatin other words,
under neutral conditions, the nonacylated anthocyanin benefits from a relative protection by
being more rapidly converted into colorless hydrated forms, as the latter are much more
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resistant to degradation than the colored forms. &Weit seems clear thatSstacking
interactions involving the acylated anthocyanins not only hinder water addition (and other
nucleophilic addition to the -@ng) but also protect the cyanidin nucleus against degradation.
This complex process must stagt électron transfer from the anionic base touQder the
mediation of transition metal traces (autoxidation). Hydrogen peroxide thus produced would
then rapidly add to the cyanidin nucleus, followed by the irreversible formation of colorless
products'®® As shown in this work, HCA residues actually slow dowsOpaddition.Our
kinetic analysis also suggests that they, at least moderately, inhibit cyanidin autoxidation.
H.O, is indeed a key intermediate in the irreversible degradation of anthocytdrensthe

slight reduction in the rate of irreversible degradation observed in this work may result from
the hindrance of pD, addition onto the chromophore. Data in Table 3 also suggest that the
double positive effect of acylation (slower hydration, slodegradation) is maintained at pH

8 and in the presence of¥e

The Qy = ky/k, ratio is the apparent thermodynamic constant of the global hydration
equilibrium under neutral conditions. From a simple manipulation of the global and individual
acidity congants, one can write:

ky [B] [Cc [Ct] K, /Ky 1
K [A] [A] 1 Kg/h (6)

Qh

TheQ, values at pH 7, either calculated from eqn (6) at 25°C (using the literature values
for the acidity constaniioloney et al., 2018)or experimentally determined at 50°C, are
actually very differentQ(25°C) = 1B, 16.3 and 4.@s Qn(50°C) = 12, 3.1 and 0.7 for PA,

P1 and P4, respectively. Although the temperature difference precludes rigorous comparison,
it seems that our kinetic model leads to underestif@ateKinetic simulations show that
assuming a particip@n of the colorless forms in the degradatikps( z0) permits to correct

this discrepancy (Figs. 3&8l). More specifically, decreasing the rate constant of
dehydration (with concomitant increase @f by a factorca. 10) while introducing a rate
constat for the degradation of the colorless foroas 10 times smaller than for the colored

forms gave curves close to experiment.
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Fig. 7. Kinetic analysis of the thermal stability of P1 at pH 7, 50%¢ (v, fraction of
colored forms):r = 0.999,X;, (", fraction of colorless hydrated forms):= 0.982,X; ( x,
fraction of colorless degradation productsyk 0.942. Curvditting according to egns (1
(3) gave the following optimized rate constamtss = 0.193 (£ 0.013)k, = 1.77 (= 0.12)k,
=0.58 (+ 0.06) fh.

Colored forms Colorless hydrated forms

Kpa ,/kDB

Colorless degraded forms

Scheme 4 A simplified kinetic scheme for analyzing the thermal degradation of
anthocyanins in neutral solution.
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Conclusions

In summary, modulatingH around neutrality and adding metal ions permit to achieve
stable blue colors with diacylated red cabbage anthocyanins. Acylation not only protects the
cyanidin nucleus against water addition but also against bleaching@yaHd the bisulfite
ion. Compred to the nonacylated pigment, these favorable effects concur to making the color
of acylated anthocyanins (especially the diacylated ones) much more stable under neutral
conditions. Paradoxically, during degradation, the total pool of anthocyanin foofesed +
colorless) is largely unaffected by acylation because the colorless forms, more abundant with

the nonacylated anthocyanin, are also more resistant to autoxidation.

For an improved stabilization, the priority should be set at protecting theoeleich
anionic base against autoxidation. Strategies based on natural phenolic antioxidants seem
limited given the susceptibility of such compounds to autoxidation (with concomitént H
production), turning them into praxidants. More promising altertiges include a) tight
binding to hard metal ions, which lowers the electron density of the chromophdine, e
of natural thiols and chelating buffers (as long as metal binding is not considered), possibly in

combination.
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Chapter 2.

The influence of acylation, metal binding and
natural antioxidants on the thermal stability of

red cabbage anthocyanins in neutral solution

SUPPLEMENTARY | NFORMATION
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Fig. 1-SI Spectroscopic matoring of color loss at pH B0°C. A: PigmentA (+), P1(0),
P4 v B: same pigments the presence of 0.6 equiv.’Fe
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Fig. 2-SI  A: The slow conversion of th&ans-chalcone to flavylium ion (25°C) after
acidification to pH 12 of samples uptaken after a 2h period of thermal treatment at pH 7,
50°C. Ap = absorbance immediately after acidificatid®A (+), P1 © 3 RCE (X).
Firstorder curve fitting giveskyps (103, h) = 106.0 + 2.3PA), 31.7 + 0.1(P1),37.4 + 0.6

(P4) and31.4 + 0.7(RCE).B: w: intact pigment A (control, pure flavylium)y: sample
immediately after acidification (flavylium + Ct #legradation products)yw: sample after
incubation for 48h (flavylium + degradation products).Normalized spectrum of thieans
chalcone deduced from the spectra of part B.
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Fig. 3-SI  Kinetic simulations for the degradation of pigment A at pH 7, 50°C. First graph:
curvefitting of the experimental data. Graphs3: simulatiors from parameters reported in
Table. X,: w, Xn: w, Xg: W.
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Fig. 4-SI  Kinetic simulations for the degradation Bff at pH 7, 50°C. First graph: curve
fitting of the experimental data. Graphs3: simulatiors from parameters reported in Table.
Xn: W, Xp: W, Xg: W.
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Table 1-SI Apparent rate constangmd amplitudesf color loss apH 7 deduced from
monao or biexponential curwitting (r > 0.999).

Pigment A P1 P4
1.42(x0.06)* 0.2(x0.2)°
0.11(x0.08)  0.04 ¢ 0.01)
0.66(x0.02) 0.199 ¢ 0.009)

kobs(™), 25°C -

(A, 25°C i
0.12(+0.2) 0.35(+0.00)
0.80 (£ 0.0
kops(%), 50°C 6.89(x0.07) 4.05(0.08) (+0.02
8.1( 05)
0.49 (+ 0.01)
(A, 50°C 0.8(+0.01) 0800 oo oo

kons(h™), FE* (0.6 equiv.), 50°C 6.19 (+ 0.04) 2.5 (+ 0.02) -
0A, FE* (0.6 equiv.), 50°C cal 0.64 (+ 0.01) ca 0.1
2 Calculatedkopsvalues (pure hydration) 86°C= 0.195 (P1) and 0.064 (P4} h
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Chapter 3 . The fate of acylated anthocyanins in
neutral solution

This chapter was submitted and acceptedth®y journal Dyes& Pigments. As it
invokes a technique that was not detailedthia first articles, theJPLC-MS, a detailed
materials & methods section is proposed prior to phélication It provides additional
informationfor the readeon the pigments used, their purithe detection of anthocyanims
mass spectrometryith an ion trap and € oF detector.

1. Parameters for the LC -MS analysis
The individual pigments were initially stored in HClI 0.1 M of known mass
concentration. They were diluted to stock solutions oM in HCI 0.05M for the further
analyses. The pigments were analyzed in UHRLEIDAD to determine their purity. The LC
and MS parameters used are in Table 1. Unless specified, the MS information refers to the ion
trap system. The LCrgdientQ was used inlaquantification analyses of anthocyanins
degradation products, whereas gradients IDA and ID14 were used for their identification. The

latter provide a better separation of the eaflyted compounds.
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Table 1. a) LCparametershb) Major LC gradientssed.

a)
LC system Acquity UPLC System
BEH C18 Acquity UPLC

Column [ PP + VBnGuard Pré&olumn

Column temperature 30°C

Sample temperature 10°C

Flow rate 0.4 mL/min

Binary solvent systen

Mobile phase A Water + 1% Formic acid

Mobile phase B Acetonitrile + 1% Formic acid

Injection volume 5 L, full loop

b)

Gradient Q Gradient ID14 Gradient IDA

Time (min) %B Time (min) %B Time (min) %B
0 6 0 2 0 2
5 12 12 24 2,5 2
10 24 14 80 7 8
12 80 15 80 10 24
14 80 16 2 12 80
15 6 18 2 13 80
18 6 14 2

16 2
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Table 2. MS/DAD parametersised with a) the ion trap, b) the TQF.

MS system

MS type

lonization system
Collision gas

Capillary voltage
Desolvation temperature

Bruker Daltonics HCT ultra
lon trap

Electrospray ionization (ESI)
N2 (40 psi)

1800V (ESI+), 2200V (ES)*
365°C

Desolvation gas flow rate 9 L/min
Acquisition mode Ultrascan
Precursor ion scans range m/z 831500*
Average target mass m/z 500*
DAD parameters

UDQJH 240-600 nm

*For HCA calibration: m/z=5600; target m/z=200

MS system

MS type

lonization system
Collision gas

Capillary voltage

Cone voltage
Desolvationtemperature
Desolvation gas flow rate
Acquisition mode
Resolution

Precursor ion scans range

Waters Synapt G3i
Q-ToF
Electrospray ionization (ESI)
N2 (40 psi)

800V (ESH)

5V

500°C

13 L/min

Ultrascan, 0.2 &'
Enhanced 40 000
m/z 561500
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The purity was calculated according to equation (1).

Pigment

Pigmentpurity — :
Pigment Otheranthocyams

(4)

The contaminants include the other anthocyanins. When phenolic compounds other
than anthocyanins were present in significant amount, their identity was determined and they
were quantified as contaminants, with appropriate reference. Cyani€ya3-Glc-5-Glc,

Sigma Aldrich Co.) was used as reference for DAD quantification.

2. Compounds quantification

The calibration curves were set down to minimal concentrations of 0.5 uM, because
below this concentration, the S anthocyanins was <8. The linear regressions were set
with an intercept, so to determine the LOD and LOQ. The quantification was then based on
linear regressions without intercept, and based on the single coefficient a, for more clarity and
because theontribution of the intercept was negligible (e.g. for pC 0.23 uM and for Sp 0.57

uM).

The LOD (limit of detection) and LOQ (limit of quantification) for this UPLC method
were determined: for pC and Sp by the repetition of 3 standard curves, the sthewiatidn
of the intercept was calculated. The LOD is the concentration range equivalent to this error,
deduced from the curve linear regression coefficient. The LOD value was multiplied by 10 to
get the LOQ value. The obtained LOQ for pC is 8.9 uM, an@ M for Sp.

For the cyanin, with only a duplicate calibration curve, the LOD was determined from
the S/N (signal to noise) ratio. The minimum acceptable S/IN = 5 was chosen, giving the
minimum detectable peak area. From the calibration curve, it conéspo a concentration
of 3 uM, which was defined as the LOD.
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Table 3. Regression parameters of the compounds quantified in DAD.

Compound Abbrev. (nlji-lr-1) (SPhI)I)[ 2:1696:3 regl;lenses?(r)n a, C;)anncgegt(ﬁl;/il?n
(nm) R2
p-coumaric acid* pC 34 309 300-330 890 0.997 0.5100
Ferulic acid FI. 45 322 300330 635 0.999 0,5100
Sinapic acid* Sp 4.9 323 300330 401 0.999 0.5100
Caffeic acid Cf 4.4 323 300330 592.0 0.999 0,5100
Chlorogenic acid CGA 1 326 300330 166.4 0.999 2-1000
Protocatechuic acid C2 1.1 295(269) 280 3.48 0.999 0.5100
Phloroglucinaldehyd C4 29 293 270320 75.0 0.998 5-100
Cyanin** Cy 14 512 460560 1325 0.999 5-200

Quantification elution profile: 0' 6%; 5' 12% B phase, cleaning and equilibration
*Averageof triplicate, **Average of duplicate

3. Initial purity

The purity of the isolated anthocyanins ranged between 75% and 93%, mostly due to
the presence of derived anthocyanins: in P4 and P5, some presence of the neighboring peak
from the initial semprep LC elution. In the diacylated anthocyanins, some deamylat
products, were present, e.g. in P6: PA and PB, and traces of isomers. In addition, the product
of hydrolysis of the glucose at C5 is frequently detected, and is eluted later than the initial
pigment. It may result from hydrolysis slowly occurring aidacpH, during the storage at
cold temperature or during sampling. Additiosahtaminantsvere initially present, such as
SpGlc in PB (m/z 385, max = 329), and Sfsoph (m/z 377). In PA some 301.6x = 297

nm).

Intens. Peak 5 Red Cabbage dil4_1-A,3_01_8017.d: Uy Chromatogram, 240-600 nm|
[mAU
X105
54

4
3
1
0

A

1 2 3 4 5 6 7 8 Time [min]

Fig 1. Contaminants in P5 (Rt = 7.8 m)i P2 (2.7 min), P4 (7.65 min), and P6 (8.0 min), and
P5 Glc hydrolysis at C5 (8.6 min).
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Above 50 pM, the spectra produced by the DAD provide a sufficient sensibility to be
used to determinenax and ratios between UV band and visible band. For exarigpl®4 and
its regioisomer (g= 200 uM; C(24h)= 32 uM), there is a clear hypsochromic shift of ca. 4

nm.

P4 isomer

P4

Fig 2. Absorptionspectrumin DAD of P4 and its isomer, used for thalailation of the
A530/A320 £ 0.68 for the P4 isomer, 398 for P4).

FURTHER DEVELOPMENTE DADANALYSIS

A disrepancy between UPLBAD and U\~vis quantification was observed, but only
for the acylated anthocyanins (P1 and even more P4). By default, all anthocyanins were
quantified as cyanin equivalent, tbaly commercial individual pigment, for which, as it is
diglucosylated, theOis expected to be comparable. However, this common references
supposes the same molar absorption coefficient, independently on the acylation pattern.
Actually, the Oof the indvidual pigments determined in the literature on the same pigments,

isolated at the Ohio State Univaysireveals differences (Tabl¢.4
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Table 4. M molar absorption coefficient of the individual RCE anthocya(itsnadiani et
al., 2016)

Pigment Structure Epsilon
Cyanin Cya3-Glc-5-Glc 27500
A Cya3-[Glc-2-Glc]-5-Glc 25540
1 Cya3-[Glc(6-pC)-2-Glc]-5-Glc 20260
2 Cya3-[Glc(6-FI)-2-Glc]-5-Glc 18200
3 Cya3-[Glc(6-Sp)-2-Glc]-5-Glc 21800
B Cya3-[Glc-2-Glc(2-Sp)]-5-Glc 13700
4 Cya3-[Glc(6-pC)-2-Glc(2-Sp)]-5-Glc 16900
5 Cya3-[Glc(6-FI)-2-Glc(2-Sp)]-5-Glc 15120
6 Cya3-[Glc(6-Sp)-2-Glc(2-Sp)]-5-Glc 12730
0,3
025 ... @ @ PP P P °
— 02 y = 0,0006x + 0,2401
é R2 = 0,9889
= 0,15
[%2)
Qo
< 01
0,05
0
0 5 10 15 20 25 30
CH4CN fraction
100000 60 -
522 500 928 495 522 gqq 932
50 -
75000 -
500004 £ - ‘ £
c c c
© T g
> S 3
25000{ © @)
0 -

Crude peak integradation Concentratlonl L Q GLY L Gofrbabord/ CHCN fraction

Fig 3. a) Impact of acetonitril§CH;CN) fraction on the absorbance of the flavylium at pH
2.22 (1% Formic acid in #D). The fraction of acetonitrile at the retention time of the
flavylium was 8.5% (cyanin), 13% (PA)6.3% (P1) and 18% (P4)) Correction of i) the
bias due to individual pigments molar absorption coefficientij the bias due to the GBN
fraction.
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4. lons detection in MS

The typical fragmentation patterns observed with anthocyanins analyzdtesge
conditions are in Table.With the ion trap, the resolution was$ ca.0.5 m/z.The glucose
moiety at C50H is the most labile. As second fragment, the acyl loss, and the loss of the

sophorose(+acyl) moiety.

Table 5 MS ions and fragments detectied the 8 RCE anthocyanins and the cyanin
reference.

MW iz m/z
Pigment M+ - MS(2) - MS(3) - MS(2) + MS(3) +
oment gmoy B s 2) 3) e 3)
. 627>265285
Cyanin 612 609663 - 663>465627 A47-465 - -
PA 774 771 773 771>609815 609>285339 287449611 137-213
PB 980 977 979 977,1>6,9815,1 609>339 287
P1 920 917 919 917>447¢755 755>609 287449757 287
P2 950 947 949 947>785 785>6233339. 287449757 287
P3 980 977 979 979>815 339, 609, 815 287449757 287
P4 1126 1123 1125 1123>755961 961>419755 963, 287 963, 287
287, 449,
P5 1156 1153 1155 1153>785992 992>339785 993, 1156 287
1183
P6 1186 1201 1185 1219>1185 1185>9771021 4491023 287
4M+Cl] ion; >: fragments intolons are ranked in decreasing order of intensity.
|n;eln056 866_.87Pl 24h june_neg_1-A,3_01_13318.d:-MS, 7.4min £ . K UD=vo
86¢.02 861.19
2.0
15
1- 1-
1.0 1- 867 19 863.19
863.73
05 -
864.83g65 73 gg6 68 865.19
00 50 860 861 862 863 864 865 866 my 850 860 861 862 863 864 865 866 mz

Fig 3. Confirmation of compound Chdduct with the isotopic pattern, example @f-3-
[Glc(pC)-2-Glc]-5-Glc CI" adduct in P1 after 24h, C = 200 pM. Left: ions detected (ion trap),
right: calculated mass pattern (Bruker DataAnalysis soffwa@ : 24.23% **C : 1.1%.
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- 3(|)O 35|O 4(|)O 45|O 5(I)O 5?0 Wavelength [n m]

Iritens. | UV, 7.75-7.85min #9239-9351
[mAU] 7 281 524
40
20 —
intend. ] 1- P1 24hjune_neg_1-A,3_01_13318.d: -MS, 7.79-7.82min #1038
x107 ] 916.96 1-
] L g 1- 952.93 1-
0.5 934.93 970.93
00 ] M R KAAA 982.85
- 9]'.0 92|0 91|30 94|10 9..’-|'>O QEISO 97|0 QEISO r’ln/Z
m/z z I (AU) % /P1 lon type Name
916.95 1- 2625299 100% [M-2H]* P1
952.92 1- 2213201 84% [M-H+CIJ* Cl- adduct
934.93 1 1724506 66%  [M+H.O-H]® P1 hemiketa
970.91 1- 1305271 50% [M+H,0-H+Cl] * Hemiketal C} adduct
954.88 1- 1203114 46% [M+CI] * P13%Cl- adduct isotope
+ 13~
917.92 1- 1201748 46% [M-2H] P1C isotope
+ 36, .
95389  1- 1193309 45% [M+CI] = P1°°Cl- adduct isotopt
‘4.) L 3(I)0 L 3EI>O L 490 L 4?0 L SCI)O L 55|0 . V\{avtlalenlgthI [nrrl\]
ntens.’J UV, 7.8min #9322
[MAU] 15 525
50 '\_\\
IntenQ._- P1 24h june_pos_1-A,3_01_13327.d: +MS, 7.8min #
x108 é 1+
23 919.08
17
O 1 T T T T T T T T T T T
200 400 600 800 1000 m'z
% /
m/z z | (AU) P1 lon type Name
919.06 1+ 5658886C 100% [M]* P1
920.05 1+ 3002176€ 53% M]* P1%C isotope
921.04 1+ 1007622¢ 18% M]* P1%C isotope
922.04 1+ 2545383 4% M]* P1'C isotope

Fig 4. Typical MS patterns detected for pigment P1 in (+) apanpode.MW = 919 g/mol.
m/z[M*-2H"]*= [M-2H]*= 917,m/z[M+CI-H] *= 971. In (+): no adducts or K, Na adducts.,
in (-): a O adducthemiketal) aCl" adduct, anch CI adduct of the hemiket#983 = traces
of P2 chloride adduct).
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Typically, compounds identification was executed in 3 steps:
1. UPLC-DAD data collection coumpoundhemical class

The LC information (retention time, max) are collectedfrom the DAD
chromatogram

2. MS datacollection fragments identification

The MS information is analyzed: the m/z, the isotopic pattern, the neutral losses from
the fragmentsn MS2 and M$ In Fig 3, the calculated and measured isotopic patterns
of a chloride adduct of a coumarin derivative are compared as example.

3. MS datacollection: raw formula confirmation

When the precise mass (fromT@F analysis) was available, the ré&vmula of the
compound proposed was compared to the mass actually detected. The compound
formula was confirmed when the error was < 10.

Table 6. Example of confirmation of the raw formaulof the 3 coumarin derivativeby
calculating the error betweenetim/z of the iordetecteddetected massnd the calculated
massofthe[M-H] corresponding to the formula proposed (ion mass)

Peak Compound detected lon Formula lon mass Neutral  Detected Error
selected mass mass  (ppm)
2' C1-3-Soph [M-H]- CyH260:5 517.1185 518.1263 517.1182 0.6

6  C13Soph5Glc [M-H]- CoHze0z 679.1710 680.1788 679.1707 0.4
4 C1-3-(pC)Soph5-Glc [M-H]- CsgHa2022 825.2076 826.2154 825.2071 0.6
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Abstract

In neutral solution, anthocyanins acylated Hydroxycinnamic acids typically exhibit
attractive blue colors and a higher resistance to color loss compared to their nonacylated
homologs. However, they remain vulnerable to a poorly understood combination of oxidative
and hydrolytic reactions that stiglg contribute to color loss and limits their industrial
applications. In this work, the thermal degradation of isolated red cabbage anthocyanins (0, 1
or 2 acyl groups) at pH 7 was investigated by URAD-MS (low- and highresolution).
Non-oxidative alteations, including deacylation and intramolecular acyl transfer, were
observed and found very dependent on the number and position of the acyl group(s) as well as
on the presence of iron ions. At intermediate and advanced thermal degradation, several
oxidaive mechanisms were evidenced that lead to protocatechuic acid, phloroglucinaldehyde
2-O-glucoside, acylglycosides and derivatives of 2#4i/droxyphenylacetic acid and 3,5,7
trihydroxycoumarinBased on the product distribution observed and on thadhgf alded
Fe?* ions andH,0,, possible degradation mechanisms are discuddesy; likely start with a
one or two-electron transfer from the anionic base (a major colored form in neutral solution)
to O,. The hydrogen peroxide produced could then furtkact as an electrophile with the
anionic base and/or the hemiketal (major colorless hydrated form).

This contribution to nderstanding the degradation mechanisms of anthocyanins around
neutrality can open up new stabilization strategies to extend tlge rah their food

applications to neutral media.
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1. | NTRODUCTION

Anthocyanins are plant pigments expressing a wide array of red to blue colors
depending on pH and the presence of other species susceptible to interact with the
anthocyanidin chromophoreuch as phenolic compounds (copigments) and metal ions
(Trouillas et al., 2016a)n particular, anthocyanins and their complexes can express attractive
blue colors around neutral pKG.T. Sigurdson et al., 2016Yhis is the case of-0-
sophaosyt5-O-glucosylcyanidin  and peonidirderivatives commonly found in purple
vegetablesd.g, red cabbaggMoloney et al., 2018)Most importantly, purple vegetables are
typically rich in anthocyaninacylated byp-hydroxycinnamic acids (HCA), which increase
color stability and participate in color diversificatidhowever, at neutral and mildly alkaline
pHSs, color loss remains relatively fast, which is a serious hurdle to industrial development.

Color loss in anthocyanin solutions at pH > 2 is due to the reversible water addition to
the flavylium ion (with concomitant accumulation of a colorless hemilatdl pale yellow
cis- andtrans-chalcones) and to a combination of irreversible routes (hydrolytic and oxidative
pathways)typically resulting in cleavage of the-ithg (Dangles & Fenger, 2018The color
stability of diacylated anthocyanins is much higher than for- nmn monoeacylated
anthocyaningFenger et al., 2019; Moloney et al., 2018; G. T. Sigurdson et al.,.20d&gd,
the HCA residues can developstacking interactions with the anthocyanidin chromophore
(intramolecular copigmentation + sea$sociation), thereby protecting it austi water
addition (Trouillas et al., 2016a)By contrast, lie rate of irreversible degradation at pH 7
barely depends on the acylation pattern in the case of red cabbage anthd&enges et al.,
2019) Indeed, diacylation results in a higher proportion of the colored anionic base at pH 7,
which is probably a much better electron donor (thus more vulnerable to atitoyidhan
the neutral colorless forms more readily accumulated from the weakly acylated pigments.

The mechanisms afreversibledegradation have been miginvestigated at acidic pH
(Calrita et al., 2014; ESafi et al., 2008; Fleschhut et al., 2006; Sadilova et al., 2007; Seeram
et al., 2001; Sinela et al., 2018)d only a few studies were also carried duteutral pHin
the presence ofadical initiators, HO, or ascorbate (a 4D, generator by autoxidation)
(Satake & Yanase, 2018; Stebbins, 2018)the pH range 2 4, anthocyanins were reported
to be degradednto B-ring + C2 €.g, protocatechuic acid) and-wnhg + C4 €.g,
phloroglugnaldehyde) fragments, C3 being probably eliminated as. Qe colorless
species, in particular the chalcones, were proposed to be intermediates in the irreversible
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degradation of anthocyanins at acidic (Eabrita et al., 2014; Sinela et al., 201&) pH 7 +
8, the electrophilic flavylium ion (a diacid withKp ~ 4 and 7) is in trace amounts so that
water addition is very slo\iPina, 2014h)Anthocyanins are thus mostly a mixture of neutral /
anionic bases, with low concentrations of hemiketal and neutral / art@riand trans

chakones (K.~ 8) gradually appearing. Mendoza et al., 2018)

At pH 7, more stable blue colors can be obtained with cyanidin derivatives in the
presence of metal ions such k&, Fe* and AP (Buchweitz et al., 2013)Upon metal
binding, the anthocyanidin chromophore adopfscquinonemethide structure, which unlike
the flavylium ion does not undergo water addition with concarhitalor loss. In spite of this
color stabilization, irreversible degradation occurs over a prolonged stéddjéon of F&*
was reported to be actually protective with diacylated anthocyanins, which strongly bind iron
(a possible consequence of theosty Sstacking interactions), but unexpectedly deleterious
for the non and monoacylated homologs, suggesting that iron leakage from the corresponding
less stable complexes results in a prooxidant effemtger et al., 2019)

Unraveling the degradation mechanisms of anthocyanins around neutrality can open up
specific stabilization strategies for anthocyanins used as blue colors. Theref®rstuty
aims atidentifying the main products of irreversible degradation at pH 7. A set of 3
anthocyanins from red cabbage (from ntmdiacylated) was thermally degraded at neutral
pH, 50°C. The role of © added F& and hydrogen peroxide in these mechanisms was
invedigated. Based on the product distribution observed and on the impaictenfre® ions

andH,0,, possible degradation mechanisms are discussed.
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2. MATERIALS & METHODS

2.1. Materials

Red cabbagenthocyanins were isolated from red cabbage by preparatory LC according
to already published procedurg@shmadiani et al., 2016)The pigments investigated in this
work encompass a nonacylated anthocyanin (PA) and its homologs pritbuanaroyl (pC)
residue (P1) and aadditional sinapoyl (Sp) residue (P4). PA: cyani&i®-[Glc-2-O-Glc]-5-
O-Glc, P1: cyanidir3-O-[(6-O-pC)-Glc-2-O-Glc]-5-O-Glc, and P4: cyanidi3-O-[(6-O-pC)
Glc-2-0O-(2-O-Sp)Glc]-5-0O-Glc. Stock solutions (5 mM) of pigment were prepared in
aqueous 0.01 MHCI (metattrace grade). Aqueous 8, FeSQ,7H,O, NaHPOy,2H,0,
NaHPO,, 7H,O and the following standards for LC quantification, cyanin (cyarBgirO-
diglucoside),p-coumaric acid and sinapic acid, were all obtained from Sigldach (St

Louis, MO, USA) HPLGMS grade water was used in all experiments.

For each pigment, the fraction of colored and colorless species at equilibrium at pH 7
(Scheme 1SI, Fig. :Sl) was calculated using the global acidity constant of the flavylium ion
(formation of the neuél base + colorless forms) and the two stepwise acidity constants

(sequential formation of the neutral and anionic ba@ésjoney et al., 2018)

The thermal degradation of anthocyanins was perforate80°C in a thermostated
water bath protected from lighgs already describe(Fenger et al., 2019)The initial
anthocyanin concentration in the 0.01 M phosphate buffer was*31@liquots were taken
up at regular time intervals over 8h and at 24 and 72h. The total concentration in residual
pigment was quantified wita UV-Vis spectrophotometer (Agilent 8453) immediately after
cooling and acidification to pH 1.@&1.5 (fast conversion of the residual colored forms,
hemiketal anatis-chalcone into the flavylium ion) and 6 to 50h later (additional conversion of

thetrans-chalcone) (Fig. 5I).

2.2. Product identification and quantification

The acidified and stabilized samples were analyzed with an Acquity UPLC (Waters
Corporation, Milford, USA) equipped with a binary solvent delivery manager and a diode
array detector(DAD). Samples (5 pL) were injected onto an Acquity UPLC BEH C18
UHYHUVHG SKDVH FROXPQ [ PP P ,MiHWODPANDB f& 3KD
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(1% HCQH in MeCN) were eluted at 0.4 mL/min. Unless otherwise specified, all
chromatograms are presettat 280 nm after 24h at pH 7, 50°C. Only peaks with S/N > 8 on
the 280 nm chromatogram were considered for identification. For P1 and P4, gradient 1 (%B:
0 min: 2%, 12 min: 24%, 145 min: 80%, 1618 min: 2%) was used. For PA, gradient 2
(%B: 0-2.5 min: 26, 7 min: 8%, 10 min: 24%, 13 min: 80%,-18 min: 2%) enabled a better

separation of the more polar degradation products.

The UPLC system was coupled with a E»trap HCT Ultra (Bruker Daltonics,
Bremen, Germany) in ultrascan mode. The capillary volteg®-1.8 kV (positive mode) or
2.2 kV (negative mode) with a 8600 m/z scanning interval at a speed of 26%b@zs™.
Desolvation was conducted withy ldt 365°C, 40 psi, 540 L/h. Cone voltage was 40 V, and

the fragmentation amplitude was 1.2 V.

For corfirmation of raw formulae, three samples of P1 (t = 0, 24h, 24h in the presence
of F&*) were also analyzed on a Waters Acquity UPLC system coupled with a Waters Synapt
G2-Si High Resolution Mass Spectrometer (HRMS) equipped with an ESI source (Waters
Co.). The source and desolvation temperatures were set at 120°C and 500°C, respectively.
Desolvation was also conducted with & 500°C (40 psi) at 800 L h The capillary and
cone voltages were set at 0.8 kV and 5 V, respectively. The scan rangéas81500 with
a spectrum acquisition every 0.2 s and a resolution of*4x18ss scale was corrected during
acquisition using leucine enkephalin (Sigmidrich). Data were acquired using the

ODVV/\Q[E 9 VRIWZDUH LQ mR Q WHLOQUXDXAPpRIGHH par&nit
ilons was calculated as the relative difference to their expected monoisotopic ion.

Anthocyanin were quantified as cyanin equivalent with a correction factor accounting
for the differences in molar absorption coefficient at(Vis) between the pigments
(Ahmadiani et al., 2016) The monoacylsophorose compounds and coumarin derivatives were
guantified in HCA equivalent and phloroglucinaldehyde (PGA) derivatives in PGA

equivalent.
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R: R
PA H H
PB H Sp

P1 pC H
P4 pC Sp

Scheme 1Structures of the red cabbage anthocyanins studied in this work

3. RESULTS

At pH 7 and 50°C, the color stability of diacylated anthocyanin P4 and its iron complex
is much higher than that of its noend moneacylated counterparts PA and @Fenger et al.,
2019) However, the global color loss is the result of a reversible component featuring water
addition to the flavylium ion (and subsequent isomeripasteps) and of an irreversible
component of true oxidative degradatiohhe latter component can be appreciated by
reversing the former through reacidification to pH 1.5, so as to convert all colored and
colorless forms into the flavylium ion. Hendége time dependence of the residual flavylium
percentage solely reflects the rate of oxidative degradation occurring in neutral solution (Fig.
2-Sl). After 24h, the percentage of residual flavylium ion lies in the range6890 and is
mostly independentfdhe acylation patterrProduct identification was then carried out (Fig.

1, Table 1).

Three types of products were distinguished: a) colorless species resulting from
reversible water additiontrans-chalcones), b) new pigmentise. isomers andieacylation
products (Fig. 2), ¢) products of oxidative degradation. In addition, the composition of P1 and
P4 solutions after degradation over 24h was determined under different conditions: addition
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of F&*, addition of hydrogen peroxide, inert atmosphefmally, degradation routes are

proposed and discussed.

Intensity (mAU)

Intensity (mAU)

Intensity (mAU)

Fig. 1. Chromatograms of the solutions of PA (gradient 2), P1 and P4 (gradient 1) after 24h at
pH 7, 50°C (dete@mn at 280 nm)Additional anthocyanins present: FiBom P4) cyanidin
3-O-[(Glc-2-0O-(2-O-Sp)Glc]-5-0-Glc, P2 (contaminant) cyanidin3-O-[(6-O-pC)-Glc-2-O-
Glc]-5-0O-Glc, P5(contaminant) cyanidin3-O-[(6-O-Fl)-Glc-2-O-(2-O-Sp) Glc]-5-O-Glc. At

the dution pH ~ 22, theflavylium ionsarecoeluted with the hemiketal amts-chalcone [M
H+H,O] with which they are in fast equilibrium.
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Table 1.Selection of ions detected in the solutions of PA, P1 and P4 after 24h at pH 7, 50°C.
Products numbered according to elution order with the following convention: product p
SRWHQWLDOO\ SUHVHQW LQ DOO VDPSOHVamplERGXFW S S
SURGXFW S” VSHFLILFDOO\ SUHVHQW LQ 3 VDPSOHV VHH )I

R max m/z (-
# P I lont MS2 (- MS3 (-
iy | POPOsA [ |y | lontped ) )
PA: Cya-3-[0-Glc-2-O-Glc]-5-O-Glc (gradient 2)
345 -> 165 ¢(Glc-H0);
1 0.67 C3-Glc 275 345 | [M-H] 139 (Glc-COy); -
183(-Glc)
23 |107 Unid 291 643 | [M+CI]” 1253 -> 1055; 1235; 893 1055-> 893; 783; 551
' ' 325 1253 | [2M-H] 643->527; 617 527-> 445; 783; 365
4 1.60 Cc2 258 109 |[M-H-COJ |- -
C1-3-Soph , 715-> 517 (CI-Glc);
5 3.25 325 715 | [M+CI] 517->247; 191, 337
-5-Glc 679 (Cl)
6 3.65 C4-Glc 289 315 | [M-H] 315-> 153 (Glc) 153-> 125 ¢CO)
7 3.95 Unid. 293 361 |- - -
8 4.55 C6-Soph 275 529 |[[M-H] 529-> 409, 205{Soph) | -
597-> 272 (SophH);
9a 4.55 C7-Soph 278 597 |[M-H] 417 (Glc-H,0); 297; 272->231; 258; 175
555 (CH,CO)
270 757-> 551 (Glc-CO,); 551-> 371 ¢Glc-H,0);
10 |4.95 | Unid. 757 |- (Glo-COy: (Glo-H0):
430 595 (Glc); 713 (CO,) 227; 281
597-> 272 (SophH);
9%b 5.78 C7-Soph 278 597 |[M-H] 417 (Glc-H,0); 297; 272-> 231, 258; 175
555 (CH,CO)
CtA |5.15 PACt 330 789 | [M-H]- 789-> 627; 517; 285 627-> 285; 517; 241
771-> 609; 285; 447
807 | [M+CI-H] 807->771; 609
PA |5.86.3 |PA 510 789-> 627; 517,;
825 |Id.+H,O 825-> 789; 627
285; 447
C3GIc 805-> 463 ¢SophH,0) 463-> 327 (C2);
11 7.20 SophC2 269 805 |[[M-H] 651 (C2-H,0); 299 (pC-H,0);
P 327 (C2-SophH,0) 165 (C2-Glc)
481-> 345 (C2); 345-> 165 (Glc-H,0);
12 7.88 C3Glc-C2 |ND 481 | [M-H] 327 (C2-H,0); 139 (Glc-COy);
463 (H,0) 183 (Gilc); 327 (H,0)
13 |8.47 |[Cya5Glc |ND 447 | [M-2H] 447-> 285(-Glc) 285-> 257
14 8.50 C5Glc 328 463 | [M-H] 463-> 419; 257; 445 419-> 213
P1: Cya3-O-[(6-O-pC)-Glc-2-0O-Glc]-5-0O-Glc (gradient 1)
. 469-> 205;
1D |253 pC-Soph 310 487 | [M-H] 487-> 469 (H,0)
307 (Glc); 265
469-> 205; 307
E [3.44 C-Soph 310 487 | [M-H] 487-> 469 (H,0 '
1 p p [M-H] tH20) (-Glc): 265
A 469-> 205;
1F |3.92 pC-Soph 310 487 | [M-H] 487-> 469 (H,0)
307 (Glc); 265
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i 469-> 205;
G |4.55 |pC-Soph 310 |487 |[[M-H] 487-> 469 (H,0)
307 (Glc); 265
. 553-> 499 (CI-H-H,0); |517-> 499 (H,0);
f |521 |C1-3Soph [310 |553 |[M+CI]
517 ¢CI-H) 235; 295; 179
. 498-> 301 (Cya + O); 301-> 165 (C4 or C2);
5.80 Unid. ND 498 |-
1 ! 336; 463 (CyeGlc + O) 257 (CO,); 137
935 |[M-HJ 935-> 773; 755; 663; 663->517;247; 935
Ctl |5.97 P1Ct 310 i
971 | [M+Cl] 447, 285; 971> 935 -> 773; 755; 663; 285
C13
663-> 517 ¢pC);
1 |7.45 |(pC)Sophs |317 |825 |[M-H] 825-> 663 (Glc) tC)
247; 191
Glc
. 755-> 609 (pC);
P1 |7.81 |P1 524 |917 |[M-2H] 917-> 755 (Glc)
339; 284; 309
c 951-> 623(-C3-Glc); 463-> 327 (C2); 301
8.27 C)Soph  |308 [951 |[M-H] ’ ) ’
1 (pC)Sop M-H] 463 (pC-SophH,0) (-Glc); 165 (C2-Glc)
Glc-C2
743-> 659; 597 {pC); 659 -> 479 (Glc-H,0);
1D |8.40 |C7-(pC)Soph|318 |743 |[M-H] : S974pC); (GleH:0);
272 (pC-SophH) 335
529-> 511 ¢H,0);
] 675-> 529 (pC); 409; tH:0)
1 |8.83 C6-(pC)Soph| ND 675 |[M-H] 205 (pC-Soph) 409; 349 {Glc-H,0);
pi-0p 205 £Soph)
i 743-> 659; 597 {pC); 659-> 479
TE|9.30 |C7-(pC)Soph|318 |743 |[M-H]
272 (pC-SophH) (-Glc-H,0); 335
P4: Cya3-O-[(6-O-pC)-Glc-2-0O-(2-O-Sp)-Glc]-5-O-Glc (gradient 1)
i 1013-> 977 (CI);
PB |4.46 |PB 530 | 1013 | [M+CI-H] 977-> 609 (Glc)
815 (CGlc)
19 |4.76 |pC acid 309 |119 |[[M-H-COJ |- -
P2 5.76 P2 530 983 | [M+CI-H] 983-> 947 Cl); 947-> 785 (Glc)
' (cont.) 785 (Glc)
) PB . 1013-> 977 ¢Cl); 977-> 609
PB 5.88 530 1013 | [M+CI-H
I isomer [ ] 815 (CI-Glc) (-Sp-Glc); 339
oai ls1n P4 ga0 | 1159 | M+CI-H] 1159-> 1123 (Cl) 961-> 755 {(Sp); 737
' isomer 1123 | [M-2H]- 1123-> 961 (Glc) (-Sp-H,0); 285 (Cya)
i 1141-> 977 (pC-H,0); 977-> 853; 935 {Sp);
Ct4 |8.34 P4Ct 320 1141 | [M-H
[ ] 869 469; 285 (Cya)
961-> 755 (Sp); 737
P4 8.71 P4 534 1123 | [M-2H] 1123-> 961 (Glc) €Sp);
(-SpH0); 285 (Cya)
. 1153-> 991 (Glc);
P5 |8.89 P5 (cont. 534 1189 | [M+CI-H 1189-> 1153 (CI
( ) ! ] €l 785 (Glc-Sp); 947 {Sp)
C1Glc- 1031-> 869 (Glc);
19 19.19 (Sp,pC) ND 1067 | [M+CI]” 1067-> 1031 (Cl) 663 (Glc-Sp); 825 {Sp);
Soph 517 (SppC-Glc)
. . . 1141-> 977 (pC-H,0); 869-> 663 ¢Sp); 715;
Ctdi |9.31 P4Ctisomer | 320 1141 | [M-H
! ] 869; 855 645 (Sp-H,0); 503
C7-(Sp,pC
19010.0 Sop(h PPO) I\p  [oa9 |M-HT 949-> 865; 931 782 | 931-> 725; 515; 359
C7-(Sp.pC) -
T1E10.6 Soph ND 949 | [M-H] 949-> 865; 931, 782 865->711; 847; 539
C7-(Sp,pC
TIR11.1 Sop(h PPO \\p  |oa9 |M-HT 949-> 865; 931; 782 | 931-> 545; 739; 311
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3.1. Hydration and the reversible accumulation of the trans -
chalcone

The fractions of colored and colorless species at the hydration equilibrium (Scheme 1
Sl, Fig. 1SI) are strongly dependent on the acylation pattern. From the global (hydration
included) and specific (sequential proton transfers) acidity constants dawyéuim ion at
25°C (Moloney et al., 2018}t is estimated that PA is almost colorless at pH 7 (99%
henketal B + chalcones). By contrast, the fraction of colored forms is higher forc&1 (

15%) and P4da. 80% colored forms, of which 55% anionic base).

In heated samples (50°C), the residwahschalcone (Ct) can be detected by URPLC
DAD-MS when the angbes are performed rapidly after acidification. Indeed, its conversion
into the flavylium ion is strongly retarded by the slois-transisomerization. The PArans
FKDOFRQH &WS3$ ZDWxEI3iH Y. 13-8l), £losk kKthe malvidin3,5-diGlc
Ct, at 335 nn{Preston & Timberlake, 1981 )After 1h, the fraction of Ct reachesa. 29% for
PA (Fig. 2SI). By comparison, at pH 6, the Ct fraction accumulated from the triacylated
heavenly blue anthocyami which has the same glycosidation pattern as the red cabbage
pigments, is 32%J. Mendoza et al., 2018)

3.2. Deacylation & intramolecular acyl transfer

The acyl groups undergo hydrolysis and intramolecular migratiangesterification)
at pH 7 and 8. After 24h at pH 7, the total yield of these anthocyanin derivatives amounts to
7% for P1 and 28% for P4 (Table 2). The hydrolysis of the protecting acyl moieties must

reduce the color stabiliff rouillas et al., 2016a)

The maxVvalues of P1 and P4 in the visible range after a 24h period of heating at pH 7
were shifted byl nm and-6 nm respectively, while the,.x of PA remained unchanged. The
decrease in max IS ascribed todeacylation, at a rate corresponding to the fraction of
deacylation products (PA, PB, P1). P1 and PB are respectively formed upon loss of the Sp and
pC residues (Fig. 2). When P1 and PB are heated separately under the same conditions, 37%
PA is formed fromPB after 24hys only 14% from P1. This suggests that the Sp residue (at
C2-OH of Glc2) is more prone to hydrolysis than the pC residue (aD86of Glc1l).
Investigations with sucrose acylated by fatty acids (pH1D) also concluded that esters of
primary alcohols are more resistant to saponification than esters of secondary alcohols
(Thévenet et al., 1999Anthocyanin deacylation was observed previously in red cabbage

extracts. Over storage, a decrease in the diacylated anthocyanins was compensated by an
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increase in the nenand monoacylated one@Niczkowski et al., 2015) The kinetic
monitoring shows that PB is formed from P4 over the first 4 hours, and that isomeoshof b
P4 and PB are formddter (Fig. 2).

A
50
~ 40
= —e— P4 nitial
=
S 30 —o— P4 isomer
I —e—PB
§ 20 PB isomer
c
Q —e—P1
O 10
0
Time (h)
B

Fig. 2. A: Kinetic monitoringof deacylation and intramolecular acyl transfer for diacylated
pigment P4(pH 7, 50°C insert for easier visual appreciatipnB: Kinetic scheme and
hypotheticaintramolecular acyl transfer routesthin the sophorose moiety (GR).

175



Table 2. Quantification by UPLEAD of anthocyanin degradation and of the new pigments
formed in PA, P1 and P4 solutions after thermal treatment (24h, pH 7, 50°C) in the absence or
presence of F& Concentrations in pM of cyanin equivalent (corrected for differences in

molar absorption coefficient between pigments).

Pigment Pigment + Fé* (0.6 equiv.)
PA P1 P4 PA P1 P4
t=0 t=24h|t=0 t=24h|t=0 t=24h|t=0 t=24h|t=0 t=24h|t=0 t=24h
PA 515 127|125 3.0 514 15 |24 0.7
PE 08 14 23 05
P1 549 254,14 3.6 565 28 |38 1.1
P1 isomer 0.5
P4 isomer 04 9.1 13 06
P4 51.7 8.1 53.4 135
Total anthocyanin| 51.5 12.7 |57.4 28.9|54.2 222|514 15 |58.9 3.4 [60.8 15.7
Acyl loss (%) 46 52 |40 89 43 1.2 |10.7 2.6
Acyl transfer (%) 06 | 0.8 16.8 14 05

Upon heating at pH 7 and 8, a naf4 isomer accumulates (Table 2, FigSI3. It
displays a lower nax (-4 nm) than P4. Two other isomers are also detected, both remaining
very minor. By contrast, P1 isomerization is marginal (< 2%). The hypothesis-wans
isomerization of the HCAesidues can be ruled out, first because the samples were heated in
the dark, and second, because it would also have occurred with P1. Hence, the P4 isomers are
believed to form upon migrationréns-esterification) of a HCA residue within the same Glc.

As acyl migration within P1 is negligible, it can be assumed that the labile acyl residue of P4
LV WKH VLQDSR\-OHUSINIarGKarorbeWa Ber§ reported for aliphatic esters of
sucrose in alkaline aqueous solutidmévenet et al., 199%ith aclear trend bacyl groups

to shift fromsecondary to primary positions. Overall, our data demonstrate that the sinapoyl
residue of P4 is more sensitive to both hydrolysis &madsesterification than thep-

coumaroyl residue.
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Scheme2. Proposed core structures for the major compounds detected (see Tdhie=1).
3,5, trihnydroxycoumarin, C2 = protocatechuic acid, C3 = 2tfileydroxyphenylacetic acid,

C4 = phloroglucinaldehyde. Core structures C6 (MM = 205) and C7 (MM = 274) remain
unidentified.

3.3. The oxidative products & degradation routes

The products of irreversible degradation of PA, P1 and P4 were characterized by UPLC
MS-DAD (Table 1). Several groups of compounds only differ by the presence of the acyl
and/or glucose moietie and share common fragments in M#d MS. In this case, a

common core was assumed and tentatively identified (Scheme 2).

3.3.1.CONFIRMEDSTRUCTURES

Compound4 is detected in PA, P1 and P4 solutions. Its characteristics are identical to
those of a commercial standard of protocatechuic acid (noted C2). Besides, C2 formation
upon degradation of cyanidin derivatives was reported several (Gasita et al., 2014,
Sadilova etl., 2007) Compoundt is therefore confidently identified as protocatechuic acid.

Compound 1% detected in P4 solution only. The commercial standapecoumaric
acid (pC) displays the same characteristics. In HRMS, thel[Mon atm/z153.0186 is also
GHWHFWHG FDOFXODWHG YDOXH ~ which s expectedSfi®fA & RP S

the hydrolysis of P4 into PB, is therefore confidently identifieg-asumaric acid.

3.3.2.PROBABLE STRUCTURES
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Compounds &nd ~were respeively detected in PA, P1 and P4 solutions (Fig. 4
SI). They are thought to be derivatives of 3;Bifydroxycoumarin (noted C1). Thgax0f 5
(329 nm) is in agreement with that of the -8&liglucoside derivative of C1 formed upon
treatment of malvidin3,5-di-O-glucoside (malvin) by kD, in neutral solution(Géza
Hrazdina & Fanzese, 1974)As for {its max (317 nm) is close to that of frgecoumaric
acid (310 nm) and in agreement with the report€a(-coumaroyl)glucoside of C1 {ax =
315 nm)(Géza Hrazdina & Franzese, 1974 HRMS, ¢Yis detected as [NH] at m/z

LQ DIJUHHPHQW ZLWK WKH FDOFXOpmny.AGoRR@ RLVRWI

fragments identified: the successive losses of Glc miéz 663.1552, and ofp-
coumaroylsophorose down t0/z193.0127. The nonacylated coumarin is also detected from
P1 after an extended thermal treatment of 96h. Its raw formula is confirmed by HR¥S:
715.1473 (IM+CI]) and 679.1707 (([MH]" @ SSP 7KH IWics® frgtW DW
[M+CI]") likely resultsfrom the loss of Glc at G®H. By analogy, ~ must be the diacylated
coumarin C13-(pC,Sp)Sopb-Glc. The following fragments substantiate this hypothesis:
869 ([M-H-Glc]), 825 ([M-H-Sp]), 663 ([M-H-Glc-Sp]) and 517 ([MH-Glc-Sp-pC]).
Surprisingly, comarin derivatives were not detected from anthocyanins that are not
glycosylated at C®H (Géza Hrazdina & Franzese, 1974) the absence of added®4,
these products remain in low amounts (<1% of the initial pigment concentration, Table 1

A series of compounds havingra/z of +34 compared to the native pigments were
detected. The compounds, notd@, 11 and ¢ display similar UV spectra and produce
common fragments am/z 463, 345, 327 and 301. Compoudd, detected from the 3
pigments, is proposed to be C3(Glc,SeflR) an analog of structures formed upon reacting
anttocyanins with HO, (Satake & Yanase, 201&r upon their azenitiated autoxidation
(Kamiya et al., 2014)Alternatively, a tweelectron oxidized analog was identified in the
autoxidation of malvidin 3-glucoside in acidic solutiofGéza Hrazdina & Franzese, 1974;
Lopes et al., 2007From the [MH] ion of compound.2 (C3(Glc)}C2), the loss of C2 and/or
H,O followed by the loss of Glc and/or,@ or CO,, was observed (SchemeS2). Thep-
coumaroyl analog (1m/z951) yields fragments am/z623 (loss of C3 + Glc) and 463 (loss
of pC + Soph + KD). Second fragmentations of the latter ion give fragments wi#g827
(loss of C2), 301 (loss of Glc) arkb5 (loss of C2 + Glc). In HRMS, fis detected ain/z
951.2348 (GpH4g025 G SSP 1P QizA8YL) is identified as C3(Gle}2.
Overall, these compounds are proposed to be (acyl)glycosides-(®#-@hydroxy)
benzoyloxy4,6-dihydroxyphenylaetic acid.
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Several isomers of compound[m/z487) were detected from P1 (FigS$). The two
major ones Y Bnd 9 @ere also detected from P4. They mostly fragment by losyi hh
MS3, the additional loss of Glc is observed yielding a fragment ionlz807. In ESI(+), ions
of m/z511 and 527, respectively corresponding to thé &tal K adducts, were detected.
Compound fis proposed to be p€ophorose released by hydrolysis eDacylglycosides
formed during oxidative degradation pathways. Fourcydsmphoroses from purple sweet
potato anthocyanins were reported and their structures confirmed by (N&tBhara et al.,
2009) No MS fragmentation data have been reported yet. Theopiorose isomers are
likely a mixture of regioisomers produced by migration of pC to a neighboring OH group,
HDFK SRWHQWLDOO\ SUH \ExhQwrsBSthem@A[WXUH Rl . DQG

As intramolecula acyl migration is negligible for P1, the pC moiety appears labile in
the cleavage products only. Thus, it seems that thexa@idin Sstacking interactions
developed by P1 inhibit acyl migration within the sophorose moiety. Only one
diacylsophorosen/z 693) in low concentration (< 0.5 puM) could be detected from P4, in
agreement to the relatively high sensitivity of the sinapoyl residue to hydrolysis. However,
free sinapic acid remains undetected and must be quickly consumed, whitectramaric
acid is detected in P4 solution (TableSl). Consistently, under the same conditions, free
sinapic acid undergoes extensive oxidative dimerization after 24h (22% residual content,

unpublished data) whilp-coumaric acid is much more stable (78% residual conte

From a 50 pM pigment solution, the gophorose concentration after a 72h heating
reached 11.2 uM and 6 pM from P1 and P4, respectively. The concentration did not plateau,
suggesting a high stability of these compounds. Overall, acylglycosides coase ugeful

indicators of the oxidative degradation of acylated anthocyanins in neutral solution.

Compoundé6 is detected with the 3 pigments. Its main fragmemiz(L53) reflects the
loss of glucose. The additional loss of 28/Z125) is a decarbonylatiostep expected for
aldehydes. A probable structure fdrs phloroglucinaldehyde-®-glucoside. The formula is
in agreement with the detected molecular iomat a SSP DQG WKH DJCcC
at m/z 153.0203. Phloroglucinaldehyde and its glucesmere frequently reported as
anthocyanin degradation products involving theig (Cabrita et al., 2014; Piffaut et al.,
1994; Sadilova et al., 200Aompound accounts forca. 10% of all products present at 24h
in PA, P1 and P4 solutions (Tablesl).
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Fig. 3. UV-visible, MS and MS? spectra of a) C3&& from PA (m/z 481); b)
C3(Soph,GIcXC2 from PA (m/z 805); ¢) C3(pCSoph,GICR from P1 (m/z 951).

180



3.3.3.TENTATIVE STRUCTURES
For the following compounds, nderature data is available. However, the structures
proposed are compatible with at least two features among raw formula from high resolution

MS, MS2 fragments and UVisible spectrum.

Compoundl is detected with the 3 pigments (FigS§. The [MH] ion undergoes the
loss of Glc but also the concomitant loss of Glc©Hwith subsequent decarboxylation. This
fragmentation pattern is close to that of C3(&l@ (12, Scheme 5l). Based on these
characteristics1 is proposed to be-glucosyloxy4,6-dihydroxyphenylacetic acid (C3Glc).
Compoundl is probably produced by hydrolysis of the-C2 derivatives identified above
(11and12). HRMS confirmed the raw formula proposed 101C;4H1010 (M/z a
1.7 ppm). This group of products is mostly detdcfrom the nonacylated anthocyanin (6.6%

of the initial pigment concentration at 24h, Tabi8I)L

3.3.4.0OTHER COMPOUNDS

Compoundl14 is a minor product detected in PA solution. Its fragmentation pattern
mainly consists in the loss of G@nd water (Fig.7-Sl). A closely related structure (same
core noted C5) was reported previously in the reaction of cyani@gBicoside with HO,
in a water/ethanol mixturéSatake & Yanase, 2018t is consistent with the raw formula
deduced frorm/z LQ +506 @ SSP

Compounds3 and fare sophorsides of the same unidentified aglycone notedrG& (
205.0131,Fig. 8SlI). The chemical formulas d and fare respectively GH2:0:5 and
CaoHzc016 O DQG . SSP

Similarly, compound®, 9fand ~are sophorosides of the same structure notednZz (
272.0323, even value detected as a fragment with both mass spectrofigt&xSl), which
has no equivalent in the literature. The raw formula of G4H{Og) is compatible with the
ions detected for fand9 at the respective/zvalues 0f743.0747 and 597.14460 DQG
2.5 ppm) C7 derivatives could be produced by a multistep mechanism starting with the
electrophilic addition of KD, to the anionic base at position C3. Compouddsfand ~are
all detected as mixtures of 2 or 3 isomers. While acyl transfer can be proposefridr -
to account for this observation, the isomerizatior® semains unexplained. Moreover, the
absence of glucose at €, which is normally not labile in neutrablgtion, is surprising.

Hence the structure proposed in Fig.3) must be regarded as tentative.
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3.4.MEDIUMEFFECTS

The major products other than anthocyanindetected after 24h in PA, P1 and P4 are
guantified in Table 4SI. Besides the products afyl migration, protocatechuic acid (C2) and
phloroglucinaldehyd&-glucoside (C4GlIc) come up as major products. The putative C6 and

C7 derivatives are also relatively abundara (0% of the initial pigment concentration).

Fe?* prevents the accumulatiasf the trans-chalcones through the formation of metal
complexes resistant to water addition. More surprising is the almost total inhibition of P4
isomerization and deacylation. Higher concentrations of oxidation prodeds, C7
derivatives { were deteted in F&"-supplemented P1 solutions (Fig.-$0 in agreement

with F€* promoting P1 autoxidatiofFenger et al., 2019F his trend is not observed with P4.

Addition of HO- (1 equiv.) to P1 solution leads to a much higher concentration-of pC
sophorose and coumarin derivatives aned@23derivatives (Fig. 3). Addition of @, in large
excess (1dequiv.) induces a fast consumption of the anthocyanin even in thecabstn
thermal treatment. Under both conditions,-g&phorose and C1 derivatives are the major
products. Moreover, a major, yet unidentified, produniz(625 and 312, fragment at 183
corresponding to C3) is specifically formed (Fig-38.

Under argon anosphere (low @level), more residual pigment is present after 24h and

the known oxidation products of P1 and PA are very minor (Fig. 4).

Finally, in order to identify late degradation products of anthocyanins, the heating
period was extended to 72h. Tlkbromatograms (Fig. 13l) show the accumulation of
protocatechuic acid from all three pigments, and of thesg@horose isomers and coumarin

p-coumaroylglycoside from P1 and P4 (as after addition of 1 equi¥:)H
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Fig. 4. Distribution of degradation products from P1 after 24h at pH 7, 58°@1.B-C:
Impact of added kO (B: 1 equiv.,C: 10° equiv.),D: Impact of an argon atmosphere.

Interestingly, none of the P4 degradation products bears the sinapoyl residue (except
traces of diacylsophorose). Again, the Sp residue is not only more prone to intramolecular
migration than the pC residue, but also more labile or more reactive.
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4. DISCUSSION

At neutral pH, anthocyanins are a mixture of neutral and anionic bases slowly evolving
into a mixture of hemiketal and chalcones. Upon moderate heating in neutral solution, red
cabbage anthocyanins evolve by acyl hydrolysis and intramolecular transfenigragon of
the sinapoyl group (at CAQH of Glc2) appears specific to an acyl residue borne by a
secondary €tom. It is proposed to shift to the primarya@m (C60OH, major isomer)
through the 2 intermediate secondaratéms (C30H and C40H, minor somers). As most
acylated anthocyanins display their acyl groups at primaayo@s, this type of isomerization
is generally not observed and constitutes a remarkable feature of red cabbage anthocyanins.
Interestingly, when these anthocyanins are boundaw, the sinapoyl residue loses its
mobility. The weltknown propensity of HCA residues for developiSgtacking interactions
with the anthocyanidin nucleudvioloney et al., 2018; Trouillas et al., 2016zguld be
intensified within these complexes, given the capacity of iron to coordinate up to 3
anthocyanin ligandéEstévez et al., 2019hereby increasing the rigidity of the HCA residues
and inhibiting their migration.

For red cabbage anthocyanins, the rate of anthocyanin consumption (oxidative
degradation) in neutral solution is nsignificantly different for the diand monoacylated
pigments, and unexpectedly slightly faster than for the nonacylate(Fenger et al., 2019)

This observatiorwas interpreted by assuming that PA is rapidly converted into the colorless
forms (by reversible water addition), which are much more resistant to autoxidation than the
electronrich anionic base (far more abundant in solutions of acylated anthocyéremgjer

et al., 2019)

Upon degradation of an extract of purple sweet potato containing acylabed 3
sophorosybs-O-glucosylpeonidins (caffeoyl, feruloyl anpthydroxykenzoyl residues), the
monoacylated anthocyanins appeared more stable than the diacylatdXweesl., 2015)
However, part of this apparent stability could be due to the partial hydrolysis of diacylated
anthocyanins, thereby replenishing the pool of monoacylated anthocyanins.

We recently showed that £eaddition $rongly slows down the rate of color loss in P4
solution at pH 7, mostly because txuinonemethide structure of P4 in the complex does
not undergo water additiofFerger et al., 2019) This is consistent with E€ addition

inhibiting the formation of thérans-chalcone. Besides its strong influence on the reversible

184



color loss, F& addition caused a modest slowing down of the early stage (up to 10h at pH 7,
50°C) d irreversible degradation for P4, while the opposite holds for PA and@r&iger et

al., 2019) This difference was ascribed to the higher stability of the #B#d (vs. iron +P1)
FRPSOH[ GXH W-RadRiqpKride@aEtidars, While leakage of iron from the ibR1
complex probably accelerates autoxidation. However, 24h after iron addition, no protection of
P4 against irreversible degradation could be eviderf€able 2). On the other hand, the
accumulation of oxidation products in irsapplemented solutions obviously remains more
modest in P4 than in P1 solution (Fig-30.

Scheme 3Proposed mechanisms for the early stademnthocyanin autoxidation in neutral
solution.

Our recent kinetic analysis suggests that the colored forms are primarily involved in the
oxidative degradation at pH(Fenger et al., 2019yhich is consistent with the anionic base
being probably a much better electron donor than the other (neutral) species. We thus assume
that the first step consists in an electron transfer fromoAQO, under the mediation of
transition metal traces, most probably’FeThe aryloxyl radical thus formed can evolve

through 2 distinct pathways (Scheme 3):
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a) A second electron transfer to form a highly electropbHguinone intermediate (pathway
specific b B-ULQJV KDY kdipydréxy dubsfitution such as cyanidin derivatives) with
concomitant generation of B,. Then, theo-quinone is expected to add a water molecule,

thereby leading to intermediate 11.

b) Addition of G with formation of a highly reaive peroxyl radical, which will rapidly
abstract a labile ¥atom from a second anthocyanin molecule, thus yielding intermediate 12, a

hydroperoxide.

Intermediates 11 and 12 may have different fates, some leading to products identified in
this work or inthe literature. In particular, 11 can add a second water molecule and form an
intermediate already postulated to result from the electrophilic attackOaftblthe hemiketal
in acidic solution(Satake & Yanase, 2018From this intermediate, two eipioducts
(belonging to the G&E2 and C5 groups) dglidentified by NMR can be produced (Scheme
4). Alternatively, elimination of the glycosyl group at-C# is feasible. More generally, the
conversion of the glycosidic bond at €84 into an ester bond opens up a route for the

release of the glycosyl group neutral solution through simple hydrolysis.

Scheme 4Proposed mechanisms for the fate of intermediate 1.
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Scheme 5Proposed mechanisms for the fate of intermediate 12.

Similar mechanisms can be written from 12 (Scheme 5). In this cas€2G®mpounds
are also expected, although in a telectron oxidized version. Such a compound (t&&)
isomers) was indeed fully identified by NMR in the autoxidation of malvidd+@ucosiden
acidic solution(Lopes et al., 2007)With a malvidin derivative (no catechol ring), the two
electron oxidation pathway is quenched anda@dition is actually the most likely fate for the
aryloxyl radical. However, with the cyaniduterivatives investigated in this work, only the
reduced version was evidenced, an indication that theelegiron oxidation pathway is
privileged (Schemes 3 & 4) and/or thai@4 addition to the anthocyanins also occurs (see
below). Alternatively, formatin of a 1,2dioxetane ring (with concomitant-esomatization
of the Aring) might open up a route for the formation of C4 derivatives (Scheme 5).
Phloroglucinaldehyde and its glycosides are actually classical markers of anthocyanin
degradation(Fleschhut et al., 2006; Sadilova et al., 200/hey could be formed by other
routes, such as, addition to C3ox (free acid), followed by decarboxylation, or raliol

condensation from @ng-opened intermediates (Scheme 4).

Hydrogen peroxide produced in the autoxidation step probably participates in the
oxidative degradation (as suggested by the experiments with adg@eg, Hither by

electrophilic attack onto thenionic base or hemiketal (C3 position), or by nucleophilic attack
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onto the flavylium ion (C2 position) or chalcone (Bay&itiger reaction). The first route has

been convincingly demonstrated in acidic solution from labelling experiments (reaction with
H,™®0, or in H,*®0) (Satake & Yanase, 2018} leads to intermediate 11 (also produced by
two-electron oxidation and subsequent water addition, Scheme 3) or its water adduct. The
second route has the addittdnadvantage to rationalize the formation of the coumarin
derivatives. On the one hand, these products are detected atpH & not at pH < 3Géza
Hrazdina & Franzese, 1974hich is not consistent with a mechanism involving the
flavylium ion. On the other hand, addition o®4 indeed promotes their formatioa,g 1

(Fig. 4). Overall, the second route remains possible, although coumarins might be also
produced through autoxidation of the anionic base (Sche8i¢ BHowever, complementary
products derived from the-Bng (p-hydroquinones in the Bay&filliger rearrangerant, p-

guinones in the autoxidation route) were not detected.

Finally, no direct participation of the HCA residues in the oxidative degradation could
be evidenced and analyses by UPDED-MS and by capillary zone electrophorefsiged to

detect anthocyanidimers or higher oligomers.
Conclusions

Under the conditions where anthocyanins express blue co®rpH 7 in the presence
of metal ions or pH 8, they undergo oxidative and hydrolytic pathways that alter the color and
restrict their applications. Thereversible degradation of acylated red cabbage anthocyanins
at 50°C leads to several groups of products, among which phloroglucinald2igyuenside,
p-coumaroylsophorose (a mixture of regioisomers) and derivatives «B,42
dihydroxy)benzoyloxy4,6-dihydroxyphenylacetic acid are the major ones. Overall, the
acylglycosides [-coumaroylsophorose in this work) appear particularly stable and thus

constitute suitable markers of the irreversible degradation of acylated anthocyanins.

In addition, the diacylad red cabbage anthocyanins appear remarkably prone to
isomerization by intramolecular acyl transfer, a phenomenon that is evidenced for the first

time.

Overall, the irreversible degradation of anthocyanins in neutral solution is probably
kinetically contolled by an initial step of oneor two-electron autoxidation of the anionic

base. The major oxidation products are thus proposed to derive either from the oxidized
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anionic base itself or from an electrophilic attack eOkl(produced in the autoxidationep)

to the anionic base.

For the development of anthocyanin extracts as food colorants in neutral media, the
priority should be set at providing protection against autoxidation, for instance by the
formation of stable redeiert metal complexes or by add suitable antioxidants.
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Chapter 3.

The fate of acylated anthocyanins

in neutral solution

SUPPLEMENTARY | NFORMATION
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a) PA 99 %

p1 - 86 %

= X[AH+]
b)  pa h 97 % = X[A]
= X[A-]

Fig. 1-Sl. Species distribution at a) pH 7 and b) pH 8, calculated at 25°C from the acidity and
hydration thermodynamic constaifigj.

195



Mole fraction
1,0

0.8
0,6
0,4
0,2

0,0

Time (h)

b) 2h at pH 7, 50°C 24h at pH 7, 50°C
Ac A(@h) A@2h) %D %Ct Ao A (24h) A(24h) %D  %Ct

A 1.17 0.531 0.776 33.7 20.9 1.02 0.308  0.406 60.1 9.6
P1 0.906 0435 0.597 34.1 17.9 1.07 0.472  0.620 42.0 13.9
P4 1.15 0.601  0.665 42.3 5.5 1.030 0.395 0.443 57.0 4.6
P6 1.25 0.581 0.639 48.9 4.6

2Q0\ WKH 10DY\O LXxPRisOHEY BWBLBEWVNMAY = absorbance of theotal flavylium
concentrationat t = Q A(2h): residual concentration after 2h heating (including degradation products
D), A; = absorbance recorded 1 min after acidifications: Absorbance the same samplafter 48h
stabilization at room Tand conversion of Ct intobR; % D = 100x(A - A¢)/A, and %Ct = 100x(A -
AIA,,

Fig. 2-Sl. a) Evolution of the residudlavylium ion (AH™) of pigment PA( V) over heatingat

pH 7, 50°Cand brmation of theranschalconeof PA (CtA) (”). The residuaflavylium ion
obtained after 48h stabilization includes the fraction of Ct. After 1 min: total concentration =
AH™ + Ct + D degradatiorproduct$, and after 48h: total concentration = AH D. CtA
accumulates over 1h and then undergoes degradbji&stimated fractions dfanschalcone

and degradation produdi®) from PA, P1, P4 after 2and 24hat pH7, 50°C
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PA

P1

P4

P4 isomer

(Continued next page
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PA Ct

P1Ct

P4 Ct

Fig. 3-Sl. UV-visible and mass spectra of the pigmeaisl theirtrans-chalcones. P4 isomer
obtained afteheating for24hat 50°C, pH 7
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229
Compound

[M-H] M+C

[M-Glc-H]
Compound [M+C
[M-
[M-Glc-
[M-Glc-pC-
Structure R; R, MM

C1

C13Soph5Glc(5) H H 680

C1-3-(pC)Soph5-Glc( § pC H 826

Fig. 4-SI. DAD, MS and MS#%lata for the coumarin derivatives from PA and P1.
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b)

[M- [M+CI

[M-H,0-

Fig. 5-SlI. Identification of p-coumaroylsophorosél § from P1 (major isomer &R = 4.55
min): a) DAD spectrum. b) MS and M8ata. c)Chromatograre of the isomers.
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[M-H]

[M-Glc-H,0O-H1

Fig. 6-SI. DAD, MS and MS2data for compound (from PA and P1)
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M-H]

[M-CO,-H]

[M-CO,-Glc-H]

Fig. 7-SI. MS, MS2and MS3data for compound4 detected in PA and P1 solutions.

[M-H]

[M-Soph

Fig 8-SI. MS, MS2 and MS3lata forcompound (C6-Sopl) from PA.
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b)

Compound R1 R

c) 9a H H
6% pC H

311 pC Sp

Fig. 9-SI. MS and MS2 dat of a) compound9a (m/z 597) andb) compound6 | Dn/z 743).
c) Tentative structures for C7 derivatives.
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P1

P4i

Fig. 10-SI. Impact of F&" addition onpigmentdegradation PLC analysisLh after
acidificationto pH 1.2)
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Fig. 11-SI. Chromatogramat 280 nm of P1 solution after 24h at pH 7, 50°C without and with adc
H,0,; a) 1 molar equiv.; b) famolar equiv. ¢) DAD spectrum, MS and MS2 data of ompouma/at
625.
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Fig. 12-Sl. Chromatograms of the pigment solutions after prolonged thermal degradation: 24h
(in black)vs. 72h (inred)
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Table 1-SI. Product quantification in PA, P1 and P4 solutions after 24h at pH 7, 50°C

Concentration at 24h

(% of initial pigment concentratio

# Compound Reference  PA P1 P4
1 pC-Soph pC eaqiiv. NA 8.6 1.3
4 C2 C2 equiv. 2.1 1.3 0.7
6 C4-Glc C4 eqiiv. 8.7 10.6 9.5
1" p-Coumaric acid  pC eqiiv. NA 3.8 04
5 C1-Soph,Glc derivative pC eqiiv. 0.8 0.7 0.8
5' C3-C2-Soph derivative pC eqiiv.  6.6° 04 ND P

& As protocatechuic acid equivalent

® Coelution prevented quantification

Scheme 2SI. Proposed fragmentation pattern émmpoundl2 (C3(Glc)C2) from PA.
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Scheme 3SI. A possible mechanism for the formation of the coumarin derivatives

Scheme4-SI. Possibleintramolecuér transesterification of the p@sidue at 6-OH to the
neighboringC5-OH position inthe pPGCVRSKRURVH %RWK VSHRKhHY DUH S
anomers, and are in apparent equilibrium (istable ratio over time). When bound to the
chromophore,ite pC was not mobile.
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Chapter 4. Metal binding of acylated red cabbage
anthocyanins producing stable blue colors

JulieAnne Fengef Rebecca J. RobbifisThomas M. Colling Olivier Dangle8

& Avignon University, INRAE, UMR408, 84000 Avignon, France
® Mars Wrigley 1132 W Blackhawk Street, Chicago, IL 60642, USA
¢ Retired
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| NTRODUCTION

This chapter presents the major results on the metal binding capacity of red cabbage
anthocyanins. This property enables to produce stable blue ¢@ors Sigurdson et al.,
2016)and even nowroordinating acyl groups are expected to play a role in the prodess. T
combination of Sstacking interactions and methainding is actually required to reach the
highest level of blue color stability with anthocyan(iisouillas et al., 2016a; Yoshida et al.,
2009b) The target blue is the Brilliant Blue FCF (see color and absorption spectrum in
Appendix), which is characterized @& YLEUDQW SXUH RU YLYLG EOXH
structural features and the conditions (pH, metal type and concentration) producing a stable
blue color are explored. The study focuses on three aspects: the impact of metal binding on
color expression, # contribution of the acylation pattern to the binding rate and the

stoichiometry of the complexes, and finally the stability of the complexes.

These results include the entire set of red cabbage pigments, including PB. The
remarkable color properties tifis pigment are the object of an ongoing publication involving
all partners of the Mars Wrigley network on natural colors. Therefore, these results will be

published later in details.

The anthocyanins presented here are PA (NAA), P2, P3 and PB (MAAa)dPR5
(DAAs). The complexes are primarily characterized by -Wsible spectroscopy. The
methods used for binding kinetics, complex stability and thermal degradation are similar to
those presented in the previous articles. Therefore, only the new metiieda@ce presented
here: the detection of anthocyammretal (AM) complexes by HRMS and the conversion of

absorption spectra to L*a*b* coordinates and color patches for visual appreciation.

The results show the high importance of the number and posititne phenolic acyl
residues (in particular, the presence of an acyl group aDiE2Df Glc2) on the color
expressed and its stability, a point weditablished with the free pigments that is now
confirmed with their metal complexes. For easier discus&@ anthocyanins are split into
two groups: those bearing an acyl group at@@2 of Glc2 (Group 2 or G2) and the others
(Group 1 or G1: PA, P1, P2, P3).
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1. MATERIALS & METHODS

The structure of the pigments studied is presented on Scheme 1.

Group Pigment R R,
PA H H
P1 pC H
Gl P2 Fl H
P3 Sp H
PB H Sp
P4 pC Sp
G2
P5 FI Sp
P6 Sp Sp

Scheme 1Structure othe 6red cabbage anthocyanistsidied and gathered according to

color stability,i.e. G2 >G1.
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1.1. Calculation of the spectra of the individual colored species
JRU HDFK LQGLYLGXDO SLJPHQW VSHFWUD ZHttH PHDV)

= 0 (negligible hydration) The spectrum obtained at pH 1 corresponds to that of the pure
flavylium ion: A S+  A&g:). The spectra of the pure neutral base and anionic base were
determined from the fractions abloredspecies calculated from theo acidity constants
(Moloney et al., 2018)
At pH 5, because pK< pKa,, the concentration in anionic base can be neglected:

A = 1 £ an+. From the absorption spectrum measured at pkh&nks to the additive
property of absorbance in the range studegdeach wavelength wean express the total

absorbance asA(pH 5) =Aan  an+t Aa A

Thus we extracthe spectrum of the pure neutral base

with

Similarly, at pH 8the concentration in flavylium can neglected:
A(pH 8) :AA AT AA_ A-

Thus the pectrumof pure anionic basis deduced from:

with

1.2. Rate of trans -chalcone accumulation

The concentration dfans-chalcong(Ct) accumulated during the thermal treatment at
pH 7, 50°C was measured. For each sample, the flavylium spectrum was recorded 1 min after
acidification to pH 1+2 to take into account the fast regeneration of the flavylium ion from
the hemiketal andcis-chalcone, and after 48h to include the 4latating step of Ct
iIsomerization. The A(48h) A(1min) difference gives access to the concentratiotraofs

chalcone that is present at any time point of the degradation experiment.

1.3. Color measurement

UV-visible spectroscopydoes not allow direct visual appreciation of the color
expressed by the solutionn Ithe coloring industry,it is common to expres€olor
characteristicavith the coordinate L*a*b* (Fig. 1) and this method is evemdapted to
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opaque formulationd.* corresponds to the light intensity, expressed from 0 (no light) to 100.
Parameters a* and b* quantify the contribution of the 4 main colors: gi@emegd (+a), blue
(-b) and yellow (+b). Both values range from 0 (ndocpto 128.From the [*, a& and ¥

Cartesian coordinates, the polaroatinates can be calculatechet metric chroma (or
chromaticity)C = ¥%f OE ,, Uds ameasurement of thebrarcy or color saturaion, and the
hue angleh = tan'l(—gj corresponds to thtone of the colofTorskangerpoll & Andersen,

2005)

A program was developed thednvertsthe UV-vis spectra (fronB80to 78 nm with 5 nm
intervals) to the XYZ tri-stimulus values, then to the L*a*b* coordinates, using the CIE
equationg(CIE Standard, 2004)ith parameters determined for the standaggilminant,

with an observer at 10°:
L* = 116(Y/Y)Y®  16; a* = 500[(X/%)"®  (Y/Y)Y; b* = 200[(Y/Y.)Y®  Z/z)Y
where %, = 94.825, Y, = 10000and Z = 107.399, and X{n, Y/Y, Z/Z,> 0.008856

Finally, from the L*a*b* coordinates,an operaccessonline digital color calculator

http://colorizer.orgy is used to elaborate the "colpatches" thatprovide an easy visual

comparison of the color actually expressed by the pigments in solution.

Fig.L ,QWHUQDWLRQDO &RPPLKELEREARQ*athPspRce QDWLRQ YV
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1.3. Analysis of metal + anthocyanin complexes by HR -MS
Solutions of pigment + metal ions at pH 7 (in 10 mM phosphate buffer) were injected
into a Waters Synapt G8i time of flight mass pectrometeequipped with an electrospray
lonization source (Waters Cpin direct ifusion The sourceand desolvation temeratures
were set at 12@ and ®O°C, respectivelyDesolvation was also conducted with & 500°C
(40 psi) at 800 Lh™*. The capillaryand conevoltages were0.8 kV and 5 V respectively The
scan range was1/z 504200 with a resolution of 410°. Mass scale was corrected during
acquisition using leucine enkephalin (from SigAddrich) as lockspray (external reference).
'DWD ZHUH DFTXLUHG XVLQJ WKH ODVV/\Q[E 9 VRIWZDUF
to the centroidn/z. For annotations, the mass precision of the parent ion was compared to that

of the monoisotopic ion with ppm.

2. RESULTS

2.1. Spectral impacts of metal binding

2.2.1.SPECTRAL IMPACT OF MBL ANTHOCYANIN BINDING

Small volumes of concentratelie’® (iron sulfate) and Al (aluminum chloride)
aqueous solutions (pH 3) were addexinediately after diluting the pigments into a pH 7 or
pH 8 buffer.A fastmetal +anthocyaninbinding occurs (cf. kinetic analysis in Secti@.2)
and a new visible band characteristic of the complex appears at higher wavelengthS[Fig. 1

whose intensity reaches saturation with 1 equiv. metal ion or even less-8i)g. 2

The spectra of the metaP5 complexeat pH 7 were compared to tepectra of free
P5 (experimental) and its pure anionic base (calculated) (Fig. 2). At pH 7, anthocyanins are a
mixture of neutral and anionic baseK{p= 7.0- 7.3, (Moloney et al., 2018)in agreement
with the broad absorption band observed. In the case of P5, bt F&" bindings
induce hyperchromic and bathochromic shifts. Those shifts are consistent with P5 adopting a
pure structure of anionic base within the complexes, as metal coordination taitigel®@ds
to its full deprotonation (Scheme 2). Moreoveompared to the neutral base, the anionic
base, not only has a highegax but also a higher molar absorption coefficient aix.
However, there is no close match between the spectra of the complexes and that of the pure

anionic base for the following reans:
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-themetall LQGXFHG DGGLWLRQD-OHIrutReWoORIQlexefk VYV IURP & 1
- the likely formation of a mixture of complexes (differing by the weak ligands completing the
coordination sphere) with slightly different spectra,

- the possible contributioof pigmentto-Fe** charge transfer.

Scheme2. Binding of the anionic base to ¥ésimilar with AF**) followed by autoxidation to

Fe*. L: ligands completing the octahedral coordination sphere (water, phosphate, pbssibly
or 2 additional anthocyanin molecules).

P5 610 = = P5 1Fe2+
...... P5 1AI3+
s [\~

646 pH 7
..\

0,5

0,0 -
250 350 450 550 650 750

Fig. 2. UV-visible spectra of P&t pH 7, its pure anionic base (Am, calculated) and #t§ Fe
and AF* complexes (1 equiv.Right: color patches calculated from the absorption spectra.
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It was reported that ithin the Fé*-polyphenol complexes;€?* is rapidly autoxidized
to Fe** (Nkhili et al., 2014) This reaction is a) promoted by the higher affinity of catechols
for FE* (vs F€"), b) confirmed by the similarity of the final spectra, whethe¢* or F€* is
added, (Fig. 451 from M. Moloney, Avignon University, unpublished results) ard
consistent with the broad absorption band of the iron complex and itshigipossibly due
in part toa component ofigandto-Fe* charge transferHowever, autoxidation clearly

follows metalbinding.

2.2.2.COLOR TARGET

The target color was that of Brilliant Blue at 10 to 50 ppm (Structure in Chapter 1, Fig.
13-Sl). It is characterized by a higihromdicity and is associated with a narrow absiomt
peak at max = 629 nm. In addition, dsed on the spectral features/color relationship (Fig. 11,
12-Sl), pigments exhibiting a narrow abgtion peak in the visible rangavithout
complementary color absorptide.g, yellow contribution due to phenoliacid derivatives)
show higher chromarherefore, the ideal spectral modification for a blue color with a high
chroma is A" - anthocyanin binding (see section 2.1). However, at pH 7 only G2 pigments

display a sufficient affinity for AT to show a colorltange.

The a* and b* coordinates (Scheme 3) describe the impadfobinding on the color
characteristics. In particulaa, lower a* tends to close the gap between the pigment and the
brilliant blue target (10 ppm). The color patches provide a reliable representation of the final

color (Fig 3). Comparison with pictures of solutions is provided in supplementary material.
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Scheme3. Chromatic coordinates a* and b* for P5 and it&" Abmplex at pH 7, 50 pM,
compared to brilliant blueconcentrationn ppm).

Fig 3. Color patches for the free pigments and mefailgment complexes at pH 7 (50 uM
pigment + 1 equiv. metabn), color calculated from the L*a*b coordinates, brilliant blue
reference at two concentratiofisom Robbins et al., 2016)

2.2.3. ACYLATION AND SPECTR/SHIFTS

The bathochromic shifts are higher at pH 6 than at pH 7 due to the ioivar
fraction of anionic base (Table. However, the final .« of the complexemaindower at pH
6 (e.g, 587vs 625 nm at pH 7 for P5 witAl*") andis evenhigher at pH 8 than pH 7. This
suggests that either not all anthocyamalecules areboundat pH 6 or that the complexes

formed are different (charge, stoichiometnyweak ligands completing the coordination
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sphere..). The spectral impact of metal bindirsgalsohighly dependent on pigment structure.
For example, hyperchrosm and largebathochromic shifts are only observedth G2
pigments By contrastmoderate bathochromic shifts are observed with G1 pigments and the
metatinduced band broadening results in a lowggx (Table 1). It is proposed that the
enhancement of acyk cyanidin Sstacking interactions within the complexes of the G2

pigments is responsible for these spectral differences.

Table 1. Spectral characteristics of the**andAl®** complexes witlPA, PB, P2 and P5 (1
equiv. metal ion).

Fe** Al%*
PA P2 P5 PB PA P2 P5 PB
mafinal (nm) 559 569 640 656 571 587 629
pH 6 0 max(nm) 21 25 87 76 | hobinding 27 34 49
WA at max (%) 25 -15 3 65 -15 -9 16
maxfinal (nm) 596 592 646 656 583 585 625 637
pH 7 U max(nm) 14 -4 57 71 4 5 36 52
AAat max(%) -7 -3 19 43 3 -1 17 25

2.2. Metal affinity and stoichiometry of the complexes

Beside their spectral characteristicayeral parameters enable to compare the metal
complexes: the apparent bimolecular rate constant of bir(#ihgthe color stability of the
complex, the minimal metal/ligand molar ratio to reach full binding, and thdguéndence

of the binding (minimbpH for the onset of binding).

2.2.1.KINETIC ANALYSIS

Contrary to predictions based on steric hindrance, the obseearetlis that acylation
results in faster metal binding (Table 2). For instance, nonacylated PA weakly bifidg Al
pH 7 and 8 (weak spectral changes preventing the kinetic analysis), and stfongPAl
binding only occurs at pH 8. By contrast, P5 syigrbinds AP at both pHs. Although all 3
pigments bind F& at both pH (more rapidly at pH 8), the reaction is actually faster when the

number of acyl residues increases.
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Table 2.Kinetic analysis of metal binding (1 equiv. metal idBpectroscopic motoring at
670 nm.

FeZ+ A|3+
PA P2 P5 PA P2 P5
pH 7 pH 7
1.4 (+0.7) 1.9 (+ 0.1) 3.7 (+0.3) 0.9 (+ 0.1)

ki
(x10%) (M s?)
(X105§ (sY) 360(x70) 124 (+3) 102 (x7)| weak weak  8.9(r0.5)

(X]‘_Qggrz‘l\'jl"_‘fﬁrﬁ?l) 55 @29) 30 (fixed) 48 (+3) |binding binding 10.2 (+ 0.3)

(ngac)’r?,\‘,,’!?’c‘ﬁ]).l) 9.5 ¢0.1) 10.4 (+ 0.1) 26.8 (+ 0.3 13.7 (r0.1)

pH 8 pH 8

(x103)i2|1vr1 & - 13.1(+28)105(36 4.0(x0.2) 9.9(x0.3)

(Xm‘% (&Y - 219 (+ 32) 311 (x51)| weak 33 (x3) -
o ey |- 57 (+9) 68 (x 18) |binding 11.3 (+ 0.3) 17.5 (+ 0.2)
Qcomplex2) . 28.4(+0.6)28.6 (+ 0.9 7.6 (+0.1) i

(x10%) (M™* cm™)

The guantitative kinetic analysidésoshows thatnetal- anthocyanin binding generally
occurs via a twestep mechanisnT@ble 2,Fig. 3-Sl). Following the fast bimolecular binding
step (rate constark;) during which the visible band of the complex sharply increases, a
slower step of apparent firstder (raé constank,) can be evidenced. In the case of the G2
SLIPHQWYVY WKH FRPSOH[TVY EDQG NHHSV LQFUHDVLQJ DO\
case of the G1 pigments, the second step can sometimes be visually appreciated by a decrease
LQ WKH FRRISe3pegifilly viEitDan excessetal bn.In both cases, the spectral changes
can be correctly reproduced by assuming the fast formation of a first complex (complex 1),
evolving into a second one (complex 2) having a smaller molar absorption coefficayt(ex
P5 + AP" at pH 7) (Table 2). The second step may correspond to reorganization in the
coordination sphereg.g by phosphate coordination. With the iron complexes’*
autoxidation can also contributéVith an excess Eé (already at 1 equiv. with PA, as the
saturation is reached at 0.6 equiv. metal FSge5), a simultaneous increase in the absorption
at 295 nm is observed (Fig. 4), which (based on a control in the absence of anthocyanin)

actually corresponds to the axidation of freeFe* at pH 7 Kauiox= 0.05 +0.06 $").
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0,2 - 0,4

0,2 - - =_T_=- 0,35

- 0,25

- 0,2
60 80

40
Time (s)

Fig. 4. a) Kinetics of free F€* autoxidation monitored at 295 nm in the absence of
anthocyanin (grey dotted line) and in the presenc@Af(1l equiv. F&", red dashed line,
secondary axis)PA + F&* binding monitored at 670 nif2 equiv. Fé", red, plain line)b)
Spectra of PA +2 equiv. F& (left) and F&" alone (right) at different time points (pH 7
phosphate buffer).

2.2.2.BINDING STOICHIOMETRY
The minimal metal/ligand molar ratio to wafull binding (saturation of the visible
EDQG RI WKH FRPSOH[ LV DQ LQGLFDWRU RI Wé&wWeeRRPSOH]|
2/3 and 1for PA, P2 and P%Figs 5 and 2S5I). A mixture of1:1 and 1:2complexess thus
expected. By contrast, this mnmal ratio islower for PB,ca. 1/3, suggesting 1:3 complexes.
Consistentlywhen themetal complexesvere analyzed by highesolution mass spectrometry
(direct infusion) a 1:3 AI**-PB complex was detectedn/z for [Al(PB-3H)s]*>. A possible
structure is shown on Scheme 2. With diacylated pigmentoRly, 1:1 complexes were
detected m/z for [Al(P5-3H)]*, [(P5-2H)F€"]* and [(P53H)FE"]*. The detection of P&

complexes by HRVS confirms the autoxidation of Feduring the biding experiments.
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Fig.5. 5 PSOLWXGH RI WKH LURQ FRPSOH[YV YLVLEOH EDQG IRL
the iron/anthocyanin molar ratiBA ( ), P2 ¢), P5 (>), PB (V.

Table 3. HR-MS analysis of metakpigment complexes (pH 7 phosphatdfer).

lon M:L  Formula MM z Calc.m/z Exp.m/z G(ppm)
(P53H)AI  1:1 Cs4Hs6026AI 11782809 1 1179.277: 11.3020 20.9

(P52H)Fe 1:1 CsHs:OxFe 1209.23862 (Fé') 6046193 6046192 0.2
(P53H)Fe 1:1 CsHs¢OxFe 1208.23081 (FE') 12082308 12082507 16.5
Al(PB-3H); 1:3 CizHiuOmAl 29557269 -3 9852423 985234 8.0

222



Scheme?2. A 3D representation of th&:3 A" - PB complex. Geometry optimizatiorin
vacuumby molecular mechanics (MM+) followed ksemiempirical quantum mechanics
calculations (PM3)HyperChem 5.1 software (Hypercube, Waterloo, Canada)

2.2.3.PHEFFECT

Metal binding is accompanied by the removal of thdURR QJfV SKHQROLF SUR
other words, protons and metal ions compete for taahs of the Bing. Hence, dwering
the pH gradually destabilizes the complexes and a minimal pH for the onset of metal binding

is expected.

The influence of pH on iron binding was investigated with the two isomers PB and P3.
For a given pH, the UWisible spectra were recorded imnegely after pigment addition to
buffer in the absence of Feand after maximal binding in the presence dof kEig. 4Sl). A
raise in visible absorbance in the range &J®0 nm, which is typical of metal binding, can
be perceived with both pigment @H t 3. Although P3 and PB cannot be clearly
distinguished by the pH for the onset of iron binding, it is clear that the hyperchromic shift at
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650 nm (typical of metal binding) when the pH is raised from 2 to 6 is much larger with PB

(ca. 0.6) than with P3(ca. 0.15). This large difference could reflect the formation of

complexes of different stoichiometry.

7KH LQWHQVLILFDWLRQ RI

WKH FRPESOHEIONIERDIG LQ W

reach saturation at pH 6 indicate that iramnthocyanin binding iseversible under these

conditions but tends to irreversibility in near neutral solution in agreement with the saturation

LQ WKH FRPSOH[TVY EDQG LOQWHQVLW\ REVHUYHG DW S+

P3
(nm)
05 06
04 P3 05
0,4
0,3
03

0,2
0,2
0,1 0,1

0 200 400 600 800 1000 0
Time (s)

DW

PB

(nm)

PB

_—

800

200 400 600 1000

Fig. 6. Spectral changes observed after addition of a pigment™{Fequiv.) mixture to a
pH 4.25 acetate buffef.op Spectra at time zerox(), after 60 s (v) and at the end of the
kinetic run (w). Bottom spectral monitoringit 525(P3) or 530(PB) nm (free pigmentw)

and at 670 nm (iron complexy).
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A more detailed analysis was carried out at pH 4E2§. 6).When the pigment + E&
(1 equiv.) mixture is added to the acetate buffer, a sharp drop of visible absorbance at 530 nm
(free pigment) is observed with P3 over the first minute, whereas the increase of visible
absorbance at 670 nm (iron complex) is negligible. In a second phasenset of iron
binding occurs and(670 nm) slowly increases. With P3, a clear kinetic decoupling between
hydration (fast) and iron binding (slow) is thus observed. By contrast, with PB, the drop of
A(530 nm) over the first minute is limited and accamied by a raise d&(670 nm), which is
then amplified along the second phase. This is evidence that hydration and metal binding now
compete. In summary, in mildly acidic solution, irarPB binding is faster than iroxP3
binding. This apparent improveaffinity of PB for Fé* seems largely rooted in the higher

resistance of PB against water addition.

2.3. Long -term stability of the metal complexes

COMPLEXES COLOR STABIY

The stability of the prdormed metal- anthocyanin complexes was monitoreceiov
100 min at roomemperature (Figr). It shows théhuge favorable impact of acylation on the
long-termcolor stabilityof the metal complexes, as for tliee pigmentsin addition, he t75
of color loss at 50°C were compared (TableAt)ding 0.6 equiv. F€* increaseshet75 by a
factor1.5 in PA and 3 in P1. The stabilization factor for G2 pigments is much hicgners
in PB and 20 in P4This protection, which is much more efficient for the complexes of PB
and DAAs (G2 pigments), is again ascribed strong ayl - DQWKRF\B@dkigg- Q &E
interactiongMoloney et al., 2018; Trouillas et al., 2016a)
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Fig. 7. Kinetics of color loss in solutions of irofianthocyanin complexest pH 7 androom
temperature (C = 5AM + 1 equiv. F&"), »: PA (582nm), u P1(595nm), ": P4 (656 nm),
v. PB (656 nm).

THERMAL DEGRADATION

Despite the color stabilization induced by iron binding at room temperature, the
addition of 0.6 equiv. P& at pH 7acceleratethe thermablegradatiorof G1 anthocyaninat
50°C (ig 7, Talbe 4). With DAAs, this phenomenon is not observed (at least over the first 8h
at 50°C)(Fig 7-SI). Adding F€* alsoenhancstheyield in some majodegradation products
of PA andP1 (Chapter 3).This pro-oxidant effectof F&* (Perron & Brumaghim, 2009)
probably reflects the leakage of iron ions from toenplexes of the G1 anthocyanirBy
contrast,strong Sstacking interactions within the complexafsthe G2 anthocyaninsnsure
an efficient iron sequestratioifhe tight metal binding also explains the total inhibition of
intramolecular acyl transfer, moally occurring when solutions of diacylated anthocyanins or
PB are heated (Chapter 3).

The endothermi@accumulationof trans-chalcone at pH 7, 50°@as monitored for
pigment PB and its aluminum complex. The Ct fraction reaches a maximum of 11% at 24h for
the complexys 30% at 2h for free PB-({g 3-Sl). This is evidence of the strong inhibition of

water addition for the complex.
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Table 4. Period of ime for 25%pigment loss at pH,750°C. a) Color loss, b) Pigment
degradation (% of the initial flavyliumNote for some pigments, a 50% loss was not reached
over 8h.

a)
tzscolor (h) PA P1 P3 P4 PB
Pigment 0.017 0.15 ND 022 0.29
Pigment + 0.6/ 0.025 0.47 0.29 4.6 4.5

b)

tzspigment (n) PA P1 P3 P4 PB
Pigment 4.0 2.0 2.0 2.5 2.6
Pigment + 0.6/¢*  0.12 11 1.9 7.5 5.2

Fig. 7. Rate of pigment los®r the isomeric P3 anBB at pH 7, 50°C, in the absendeft)
and presenceight) of 0.6equiv. Fé".

DISCUSSION

Anthocyanins acylated by hydroxycinnamic acid (HCA) residues are prone to develop
inter- and intramoleculariSstacking interactions (a combination of van der Waals interactions
and hydrophobic effect) (Yoshida et al., 2009; Trouillas et al., 2016) that make the flavylium
nucleus less accessible to water molecules, thus slowing down hydration and decreasing the
percentage of colorless forms at equilibrium (lowef). This color stability is ascribed to
diacylated pigments adopting sandwigipe conformations (intramolecular copigmentation)
in which each acyl stacks to each face of the anthocyanidin, thereby ipgowgtimal

protection. In additionthe circular dichroism (CD) spectra of DAAexhibit excitontype
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positive Cotton effects in the visible region at pH 8, thus indicating that the chiral self
association of anthocyanidin nuclei also plays a role intdislization observed (Moloney et
al., 2018).Based on its resistance against hydrati®B behaves like a diacylated pigment
(Table 1SI).

Besides Sstacking interactions, metal binding is another very important mechanism of
color stabilization and vari@n. Red cabbage anthocyanins form stable blue chelates at
neutral pH(G. T. Sigurdson et al., 20175lue to an extended electronic delocalization
promoted byproton loss from the Bing, and the stabilization of thHeound anthocyanidin
toward water addition.However, onlythe metal complexes of tH82 pigmentsare deeply

blue and thermally stable over long periods of time.

Acylation at C20H of Glc 2 is the common feature of G2 pigmerEahanced S
stacking interactions may result fraims ideal positioning €xternal Glc + C2 position) and
from an optimal compromise between rigidity and flexibility due to acylation occurring at a
C-atom of the pyrane ring instead of the more flexibleG&arm of Glc 2 (Scheme 1).
Hence, the length and flexibility of the spaceust be a key structural feature for strofg
stacking interactionsBy stabilizing the compless and preventing the lealge of free iron
these interactions confer da2 pigmentsan efficient protection againgte prooxidant action
of F&",

The thermalstability of the iron- PB complexis evenhigher thanthat of the DAA
complexes(Fig. 7-Sl). Besides,PB probably forms metal complexes of 1:3 mdigdnd
stoichiometry while the bulkier DAAenly bind one metal equivalefitable 3, Fig. 6SI). In
addiion, the CD spectrum of a 1:1 Al- PB mixture at pH 7 displays an intensesitive
Cotton effectthus indicating a chiral sedssociation of anthocyanidin nuclei in a clockwise
manner(K. Yoshida, Nagoya University, unpublished resultdgnce,the 1:3 metat PB
complexesmay not only be stabilized bstrongintramolecular Sstacking interactions, but
also byselfassociatiorieading to aggregates of higher stoichiome&rg ( 2:6 metaligand).
Unlike the DAAs, he availability of one side dhe chromophore in monoacylated PB opens
up the possibility of selassociation between different chromophores. Their chiral
arranggment may result from the constraints of the octaedral metal coordindtios.
tendency of PB to form supramolecular struetuin the presence of metal ions likely
contributes to the unique colopropertiesof its metal complexes.
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Chapter 4.

Metal binding of acylated red cabbage

anthocyanins producing stable blue colors

SUPPLEMENTARY INFORMATION
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Fig 1-SI. baAbsorption spectra of pigments P3 and PB before and after complexafiefi to
at pH 7 (phosphate 10mM, pigment 40pMy: Px, ' ' Px + 1 eqF€**. b) Binding kinetics at

pH 7 with 1 equivFée*.
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Fig 2-Sl. Amplitude of the complex’s visible band as a function of the metal/ligand molar
ratio.P2 (0), P5 (x).
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Fig. 3-Sl. Iron - P6 binding at pH 8 (2 equiv. iron)Top, left slow binding after addition of
Fe’*. Bottom, left fast binding after addition of e Right initial and final visible spectra
(M. Moloney, Avignon University, unpublished results).
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P5 pH 7

b)

Fig 4-Sl. Spectroscopic monitoring of metaanthocyanin binding. @&, b) Al®*
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670 nm

Fig 5-Sl. pH dependence of the Uusible spectra of PB and P3 in the presence 6&f @e
equiv.). For a given pH, the UVisible spectumwasrecorded after maximainding
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Fig. 6-Sl. Kinetics of trans-chalcone accumulatiofrom PBat pH 7, 50°Cin the absence

(top) or presence (bottom) of Al(1 equiv.) showing the inhibition of Ct formation from the
PB-Al complex.
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Fig. 7-SI. Detection of PE€*, P5AI** and PB-AI*" complexes by HRMS with ToF
detection (direct infusion, pH 7 phosphate buffer).
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b)

Fig 8-Sl. Rate of color los$top) and pigment losgbottom) in solutions of PA, P1, P4 aR&
atpH 7, 50°C, in the absence (black plain line) and presence (grey dashed line) of 0.6 equiv.

Fe,
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Table 1-SI. L*a*b values of PAand P5 at pH in the absence @resence of 1 egv. metal

ion.
Metal L a* b* C* h*
PA i 62.8 219 272 350 -51.2
1Fé" 626 -29 373 374 855
1AP 601 159 -41.0 440 -68.8
P5 583 120 -433 449 745

1Fe" 67.4 -26.8 -295 398 -132.2

Fig 9-SI. Comparison between the picture of the cuvette (left) and color patch calculated from
the L*a*b coordinates (right)
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Scheme2-Sl. Scheme of conversion of the actual color to a digital color patch.
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Fig 10-Sl. Theoretical visible spectra of Ralith .« adjustment. Experimental spectrum
max= 599 nm.The chromalecreases with increasimgvelength. Purple has a higher chroma

than blue.
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Fig 11-SI. 7TKHRUHWLFDO YLVLEOH MNSHGEA UXR+28 InnB vsZ ltsV K
experimental spectrum) and its narrower versidme chroma is barelgecrease in spite of
the reduction by half of the total intensity (integrated absorbance).
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Fig 12-Sl. Steps of the "contamination method" uséd.Generton of the contaminant
spectra (40% of A.y. Threecolor contaminationsvere testedpink (rather unlikely), olet
(neutral base), andellow (anionictranschalcone, degradation product®. Sum of the
spectra. 3. Correction for total absorbar@entamination by yellow undertones significantly
reduces the chroma, while purple tones increase it.
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Pigment max (NM)

Patented Blue 637
Brilliant Blue (FD&C 1) 629
Indigo carmingFD&C 2) 647

Methylene Blue 662
amax = 629nm

Fig 13-Sl. Spectral properties of common synthetic pigmerd color patches calculated
from the L*a*b* coordinates published in US 2016/0015067 Al.

243



244



245



Chapter 5 . The influence of phenolic acyl groups
on the color of purple sweet potato anthocyanins
and their  metal complexes

JulieAnne Fengef Rebecca J. Robbifis Thomas M. Colling Olivier
Dangle§*

& Avignon University, INRAE, UMR408, 84000 Avignon, France
® Mars Wrigley 1132 W Blackhawk Street, Chicago, IL 60642, USA
¢ Retired

246



Abstract

Among the aromatic phenols borne by anthocyanins in fruits and vegetables,
catechoylated ones (witrhydroxybenzoyl (HB) and thp-hydroxycinnamoyl (HC) caffeic
acid) are rare and almost specific to purple sweet potdfmmsdea batatas.), small amount
of caffeoyhted anthocyanins existing grape red cabbage and purple potalthe purple
sweet potato extradiPSP)is rich in acylated peonidin and cyanidin glycosidesthese
pigments, he acyl residues protect the chromophores from water addigeergible color

loss) throughSstacking interactions

The acidity and hydration constants of six individual pigments from PSP show that
diacylationis much more efficient than monoacylation, ahdt HC residues more efficient
than HB.Both thecyanidin and caffeoyl moietiggesent in PSP anthocyanicen bindmetal
ions €', AI®"). When cyanidin is the chromophore, bathochromism is observed in the
visible band, and solutions at pH 7 turn from purple to bitiee additionalpresence of a
caffeoyl residue allows the simultaneous binding of the metal ion to both ligands

complex stabilized by intramolecularly.

Although thecaffeoy residuesefficiently slow down the color losshey actually
contribute to the thermal degradation of anthocyanins. Consistenthgléetion autoxidation
of caffeoylatedpigments is evidenced by UPLKIS/DAD analysis These new pigments
possibly stenfrom intramolecular coupling between the chromophorkeaquinones derived
from the caffeoyl residues. An intermolecutaupling product wittadded caffeic acic also
observedDiacylation enables to cancel the prooxidant effedtef, owing to a tight metal

binding.
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1. | NTRODUCTION

Anthocyaninsare plant pigments thaypically exhibit bright red, purple and blue colors
as the pH is changed from 1 to %hi¥ property makes thepotentialnatural food colorants.
However, anthocyanin color fading the pH range 4 7 greatly limits their industrial
applications Color loss results froma combination of reversible (water addition) and
irreversible (autoxidation, hydrolysis) mechanis(@hapter 3. Polyacylation by phenolic
acids, i.e. hydroxycinnamic acids (HCAs) or hydroxybenzoic acids (HBASs), effidy
increases the color stability owing t&stacking interactions between the anthocyanidin
chromophore and the acyl residues. Within the compact conformations (intramolecular
copigmentation) and/or aggregates (sal$ociation) thus formed, the anthacidin is less
available to attacks by bleaching agents such as water, bisulfite and hydrogen peroxide
(Fenger et al., 2019Polyacylated anthocyanins, which are coom in flower petals, can also
be found from edible sources, especially from intensely colored vegetables, such as red
cabbage (RC) and purple sweet potato (PSP), and the corresponding extracts bear great

potential for application as food colorants.

RC ard PSP anthocyanins are bo#®3sophorosys-O-glucosylcyanidin and peonidin
derivatives bearing a variety of acyl groups on the sophorosyl moiety. In RC, acylation occurs
at C60H of the first Dglucose unit (Glel) and/or at C:DH of the second flucoseunit
(Glc-2). By contrast, acylation in PSP anthocyanins only occurs at tH@HCpositions of
both Glc units(Scheme 1)Diacylation of RC and PSP anthocyanins provides a remarkable
protection against water addition to the C2 positiorri(@) of the flavylium ion (AHY),
which leads to a colorless hemiketal (B) in equilibrium with minor concentratiocis-aind
trans-chalcones (Cc and C¢scheme 4Sl) (Moloney et al., 2018; H. Oliveira et al., 2019)
Sandwichtype conformations with the chromophore intercalated between the two acyl

residues are assumed to be involved in thiis mecolor stability(Trouillas et al., 2016a)

While PSP anthocyanins are peonidin (major) and cyanidin (minor) derivatives, RC are
essentially cyanidin derivatives, which were shown to bind metal aase pH 5 with
concomitant intense bathochromic shifts in the visible band and color stabiliZ&idon
Sigurdson et al., 2016)nlike their RC cabbage homologs, some major PSP pigments have a
caffeic acid residue, which itself can bind metal ions. Hence, depending on the PSP
anthocyanin selected, metal binding can ocgarthie chromophoréRCE anthocyaninspr
acyl group(P9a, P10, P11, P18y both(P9b) (Scheme 1)
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The relative affinity of the two binding sites was investigated at pitfy two metal
ions F€’* and AP*) from a kinetic and color perspective. The impattaffeoyl moieties,

free or coordinated witRe’* on the pigments irreversible degradation was assessed.

2. MATERIALS AND METHODS

2.1. Chemicals

Anthocyanin extracts and isolated anthocyanins from purple sweet potato and red
cabbage (Scheme 1) wepzovided by Mars Wrigley. They are acylated derivatives of
cyanidin or peonidin3-O-sophorosys-O-glucoside. HPL&rade water was used for all
aqueous solutions. Caffeic acid, Fe@SOrH,O, AICIl; - 6H,0O, KCI, NakhPQO, 2H,0O and
NaHPO,- 7H,O were all purchsed from SigmaAldrich. Acetic acid (VWR), trace metal
grade HCI (Fisher Scientific) and NaOH (Alpha Aesar) were also used. Concentrated stock

solutions (5 mM) of pigment were prepared in 0.05 M HCI.

R Rl R2 R3
3% CHs H H H
P9a® CHs Caffeoyl H H
PO9b® H Caffeoyl H Feruloyl
P10° CH; Caffeoyl H Caffeoyl
P11° CHs, Caffeoyl H Hydroxybenzoyl
P12° CH;  Caffeoyl H Feruloyl
PA¢ H H H H
P4° H p-Coumaroyl Sinapoyl H

3 Structure inferred from those of the PSP DARAStructures fron{Terahara et al., 1999)
¢ From red cabbag@loloney et al., 2018)

Scheme 1Structure of the purple sweet potato anthocyanins studied
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2.2. Structural transformations of anthocyanins

For six isolated PSP anthocyanins, the following parameters were determined
according to a method recently described with def{Misloney et al., 2018)the first and
second acidity constants of the flavylium iakapand K4, (successively connectirthe AH™
and the neutral and anionic bases A arl the overall acidity constant of the fidwim ion
pK f(defined aK §= K | + K §), the apparent hydration constant of the flavylium i&hfjp
(connecting AH and the set of hydrated colorless forms, B, Cc and Ct) and the corresponding
rate constants of hydratidg (s*) and dehydratiot, (M™ s?). The latter is an apparent rate

constant for the dehydration of B and Cc in fast tautomeric equilibrium (Sch&te 1

Briefly, 102 M acetate (pH 3.0+6.0) and phosphate (pH 6£8.5) buffers were used
and the ionic strength fixed with 0.1 M KCI. Absorption spectra were recorded on a Agilent
8453 diodearray spectrometer in thermostated and magnetically stirred quartz cuvettes
(pathlergth = 1 cm).For each pigmenthe kinetics of the hydration reaction was monitored
over the pH range 2 6. The apparent firstirder rate constant of hydratiok.d) was
calculated for each final pH. The first acidity constégt(AH/A couple) and rateonstants
ko and k, were deduced from the pH dependencédgf and the ratio of the initial to final
visible absorbance. These solutions were left foR h to reach the hydration equilibrium and
their UV-visible spectra recorded. From the plotAgf DW W KH | OR)Yas@ Eunetidin/
of pH in the range 1 6, the apparent acidity constant fwas estimated (example provided
in Fig. 1-Sl). The apparent hydration constarff was deduced from the relationship¥ =
. ¥ + Ka1. Finally, the second acidity constalit, (A/A" couple) was estimated from the pH
GHSHQGHQFH RI WKH DEVRU ERiQmediabely aitékaddiioQ of RigieRt ED V H
to near neutral solutiongpld 6.0- 8.5). Under such conditions, the slow hydration can be
neglectedBy expanding the pH range to 9.2 and monitoring in the UV range (375 nm), the

acidity constant of thphenolic proton of3 D §a¥feoyl moiety could also be estimated

Speciation diagrams showing the qldpendence of the individual forms at all pH were
constructed from th@Kai, pKaz and (K § values (Fig. 2SI). They were determined at t=0
(hydration excluded) and at treguilibrium, including the isomerization totrans-chalcone
(Pina et al., 2012b)
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2. 3. Metal binding experiments

Fresh 5 mMsolutiors of Fe* and Al** were prepared fronFeSQ - 7H,0 and AICl 5 -
6H,O in 1 mM HCI. In the quartz cuvette of the bNsible spectrometer, the following
solutions were added in this order: pH 7 phosphate buffer, 20 yL of anthocyanin stock
solution and, after a few seconds, a small volume of the FreflVsolution (iron/anthocgnin
molar ratio = 1 or 2)The full @sorption spectra were recorded in kinetic mode. The duration
of acquisition varied between 1 and 2 minutes an optimal sensitivity, the detection in the
visible range was set at 550 or 610 nm witfi"Atlose to K H F R P S,Q)Haifi\at 670 nm
with F€* (charge transfer contribution of the *feomplexes)For free and bound caffeic
acid, absorbance was recordat 350 nm and 370 nm, respectively. When applicable, the
hyperchromic and bathochromic shifts weedculated from the initial (free ligand) and final

(metal complex) spectra alq(ax £Amax,0/Amax,0aNd maxt £ maxo respectively.

2. 4. Kinetic modeling
The kinetic curves were analyzed withetScientist software (Micromath, St Louis,

USA). A two-step process was usually observed which is interpreted as follows:

ki, ke,
metal M) + ligand (L) 1—Q> complexC1 2—Q> complexC2

with k; a secondorder rate constank; a first-order rate constarand Othe molar absorption
coefficiens. Optimized values for the rate constants amolar absorption coefficients are
reported For P9b, a refined model combines a simultaneous binding of the catechol and

cyanidin, with a 1:1 stoichiometry.
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2.5. Thermald egradation
Thermal degradation was performed at pH 7 and 50°C in a thermostated water bath

according to a methopreviousy reported(Fenger et al., 2019Briefly, the pigments were
GLOXWHG WR 0 LQ WKH SSKRV FiK §pe¢trh \Eexd tdddrddal\egulgrlg:
over8h. The residual fraction of color species at pH 7 (mainly A-}was determined at the
max@S% Color= A pt) / A poft = 0) X100 Aliquotsof 1.5 mLwere taken up at time zero
and atregular time intervals over 8kt 24hand 48h They werecooled down acidifiedto pH
1 and stabilied at room temperature for 15h (NAA) to 48h (DA&p ensure complete
regeneration of the flavylium ion from the colodeforms). The absorptiogpectrum was
recordedafter stabilization, andhe residual fraction of flavylium ion was calculated%s
AH" = A p(f) / A po(t = 0) x100and plotted as auhction of time % AH" = 1 +D with D

the fraction ofirreversibledegradation products.

2. 6. Product identification and quantification

The acidified and stabilized samples were analyzed with an Acquity UPLC (Waters
Corporation, Milford, USA) equippedith a diode array detector (DAD). Samples (5 pL)
ZHUH LOQMHFWHG RQWR DQ $FTXLW\ 83/& %(+ & UHYHUVHG
at 30°C. Phase A (1% HGB in HO) and B (1% HCGH in MeCN) were eluted at 0.4
mL/min. Gradient for P12 was %B: 0 min: 6% min: 12%, 9 min: 18%, 11 min: 24%, 14
min: 80%, 1518 min: 6%. Gradient for P4 was %B: 0 min: 6%, 5 min: 12%, 10 min: 24%,
12-13 min: 80%, 1518 min: 6%. The UPLC system was coupled with a-Q&tap HCT
Ultra (Bruker Daltonics, Bremen, Germany) inraican mode. The capillary voltage was3
kV (positive mode) or 2.2 kV (negative mode) with a -PADO m/z scanning interval at a
speed of 26x10m/zs™. Desolvation was conducted with, Bt 365°C, 40 psi, 540 L/h. The

cone voltage was 40 V, and thegnaentation amplitude was 1.2 V.
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3. RESULTS AND DISCUSSION

3.1. The structural transformations of PSP anthocyanins

The thermodynamic and rate constants for the structural transformations of the PSP
anthocyanins (Table 1¥how strongdifferences betweernthe nonacylatedanthocyanins
(NAA), the monoacylated (MAA) and diacylated (DAA) anthocyanins. Wherea$irdteand
second acidity constangse weakly impacted by the acylation with no clear trend emerging,
the overall acidity constant, which includes thydration component, is strongly affected: the
pK f§value increases from the NAA to the DAAs, with a gap more marked when a second acyl
residue is introduced. As expected, this trend is translated inKilffevalue the apparent
constant of hydration ahe flavylium ion The DAAs of purple sweet potato appear much
more resistant to water addition than the NAA and MAAs, meaning that the second acyl
residue triggers a better protection of the flavylium ion againgtnaddition than the first
one,as obseved withthe red cabbage anthocyan{iMoloney et al., 2018)This is consistent
with the hypothesis oDAA adopting sandwich conformations with the anthocyanidin
intercalated between the 2 acyl residues for optimal proteclioa.second acylation also
occurs on the external suger of the sophorose, and thus beneficiated from a éghiétyftl

This mayresult inmore efficient Sstacking interactions

The speciation diagrams expreibge calculated fraction of flavylium, neutral base,
anionic base anthe mixture of colorless formgJotted for each pigment over the pH range 1
9. They showthat the fraction of colored forms in mildly acidic solution (pH B ranges
from ca IRU 3&f68%Ror POb. As for the red cabbage anthocyafiftdoney et al.,
2018) the coloring potential of the diacylated anthocyanins far outreaches that of tl@don
monoacylated homologs at all pHs. This protection against hydration is mostly rooted in
smaller hydration rate constants (a factar 30 between th&, YDOXHV RI 3% DQG 3
DAAs make a large contribution to PSP anthocyanin extracts, representing 48% tar 75%
more according to the cultivgkKim et al., 2012; Xu et al., 2015hese pigments are mostly

responsible for the color of tlextractatthe typical food pHSs.

Among the diacylated anthocyanins of PSP, P11 bears a hydroxybenzoyl residue, which
is much less common than the hydroxycinnamoyl residues. This peculiarity makes P11 more
vulnerable to water addition than the other DAAs (P9b, PHORA?), which display 2 HCA
residues. For instance, the percentage of colored forms at equilibrium at pid. 2086 for

P12,vs only 10% for P11. In addition, the formation of the colorless species (hydration) is 3
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times as fast with P11 as for P12. §8 consistent with HBAs being less potent copigments
than HCAs(Trouillas et al., 2016aand suggests that the HBA residue of P11 develops
weaker Sstacking interactions with the anthocyanidin than the widere polarizable HCA

residues.

The spectra of the pure neutral aadionic bases can be calculate@nfi the
experimental spectra at pH 1 (pure flavylium), 5.5 and 7.5 (recorded before significant
hydration) and the Ku1 and K4, values. Itpermits to rigorously compare the coloring
properties for a selection of peonidin derivatives from PSP as a function of their acylation
pattern (Fig. 1). As usual, acylation results in a shifting of the visible band to higher
wavelengths but this phenomenon, tyhig associated to acykanthocyanidin Sstacking
interactions, is more significant with the flavylium ion and the anionic l#esgation by ap-
hydroxybenzoylvs p-hydroxycinnamoyl residue has no consequence on the flavylium
spectrum (samenax for P11and P12) but results in slightly lowegax values for the neutral
and anionic bases (Fig. Iihe spectra of the anionic bases of P9a, P9b and P12 all show a
narrow asymmetric absorption band, which is associated with a high chromaticity-8t)g. 5
andthus a desirable coloBased on our previous work (Moloney et al., 2018), purpleesswe
potato and red cabbage DAAs with HCAx¢ept for P11) cannot be discriminated by their
sensitivity to water addition. Thus, the position on-&lof the second HCA residue (€H
in PSPvs C20OH in RC) has little influence on its capacity to hinder water addition to the

flavylium ion.

Table 1. Thermodynamic and rate constants for the structural transformations of the PSP
anthocyanins (25°C).

Pigment pK ¢ pKa1 PKaz pK ¢ pK kn(s%) (Mﬁhs—l)
3$1  Peo 2.04 4.21 7.08 204 255 0.33 116

(£0.04) (x0.08) (£0.04) (oo *01) (+001) (x7)

2.43 4.06 7.11 2.44 2.82 0.132 87.8
Poa  PedCh  002) (£012) (2002 ¢0o® 033 (20011) (+6.6)

3.71 3.93 7.15 411 391 0.049 394
POb - CyaCtF) (£0.07) (x0.04) (£0.06) (xo®@ *040 (+0.004) (+24)

3.53 4.11 7.16 3.66 3.95 0.028 251

P10 PedCf,C -
qcten (+0.03) (+0.06) (x0.05) (00 069 (+0.004) (+25)
3.25 3.99 7.29 3.34 3.74 0.030 162

P11 PedCfHB -
d ) (+0.03)° (+0.06° (£0.02f (x0.6) (£063 (+0.004) (+16)
4.34 7.49 4.02 4.25 0.010 176

3.85
P12 PedCfFl) (£ 0.04) (£0.07) (*0.05 @owm 11 (+0.002) (+27)
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2K § = K +Ka1 (Ct included),” K § = ks / Nf[(Ct excluded)® From Oliveira et al., 2019
(phosphate / citrate / borate buffguK §= 3.15,pKa1= 4.2,pKa2= 7.8. Peo(HB)pK §= 2.69,
PKa1 = 4.1,pKaz2 = 7.5.

From the spectral changes in the UV raagdigher phithe K, RI WKH 3 DTV FDIIH
moiety was estimated at 8.270.05,i.e. a little more acidic thafree caffeic acidpK,= 8.48
(Silva et al., 2000)and chlorogenic acid {Baffeoylquinic acid,pKa> = 8.42 (Tomac &

Seruga, 2016)rhe dissociation of the HCA residuesthuslargely negligible at food pHs.

1,5 1,5
1,0 381 1,0 P9a
0,5 0,5
0,0 0,0
250 350 450 550 650 250 350 450 550 650
1,5 2,0
P11 P12
1,5
1,0
1,0
0,5
0,5
0,0 0,0
250 350 450 550 650 250 350 450 550 650
QP
max (NM) Flavylium ion Neutral base Anionic base
3% QR DF 511 548 597
P9a (acyl = Cf) 522 542 603
P11 (acyl = Cf, HB) 528 543 607
P12 (acyl = Cf, FI) 528 553 610

Fig. L.UV-YLVLEOH VSHFWUD RI SXUH FRORUHG IRUPV IRU SHRC
P12. w: flavylium ion, w: neutral baseyv: anionic base; color patches (L*a*b*coordinates).
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3.2. Metal binding

In our study of metalxanthocyanin binding, a neutral moderately concentrated (10
mM) phosphate buffer was used to set the pH constant and also simply mimic the competition
polyphenols may encounter in natural media with other common oxygenated ligagatsdo
acids, phosphate and phosphatidyl groups) for metal ions. Aluminum and iron binding is an
important mechanism of color variation in plants, especially for the expression of blue colors
in flowers (Yoshida et al., 2009).

In PSP anthocyaninsyb catechol moieties (1;2lihydroxybenzene) are prone to metal
binding: the cyanidin nucleus and the caffeoyl residlieey were studied independently,
respectively in pigment PA and free Cf aci@lhe spectral modifications of the PSP pigse
(Figs. 2 & 3, Take 1-SI) are highlydependent on pHhe metal ionandthe presence, number

and positio of the acyl groups.

3.2.1.ALUMINUM BINDING

Caffeic acid does not bind &lat pH 7, whether free or as the single acyl group of
peonidin derivative P9a (Glt). However, in P10, the presence of the second caffeoyl residue
(Glc-2) allows APF* binding (Fig. 4). The binding of 1 or 2 equiv.*Als primarily manifested
by modificaions of the UV banaf the acyl residueshe appearance of a shouldercat 400
nm, while the visible band remains unaffect&@tie spectral modifications observed in the
visible range could reflect, either the perturbation of 8stacking interactiontriggered by
the Al**-induced perturbation of the electron density on the caffeoyl resid®esides,
reaching saturation in the spectral modifications requires an excéssvhich suggests that

Al** - P10 binding is reversible under our conditions.

P9bcombines tw@otential binding units, the cyanidin nucleus and the caffeoyl residue

on Gle1 (inert to AP* as observed with P9a). Its binding to®/Ais slightly slower than for

P10 (Fig. 4), which suggests that both binding units participate. Indeeshegbw&al changes

in the UV range are the same as for P10, but the visible band is now shifted to higher
wavelengths and broadened (Fig. 2). Moreover, the final spectra with 1 and 2 edjuareAl
close. Overall, these observations suggest a simultari®odimg of 1 equiv. A" for the
cyanidin and caffeoyl moieties. The absorption spectrum of the PAB* complex is
actually close to the calculatedesrum of the pure anionic ba@ég 2). From the tautomers

of A", deprotonated at C4' or @JH, the cordination of Af* induced araddtional proton
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ORVYV |1UBH, whichhas an overall weak hypsochromic impact, that may involve the

caffeoyl moiety.

L5\ Po9b — — 1Fe2+ pH
Y AU T 1AI3+ pH ’
604 ——AM
1.0 ——pH7

0,5

250 350 450 550 650 750

L5+ P10 — — 1Fe2+pH’
. N T 1AI3+ pH 7
\ — Am

1,0
89— pH7

0,5

0,0
250 350 450 550 650 750

Fig 2. UV-visible spectra of pigment P9b (Cya, Acyl = Cf, HB) and P10 (Pn, Acyl = Cf, Cf),
at pH 7, s pure anionic base (Am, calculated) and it Bad AP* complexes (1 equiv.).

3.2.2.IRON BINDING

From our previous work on different classes of natural phenols (Nkhili et al., 2014),
neutral phosphatbuffered solutions, F&show a highemffinity than Fé" for phosphate
ions, which are 20@old more concentrated than anthocyanins. Hence, anthocylefihs
binding results faster than with eHowever, fast F& binding is typically followed by fast
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autoxidation of F& within the complexg which wasalso confirmed by the ferrozine
colorimetic test with colorless pheno(®khili et al., 2014) Independent experiments with

RC anthocyanins (unpublished data) have showntligafinal spectra are actually the same,
whether F& or F€* is added, thus confirming iron autoxidation during binding. Although
free Fé" is already quite prone to autoxidation in neusrlution (kox = 58x10°stat pH 7)

its conversion to Fé is expected to be accelerated by binding to catechols, given the much
higher affinity of these ligands for Fe(logK, = 20 for Fé*, vs 8 for Fé*, Perron &
Brumaghim, 2009)

Binding of caffeic acid and P9a results in the formation of a characteristic shoulder
from the UV band, between 38Y0 nm. By contrasthe deprotonation of Cf shifts the
absorption band to 344 nm (FigS3). With caffeic acid, a new absorption band typical of

ligandto-iron charge transfer is also observednak | 610 nm Fig. 3-Sl) with a weak malr

DEVRUSWLRQ F®RHMLcm)HREWbeirly a much stronger electron acceptor, the

charge transfer band observed may be rather due to this form thafi" tinFlavor of its

previous autoxidation in the compléXkhili et al., 2014; Perron & Brumaghim, 2009). With

P10, the specttahanges in the UV range are much more intense and a true new absorption
band at max = 374 nm emerges (Fig. 3). Its extension into the visible range adds a yellow
FRPSRQHQW WR WKH 3 fV FRORU 7KLV QHZ EDQG*GHQRWH&L
ion by the two Cf residuetJnexpectely, the visible band ishifted to shorter wavelengths

(Fig. 3, Table 1SI), whichis another evidence of the proximity of the caffeoyl residue with

the chromophoreThe stability of this complex is illustrated in thbermal degradation

section.

Caffeic acid complexation with Eeresults in a weak shoulder at 370 nm (FigSIB
that is not increased by higher concentrations fif ffég. 2-A). Pigment PA exhibits a weak
bathochromic shift of 9 nm (Fig-8I). Both binding occurwith an overallsimilar rate(Table
2). In comparson to the individual PA anchffeic acidthe spectral modifications infuced by
P9b bindnhg to F&* attest from binding at both sites, and results in more spectacular
modifications:a bathochromic shifof 27 nmand a more intense shoulder at 370 nm (Fig. 2)
This suggests a cooperation between the two binding sites, potentially intramolecularly as

represented on Schen, although intermolecular coordination cannot be excluded.

3.2.3.BINDING STOICHIOMETRY
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With P9b,with F€* equivalences ranging from 1/3 tote gradual bathochromic shift
of the visible band saturates at 1 equivalent (Bi§l). This is euilence of a dominant 1:1
binding, which is the stoichiometry detected watiher glycosylated flavonoidéMoncada et
al., 2003; Perron & Brumaghim, 2009; Smyk et al., 2008) binding was also reported with
guercetin and kaempfer(ira et al., 2002)Consistently, metaltP9b binding eventually led
to the same final UWisible spectra whether 1 or 2 equiv*Feas addedFig. 2-A). It may
thus be considered that despite its 2 binding sites (cyanidin + Cf), P9bonky complexes
of 1:1 stoichiometry. The same observation was made with P10 dhdlBesuggesting that
both caffeoyl residues simultaneously bind a singl& km (Scheme 2). By contrast, the
phenolic acid Cf show saturation at lower metal conctafrs, 1/3 to 2/3 equiv. B&(Fig 4

Sl), suggesng its possible involvement into 1:2 aniB toordination complexes.

3.2.4. QUANTITATIVE KINETIANALYSIS
Simple binding models were used to simultaneously analyze the spectral changes in the

visible (anthayanidin) and UV (acyl) domains (Table 2, Fig. 4).

P9b + Fe?* P10 + Fe?
POb + Al P10 + AI®*
Time (s)
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Fig. 4. The kinetics of metal binding to P9b and P10 (pH 7, 2 equiv. metalioN)onitoring
in the UV range (370 nm);: Monitoring inthe visible range (P& 670 nm, Af*: 550 nm).

When metal binding is observed, this is often through astep kinetic process (Fig.
4). The 2 kinetic steps can be evidencedhat samemonitoring wavelength, either by an
increase in absorbance followed by a deeag,(caffeic acid + F€, P9a + F&, P9b + AfY),

or a clearly biphasic (fast, then slow) increase in absorbarngeR9b + F&, P10 + AFY).

With ligands having aingle binding site (caffeic acid, P9a), the second step (following
a secodorder step of metal bindijigis assumed to reflect a rearrangement in the
coordination sphere (possibly involving the phosphate ions) to a more stable complex (first
order rate costant k). In the case of diacylated anthocyanins, the second step is much slower,
with no modification of the0 rather pointing to a slow rearrangement in the coordination
sphere with the phosphate ions, into a more stable complexoffitst rate coriantk,). As
for the primary binding step, its rate constan) (s in good agreement with that of caffeic
acid.In P9b, as caffeic acid and P9a, as well as PA all rapidly bifig fene of the 2 binding
units of P9b can be privileged in the coordinatibrire”. It is thusproposed that P9b binds a
single F&" or AI** equivalent simultaneously through its two binding units (cyanidin and Cf)
and that the second (firetder) step most likely reflects a rearrangement in the coordination
sphere. This doubleoordination should occur at a minimal reorganization cost as the two
moieties are already iisstacking interaction in the free pigmeAs caffeic acid and P9a do
not bind AF* under our conditions, it is clear tHatP9b,cyanidin#Al** binding is thedriving
force bringing the Cf residue (stacked to cyanidin) in close proximity 1 #ius allowing

its coordination

The spectral changes observed in irooyanidin binding combine the bathochromic
shift featuring the complete conversion of the ligand to the anionic base and the underlying
ligandto-metal charge transfer. As the latter effect is absent with aluminwenpvérall
bathochromic shift is much weaker (for P9b, 8 ns,36 nm with iron) A higher fraction of
unbound pigment may also remaitith aluminum(reversible binding) and explain the lower
bathochromic shiftsHowever, the influence of the acyl residug<ritical and, for instance,
the ironrinduced bathochromic shift drops to 9 nm for nonacylated PA. It is thus proposed that
the simultaneous binding of £eby cyanidin and the caffeoyl residue of P9b is the main

driving force in theintensebluing effect observed with this pigmenBy comparison, the
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highest bathochromic shift that is achieved by addirtj @eequiv.) to a neutral solution of

red cabbage anthocyanins (rooordinating HCA residues) isa. 20 nm (8 nm with AT
(Sigurdson et al., 2016)

Overall, iron binding appears faster than aluminum binding, wheuriacg at all with

A*¥*, D OLNHO\ FRQVHTXHQFH RI D VWURQJHU FRPSHWLWLRQ |

binding sites for Al".

Table 2.Kinetic analysis of metatligand binding (pH 7, 0.01 M phosphate buffer, 25°C).

Metal, M 10°k, ko (hm)? (hm)?
Pigment equiv. (M*'sh? (s ? 10 Q@M*em?)  10° o (M cm?
Fe, P9a 370:29.9 (x 0.7) 370: 20.5 ( 0.1)
110607 017(001) 4705902 670:3.7 (= 0.1)
Fe,P9b 1  24(x0.1) i 370: 17.5 (+ 0.1) i
72(*02) 16.9(x05)x13 670:10.8 (+0.1) 670:18.1 (x 0.1)
) 370:16.2 (£ 0.1) 370: 17.5 ( 0.1)
35(x0.1)  16.9x10° 670: 13.2 (+ 0.2) 670: 18.1 (+ 0.1)
370:17.2 (+0.1) 370: 18.6 (+ 0.1)
Fe,POb 2 100(x03 288 04)xad 1ol 2E oY 72D O
Fe, P10 ] 370: 29.6 (+ 0.1)
1 37(01) 670: 4.8 ( 0.1)
] 370: 31.6 (+ 0.1)
Fe,P10 2  43(x0.1) 0 5L O
Fe, Cf 370:47(x 0.1)  370:1.9 (+ 0.1)
1 13005 39E1)x10 5700954 0.01) 670:0.32 (= 0.01)
Fe,PA 1 510(x06) 199 (+14)x1¢ 670: 263(x022) 670: 519 (+ 0.05
Al, P9a 1 No binding
370: 12.6 ( 0.1)
ALPD 1 13(01) i o10:214 0 1) i
370:13.3(+ 0.1) 370: 14.9 (+ 0.1)
ALPSD 2 19(01) 19(E1)XIC  Sph503001)  550-20.2 (x 0.1)
ALPI0 1  22(+01) : 370: 13.7 (+ 0.1) i
Al, Cf 1 No bindng
$0 3 1 No bindng

% ki: bimolecular rate constant of metal binding leading to complek:1first-order rate
constant for possible evolution of complex 1 to complex @, @ molar absorption
coefficients of complex 1 and complex®Final (refined) curveitting at both wavelengths.
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Scheme 2Proposed structure for the 1:1 RIBE* complex (left) and the 1:1 P9b
Fe#(right, n = 2 (initially) or 3 (after autoxidation).

3.3. Thermal stability

3.3.1.RATE OF DEGRADATION

The stability of individualanthocyanins was investigated at pH 7, 50°C (Figlrb)he
peonidin series, P1P(+ &1 &1 LV PRUH UHVLVWDQW WR FRORU ORVYV
afforded by the acyk-stacking interactions, Q 33$ HTXLY &I WKH SRWHQWL
FRSLIPHQWDWLRQ EHWZHHQ &I DQG 3% SURYLGHV QR FR
confirming that the color stability primarly results from intramolecular copigmentation
(Trouillas et al., 2016)nterestingly the dicaffeoylatedanthocyanin P10 is unexpectedly way
lessresistant to true (irreversible) degradation titamonacylatedcounterparts3$ DQG 3%
(Fig. 5b)). Other caffeoylated anthocyaniisll and P12, showed simildegradation rates
as P10Fig 5SI). Besides, lteaddition of 2 equiv. of freeaffeic acidhas the same impact as
the caffeoyl residue, hence the catechoiatyomust contribute to th&#ue degradatiorof
anthocyaninsBy contrast, the irreversible degradatminthe red cabbage anthocyanins (acyl
= pC, FI, Sp) is barely impacted the acylation patt@ihus, it seems that the redox active

caffeoyl residug¢Amorati et al., 2006)avors the oxidative degradatioh PSP anthocyanins
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The addition of ironions is a way to produce blue colors at pH below the, @K
anthocyanin pigmeaf a color that is also more stable thanks to the stabilization of the anionic
base by the met4G.T. Sigurdson et al., 2018lowever even moderate Eéconcentations

were shown tacceleratarreversible degradatioof red cabbag@&nthocyaninsspecifically

the non and monoacylatednes(Fenger et al., 2019T KH QRQDF\ODWHG 339 IURP

O-Sophb5-0-Glc) andits homolog R (Cy-3-O-Soph5-O-Glc) from RC dgrade at a similar
rate (Fig. 6Sl). However, PA resuls muchmore destabilized by the addition of’Féso= 2h
vs 17h)than PAY This is consistent with a degradation initiated by a-éhextron transfer to
oxygen, in presence of Feons. The absence of destabilization effeétl.5 equiv.F€" in
P10 may be ascribed to a tigimon +anthocyanin bindingin the same way as the RCE
diacylated anthocyansr{Fig 5-Sl).

In summary,caffeic acid, either free or bound to the glycosyl moieties, contributes
similarly to the degradation @nthocyanins at pH By extension,n entire anthocyaninch
extracts, the presence cdtechoylated lpenols such as catechin derivatives and caffeic acid
esters (e.g. of quinic aci@/alien-Aubert et al., 2001)nay contribute to the overalhemical
instability of the extractsindeed in spite of its hidper fraction in diacylated amtbyanins,
PSPEis less stable thaRCE at pH 7, 50°Q(Fig 7-Sl). However, vhienbound to the caffeic
acidin diacylated anthocyanins€* prooxidant effect is no more visible

a) b)
1,00

0,75 -

0,75 -

0,50 - 0,50 -

0,25 - 0,25 -

0,00 ; . : : 0,00 . ; . .
0 2 4 6 8 0 2 4 6 8
Time (h) Time (h)

Fig 5. Kinetics ofa) color loss and) thermal degradation (pH 7, 50°C). PA (Cya, no acyl,
JUH\ 3% 3HR QR DF\O EODFN 3 3HR &I &1 JUHHQ
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3.3.1.DEGRADATION PRODUCTS

The degradation products of P11 and P12 (diacylated peonidin derivatives having one
caffeoyl residue) and of P4 (diacylated cyanidin derivative without caffeoyl residue)
supplemented with caffeic acid (1 equiv.) were explored by UBIAD-MS analysis.The
elimination of the diacylsophorose moiety was detectadz 623 from P11 m/z 679 from
P12), as well as feruloylsophorose (2.8 pM after 24h) and caffeoylsophorose (1.3 uM after
24h) in low concentratiorA similar product, theg-coumaroylsophorose was repeat from
RC anthocyaningChapter 3. Pigments having lost the caffeoyl residme/905 from P11,
m/z 961 from P12) were the sole hydrolysis products detedibt&: points to the high
instability of caffoylated degradation products, relatively to thoseifge otheracyl residues.
Indeed, the reactivity of the aegbphoroside is expected to be linked to that of the acyl.

A group of new pigment®as detectedcorresponding to P1#2H and P12+2H. They
haveno equivalent in soluties of red cabbage anth@mnins(Chapter 3. For instance, with
P12, 2isomers of2 having am/zof 1121were observed & = 4.0 and5.2 min (Fig. 6a)).
Their max 0f 536 nm corresponds a shift ofca. +4 nm compared to P1Fig 9-Sl). These
two electroroxidized products coulde formed by autoxidation of the caffeoyl residue
(initiated by metal traces) with concomitant formation afguinone and kD, (Nkhili et al.,
2014) The o-quinone might then evolve by intramolecular nucleophilic addition of the
peonidin nucleus (under its nucleophilic anionic base or hemiketal form), as already observed
in an intermolecular versio(SarntManchado et al., 1997; Kader et al., 2004% theo-
quinone of a caffeoyl residue has several electrophilic centers and the peonidin nucleus
(anionic base and/or hemiketdias 2 nucleophilic centers (C6 dnC8), the formation of

several isomers is actually possible.

For comparison, aolution of P4rom RCE(m/z1123) supplemented with caffeic acid,
was heated in the same conditionsnéw pigmentinoted1 was detected with anax of 525
nm (vs 537 nm for P4) and@/zof 1301 consistent with an oxidative coupling to caffeic acid
(Fig 9-SI). This compoundhas3 isomers R = 6.92, 7.16 and 8.30 min) and yields an ion of
m/z 1141, corresponding to the P4 hemiketal. Besideslso losses C©Oto yield ion m/z
1257.1is thus proposed to be the product of the nucleopduildition of P4 to the caffeic acid
o-quinone. Similar products have already been observed when nonacylated anthocyanins are
treated by th@-quinone of caffeic or caffeoyltartriacid (generated by enzymatic oxidation)

(SarniManchado et al., 1997; Kader et al., 20(igmentl concentration was estimated at
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5.2 uM (in cyanin equiglent),superior to theesidualconcentration irP4 after 24h at pH 7,
50°C @.9 uM on the initial50 uM). Interestingly, while P4 is very prone to isomerization (up
to 53%)via intramolecular migration of its sinapoyl residue (at@R of Glc2) (Fengeret

al., 2020Q. The addition ofCf, through interactions with P#hibits this phenomenon, which
dropped to 19% under the same conditions

In brief, acylation by caffeic acid or supplementation of free caffeic acid at neutral pH
appearseasily autoxidizednto the corresponding electrophil@quinone, which can then
react with the nucleophilic anthocyanidiihe anthocyanin derivatives thus formed still
absorb in the visible range. Their contribution to the global color and its stability would

deserve adtonal investigation.
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b)

Fig. 6. UPLC-DAD-MS analysis of the degradation produatpH 7, 50°C Chromatograms
at 520 nm and ion current fdre major ion of compounds la and @pP12 after 8h([M-2H]
ion: m/z1123).Formation of tweelectron oxidized isomeric pigmer2a and2b (m/z1127).
b) P4 after 24h([M-2H] ion: m/z1123), with formation otaffeic acid additiorpigmentsla
andlb (m/z1301J).
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Conclusion

Acylated PSP anthocyanins express more intense pamdi®lue colorén near neutral
solution than noracylated ones. Their color @lso more stable, thanks to afficient
stacking ofthe acyl residuesnto the anthocyanidin nucleudowever, a vulnerable point of
the PSP anthocyanins evidenced in thiskas the presence of red@ctive caffeoyl residues
that accelerate their oxidative degradatiblence, thecaffeoyhted compounds presemt
crude extractdrom e.g. potato and sweet potat@y similaly destabilize the anthocyanin

pigments.

Upon a modemate heating at pH 7,affeoyl residueseem to primarily autoxidize in
electrophilic/oxidizing o-quinones produced by autoxidation of the caffeoyl residaes
reaction catalyzed by Feions. Therefore,n the absence adny caffeoyl residuese(g,
SLIPHQW 3%Y WKH L Qis@eglitiflé. MetRlfedifeloRl QindiRgQavphenomenon
that weakly change the color expressed through a modulation of thpemyildin Sstacking
interactions.Through a tight iron coordination, diacylated antheuya appear to reduce the
prooxidant effect of moderate amounts of F&his effect may extend to the traces amounts
in water, theFe€** concentration used are 10 toOkOthe traces concentrations in tap water.

Al**ions could be an alternatite neutralzethe reactive caffeic residues

In summary, diacylated PSP anthocyanins have a high potential for development as
natural blue colors, provided that the reactivity of their caffeoyl residues be kept under
control. In this purpose, @ent foodgrade nuclephiles and antioxidants (thiols, bisulfite,
ascorbate) couldtabilize the pigments on the long tedm crude extracts, purification step
aimed at eliminating caffeoylquinic acids from the PSP exticmitd help limit the oxidative

degradation of antityanins.
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Chapter 5

The influence of phenolic acyl groups on the color
of purple sweet potato anthocyanins and their

metal complexes

SUPPLEMENTARY INFORMATION
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A(533 nm)
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A(607 nm)
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AdA C)
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Fig. 1-Sl. Spectroscopic titrations of P10 in the acidic pH range at equilib@i@and in near
neutral solutionsk): pK § = 3.53 (x 0.03), Ka2 = 7.16 (= 0.05). pH dependence of the
hydration kinetics in the acidic pH rang®:(pKa1 = 4.11 (£ 0.06). The solid lines are the
results of the curwéitting procedures (Moloney et al., 2018).
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Fig. 3-Sl. UV-visible spectra of free caffeic acid, P9a, P9b, P10 (plain black lines) and their
Fe* FRPSOH[HV GDVKHG JUD\ OLQHV DW &sare indidateldHiD WH V St
nm.
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Fig. 4-Sl. Evidence for 1:1 binding for P9b and 1:3 binding for the caffeic acid.
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Fig 5-Sl. Thermal stabilityof four peonidin derivatives at pH 7, 50°BA" (3-O-sophorosw
5-O-glucosytpeonidin, P10 (Cf,Cf), P11 (Cf,HB), P12 (Cf, Fl)a) Color loss, b) Pigment
degradation.
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Fig 6-Sl. Thermal stabilityof 3-O-sophorosys-O-glucosytcyanidin PA, 3-O-sophorosys-
O-glucosytpeonidinPA' and the dicaffeoylated P1f the presenceadftted line¥ or absence
(solid lineg of added F& (pH 7, 50°C)PA: 0.6 equiv.; PA' and P10: 1.5 equiv.
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Fig. 7-Sl. Color (top) and thermal (bottom) stability of red cabbage (red) and purple sweet
potato (black) extractgH 7, 50°C).
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Fig 8-Sl. DAD absorption spectra of P4 and crassipling productdaandl1b (m/z1307).

Table 1-SI. Spectroscopic data of selected ligands and théirahel AP* complexes deduced
from the binding kinetics (initial vs. final spectrajlyperchromic shiftHS = (Amaxt *
Amax,0/Amax,0 Bathochromic shift BS =pnaxt £ maxo Metal/anthocyanin wiar ratio= 1.

Fe'* A%

PA P9a P9b P10 PA P9a P9b P10

Aglycone Cy Pn Pn Pn Cy Pn Pn Pn
Acylation - Cf Cf, Fl Cf,Cf - Cf Cf, Fl Cf,Cf
max,0(NM) 583 585 584 592 585 584 589
max.f(NM) 592 558 620 571 596 No 592 573

HS (%) -4 -9 17 13 -7 binding 10 -5
BS (nm) 9 -27 36 -21 11 8 -16
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a)

b)

Fig. 9-SI. Thermal degradation of P12 (pH 7, 50°C). URD&D-MS analysis showing the
formation of new isomeric pigment®)(resulting from P12+caffeic acid oxidative coupling.
Chromatograms with detection at 520 nm at t = Oh, 8h and®4bAD absorption spectraf
P12 and pigmentdaand2b.

279



280



Chapter 6 . General discussion

The global research objective was to gain knowledge on the stability and reactivity of
acylated anthocyanin in neutral aqueous solutionthe absence and presence of metal.ions
The material availableyred cabbagenthocyaninextract (RCE) and purple sweet potato
anthocyaninextract (PSPE)and 14 isolated compounds thereoffered a broad range of
acylated anthocyaning)cludingtwo aglycona (cyanidin and peonidinucle) andfive types
of acyl residues(pC, Fl, Sp, Cf, HB).The preliminary structure determination enabled to

investigatethe link between structure aptlysicachemical behavior

The contribution ofphenolicacyl groups to th@igment structure and color stability
through intranolecular copigmentation is well establisi@&tbloney et al., 2018; Trouillas et
al., 2016a) This work contributed to unveil their role supramolecularmssociation,in
particular in the stabilization of anthocyammretal complexesThe consequences thie metal

binding onthe chromophor§ $ability were investigated

1. COLOR EXPRESSION

The synthetic pigment mliant Blue exhibits a vibrant bluecolor, with high
chromaticity.In our quest for a natural blgmilar to Brilliant Blue the spectratarget was
thus a narrow peak centered on 6 B0 nm, with no absorption in the ranged35100 nm
(yellow contributionwhich could stem from metataffeic acid binding, contamination by
flavonesor flavonols, or the contribution of anioniacchalconesor HCAs at pH 8) The best
candidates for blue expression at pH 8 and the PSPE peonedinsP(2), while thdest

candidates for blue metal complexes are the G2 anthocyanins (A&’ P4

From the thermodynamiacidity and hydration constants, the specratliagrams of
each individual pigment were establisi&ty. 9-A). In addition,based on the composition at
each pH and spectra recorded at 3 different pH, the spectra for the 3 individual species were
calculated fethod 2 in appendix, Fig-8, 10-A).
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Based on the literature and the results, we can conclude that among the existing
anthocyaninsij) those producing a blue anionic base are (at least to our knowledge) the 3
sophorosyb-glucosides (from RCE and PSPH); thosehaving ahigh fraction of cabred
species at equilibriunare thediacylated anthocyanindAAs) and PB (forming together
3*URXS ~ RU * D QAaNKiiR thoSe@xhditinca high molar absorption coefficient
(Moloney et al., 2018arethe anionic basesf malvidin and peonidin (rather than cyanidin)
(Cabrita et al., 2000However, thee aglyconeslo not allow metal binding, whictestricts

the obtention o& bluecolor to alkaline pH

At pH 7, the oxidation ras of phenolic compounds is inferior to that at p@.8uet
al., 2012) In addition, pH 7 provides a more neutral taste, contributing to the products
sensorial acceptabilityAt pH 7, the affinity of cyanidin derivatives for metal ions is sufficient
to produce blue colorés.T. Sigurdson et al., 201,8)hich was not the casepH 6with Al**
(Chapter 5).

From the spctral data in the visible region, the chromatic coordinates **afid the
corresponding digital color pehes were calculatedrig. 1). They reliably represent the color
of anthocyaninsolutiors (Chapter 4, Fig-$l and 16Sl), while presenting ndefault due to
luminosity (hour of the say, season, etthe comparison of theolors at pH 7 and &0 uM
anthocyaniin the absence and presence of 1 equif’ feethat of Brilliant Blue at 50 ppm

confirm that metal binding closes the gap to thedfarg

Pigment +F&* +AI®  Brilliant Blue

PA

PS5

PB

Fig 1. Color patclescalculated from the L*a*b coordinate$ 4 pigments and their metal
complexes (1 molar equiv., 50 pM).
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2. COLOR STABILITY

For the study of anthocyanins degradatiamder realistic experimental condrts,
their degradation was accelerated, hgreasing the temperature from 25°C to 507@is
acceleratedhe apparentate ofcolor lossby ca. a factor 3, whileghe irreversible degradation
cas acceleratedy ca. a factor10 (Fig. 2. A highertemperature not only and increase the

reaction rates but also weakens the copigmentation ardssel€iation.

1,00 Q 1,00
25
0,75 0,75
0,50 0,50
0,25 0,25
0,00 0,00
0 5 10 15 20 25 0 5 10 15 20 25
Time (days) Time (hours)

Fig 2. Thermal degradation & RCE pigments at 25°C (left) and 50°C (riglfRA (in grey)

P1 (pC, in blug and P4 (pCSp in black. At 25°C,in the absence of repetition, the SD
corresponds to the reproductibility value of anthocyanin dilution at pH 7 (10% of A=1), SD of
3 repetitions at 50°C. The order of magnitude of thestmultiplied 10fold between 25°C

and 50°C.

REVERSIBLE COMPONENTOF COLOR LOSS HYDRATION

In mildly acidic solution,the rate ofcolor lossat room temperaturés mostly
controlled by theintensity of intra-/intermolecular copigmentation and se#fssociation
(Trouillas et al., 2016a)The glycosylation andacylationsites, as well as the type of sugars
(e.g., extended or more compact disaccharidas,known to determineghe stabilizing
mechanismifitramolecularcopigmentatiorvs. selfassociatiopand thus have a strong impact
on color stability (Yoshida et al., 2009b)n our case, the acylation pattern (type, position)
strongly impacted the rate of hydration: willAA s, a sandwicktype conformationwith one

acyl moiey on each side dhe chromophoreonstitutes anfécient color protection $cheme
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3). The presence of a single HCA provided a very different stability according to its insertion:
acylation on the Gld provides a modest color stability in comparison to the-aoytated
pigment. he 4 hydroxycinnamic ads contribued similarly to the rate of hydration, except a
lower contribution of p-hydroxybenzoic acid (Chapter,49wing to its reduced electronic
delocalization The rate of other nucleophilic additions (sulfite, hydrogen peroxide) was
impacted in a siitar fashion (Chapter 2, Fig. 6).

The thermodynamic constants of acidignd hydration determined for 6 PSP
anthocyaningChapter 5)the 8 major RC anthocyaniri§ioloney et al., 2018)and the two
extracts(Table 2A in Appendix)were combined in a Table-/&). In order to predicthese
constants(dependent variablesfrom the strudures converted as quantitative variables
(independent variables® multiple linear regression was executeith the PSPRsoftware
(GNU project) The regressiorcoefficientssuggest a magtateimpactof the acyl type or8
color stabilityparametersested(pK ¢, pK ¥, ks, Table 1) More importantly the3 parameters
appear better correlated the position of the acylated sugar (@loor Glc-2) thanto the
acylation site(C2-OH or C60H) (Table 3. The difference is modest, bas compared to
other structural parameters, is confirms the role of the sophorosspa®r in the
copigmentation proces#&nd in particular,an acyl on Gle FRQWULEXWHWhWR WKH
coefficient of 1.16 vs..@8 (minor contribution) when the acyl is on the -Glc

Table 1 a) Coefficients of linear regressisrcorrelating the physicochemical parameters of
16 anthocyanins with thiggpe of phenolicacyl moietes. b)Coefficients of linear regressisn
correlatingthe K §of 16 anthocyanins with thgosition ofthe phenoliacyl moieies.

pK pK fi kn
Acyl type
Cf 0.790.16** 0.86 £0.23* -0.12 +0.03**
pC 0.69+0.26 0.66 £0.11 NS -0.15 +0.04**
FI 0.84 £0.20** 1.0+0.28** -0.14 +0.03**
Sp 0.88+0.16** 1.0+0.23** -0.16 +0.03**
*p-value < 0.05; *p-value < 0.01; NS = nenignificant

pK § Coeff. SD t p-value
Acylation site Primary 0.67 0.11 6.3 <0.001

Re 0.81 Secondary 1.11 0.18 6.3 <0.001

STD estimate 0.30 Constant 2.24 0.14 16.0 <0.001

Sugar position Internal 0.35 0.14 2.6 0.022

Re 0.90 External 1.2 0.11 10.5 <0.001
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STD estimate 0.20 Constant 2.2 0.12 17.8 <0.001
*STD = standard deviation, Estimate value: predict€édpalue by the model.

Besides, formationrate and degradation ratef the transchalcone of acylated
anthocyanins is scarce in the literat@deMendoza et al., 2018)ctually, thisinformationis
required for the optimal recovery and quantification of the resipigahent(Chapter 2)The
Ct o flavylium rate measureddepend on the numberof acyl residues. Togeth with
previous data on the heavenly blue anthocy@hiMendoza eal., 2018) we propose thahe
bulkiness of the glycoside at €3H determines the rate of the limiting step ofo B
isomerization of the chalconds addition, the kinetics of Ct accumulation at 50°C (which is
simultaneous to its degradation) was meaduor different anthocyanins (Fig-A. The Ct
accumulated much fastéand in higher proportionin NAA vs. MAA vs. DAA, hencethe
criterion of C30H bulkiness must also impact the forwarcd E isomerization of the

chalcones.

KINETIC ASPECTS

The experimentakyps valuesof color lossat 25°C were confronted to the predictions
based orky, ki, pKa1 and gKaz, assuming no degradation. The actkigl was 5fold higher
than the predicted value for P1, and-tbl#l higher for P4. This differencsas roposedo be
the simultaneousrreversible degradation occurring over 24h, even at room temperature
Other limits in the quantification of the constants can also explain this discrepancy. For

example, the pkis determined with an uncertainty cd. 0.2.

The kinetics ofwater additionto the flavyliumion is typically firstorder. The first
order is conveniat to calculate halfife times withtso = In2k. In the literature, the kinetics of
anthocyanin degradation, often studied at acidic pHlssgenerally reported ttollow a first
order 'XHxDV HW DO E '"\UE\ HW DO .HFKLQVNL HW
Sinela et al., 2017; Torskangelp& Andersen, 2005)although the correlation ¢tor is not
always satisfying (e.gR2 = 0.972 at 70°C in OUF D HW . Di@se kinetics may actually
hide more complex mechanisms of color ldgsfortunately the pigment quantificatiodoes
QRW DOZD\V UHIHU WR WKH WRWDO DQWKRF\DQ&ttheBERQWHQ
colorless species remain in the quantification system (e.g. at pH 3 to 4). Quantification in
UPLC-DAD is a good tool for actwaanthocyanin quantification, and more accessible than
before. Aternatively, a UWis spectrum after acidification to pH 1.5 also quantifies the

total flavylium content, and is simple and economical.
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At pH 7, therate of irreversible degradations typically inferior to the rate of
hydration. For exampletso of color loss ranges between0.2 - 3 h, andtsp of pigment
consumption (irreversible componerdnges betweerb - 18 h. Thiscombinationof hydration
and true degradation (autoxidaticgyplairs why a clearfirst-order kinetis of color lossis
not observedand becomes more visible with the heating tieer 8h, the color loss
becomes mainly driven by the irreversible degradation, until total discoloration (between 48h
and 100h)Hence, aiexponentiaimodel was usetb analyze the kinetics of color loss and
pigment consumptio(Fig 3). Thistype of curvditting features to twofirst-orderprocesses, a
fast oneand aslow one. The &st one could correspond to the degradation of the colored
species(with a contribution of hydration when color loss is monitoyeah)d theslow one
could involve the colorless speci@he to was sometimes not reached, so an equivajent t

(period of time required for a 25% decreasasestimaed(Table 2.

1,00 - |
Stepl o, | Step 2
0,75 - |
0,50 - :
k,=1.8 sl Dx2 k=016
0,25 - :
0,00 ‘ W ‘ ‘
0 2 4 6 8
Time (h)

Fig 3. Example of biexponential fitting for the irreversible consumption of a monoacylated
pigment, normalized absorbance at the flavylix.

Chemistryteacheghat the mostsusceptible to oxidative degradatispecies among
the flavylium ion, neutral base, anionic base, hemikeatechalcone trans-chalconeis the
anionic baseHowever, none of the methedsed can quantify therelative contributionlt is
difficult to determine experimentally, due tioe existence of rapiequilibria, anddue tothe
combined pHdependence of the fraction of species, and thed@bpendence of their
reactivity. In the literature, a correlation in the fmt¢pendencef hydration and degradation

was observed: the rate of degradation increases éetpid 2 and §Duefas et al., 2006)b)
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and the fractiorof colorless species as wedipeciation diagramsThis led many authors to
propose the colorless species as intermediates in the degra(fasibrita et al., 2014;
Gradinaru et al., 2003)

In our work under neutral conditions,enconfronted this hypothesis with a refined
kinetic model (Chapter 2). The fract®af colored (neutral and anionic bases) antbrless
forms (hemiketal and chalconesind the fraction of degradation produetsre calcuated
from thedifferences between the curves of color loss and pigment degradatssamng a
simultaneous degradation of the colored and the colorless spedthes kinetic modelingit
was eventually showthat thetime dependence of the different SpeHVY PROH IUDFWLRC
actually be correctly reproduced while neglecting the degradation agbtbdessforms. The
latter would thus not contribute to the irreversible degradafibis is chemically credible
because the anionic base is probably achmibetter electron donor (more prone to
autoxidation) than any other (neutral) species present atp8f The mechanisms proposed
based on thalentification of majordegradation products support this hypothesis: at pig, 7

the anionic base is the magpecis undergoing degradatiqiChapter 3).

Besides, hie rates of color los®llowing H,O, additionwere comparetetweentwo
solutions: a fresh solutiopigment (before hydration100% colored forms)and apre
hydratedsolution containing30% colorlesgorms (P9. The color loss induced by an excess
of H,0, at pH 7 was faster in the fresh pigment solutiegs€ 0.173 + 0.007°Y than for the
hydrated solutionkg,s= 0.108 + 0.002°Y). Thus, tte colored speciesppeamore susceptible
to degradatiorby H,O,. Other analyses could complete these observations, but datse
taken collectivelyare in favor of the higher reactivity of the colored spearedthe higher

stability of the colorless species at neutral pH

STRUCTURAL FEATURESIMPACTING ANTHOCYANIN DEGRADATION

Anthocyanins were very sensitive to several parametegspresence of oxygedfrig.
2-A), of metal ions (exceptor anthocyanins bearing an acyl group at-@H), and of
hydrogen peroxiddChapter 3) We focused on the ctmbution of acyl residues to their
stability. In theory, acyl groups could impact the rate and degradation pathways of
anthocyaninsThree mechanisms are posgibivolved

1) A directprotectionof the colored forms bintramolecular copigmentation,
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2) An indirect protectiondue to intramolecular copigmentation preventing the formation of

thecolorless speciesvhich couldoe more vulnerable to degradation,

3) A possible destabilization due to the intrinsic susceptibility of the acyl moieties to

degradabn.

Surprisingly in the conditions teste(60°C, pH 7) contrarily to our expectations,
neitherthe of acyl methoxylation and hydroxylation pattern, nor its position did significantly
impactthe thermal stabilityPA vs.P1vs P4 (Chapter 2R1vs.P3(Fig. 4 andP4vs.P6had
relatively similar rate of irreversible degradatioBy contrastcolor stability islargelydriven
by the number of acydroups, their type and their position (Tab)e Phis was referred to as

the"acyl paradox"The exceptions the caffeic acid.

1,00 4. 1,00
0,75 \\\~~ u

, e — m 0,75

\_\-
0,50 - 0,50
0,25 - 0,25
0,00 ‘ ‘ : 0,00
0 2 4 6 8 0 5 10 15 20 25
Time (h) Time (h)

Fig. 4. Thermal degradation of a) PA (in grey) and two monoacylated anthocyanins P1: pC (in
black), P3: Sp (in blue); and b) PA' (in black) and two diacyalted caffeoylated anthocyanins
P11: HBA (in dashed red), Cf; P12: FI, Of @ashed grey)

Indeed, caffeic acid, whether bound (iR10,P11 and P12) or free (addé¢al P4),
strongly accelerates tleeversible degradation (ChapterFag. 2, Table 2 These late results
could not be deeply investigated, but we can hypothesize that at pH 7, the phenolic ring of
caffeic acid is oxidized into the correspondiagjuinone which is a strong electrophile. It
must then be quicklynvolved in covalent couplop with nucleophilic P4 species (anionic
base, hemiketal). An intramolecular version of this mechanism, possibly taking place with

P11 and P12, was proposed for the first time.
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By contrast, apH 1, FI- and Spanthocyanins (from black carrotjere more stable
than thepC anthocyaninheated at 95°GSadilova et al., 2006)At pH 1, the mechanisms
reportedinvolve the nucleophilic addition of 4D, at C2 ofthe flavyliumion. The oxidation
of the acyl groups was never reported to our knowledge. In sasle a stronger
intramolecular copigmentatiors expected with Sp andbre thamC, is expected to slow
down the nucleophilic addition ¢,0, and thus slow down the anthocyarileaching.The
mechanisms are different at pH 7, and conversely, the higher oxidability of Sp and Fl
relatively to pC may exert an opposite effect, which wasobserved. Their involvement in

Sstacking interactions with the chromophaiso stabilizes them

The most interesting result may be the impact of the acylation pattern (mostly their
position) on their sensitivity t6e’*. Fe#* ions have two major effect§ anthocyanirbinding,
i) the catalysis of the phenols oxidatidPerron & Brumaghim, 2009) However, the
sinapoylation at C2s2 position (or G2 anthocyanins) actually protects the pigments from the
irreversible degradation (decreas#hradatiorratevs.in absence of metal), and against the
prooxidant effects of€* ions, obsared with any other anthocyanin (Fig. 3. b).

Fig. 3 7TKHUPDO GHJUDGDWLRQ RI ST &aPHTWMW B %raction BIQG 3
residual flavylium ion after acidification to pH &) Pigment alone (50 uM pigmen®)) Iron
complex (0.6 equiv. F).

Table 2. tzsof pigment loss gvH 7 for various pigment$.Pigments aloné,in the presence
of 0.6 or 1 equiv. F&. NB: for several pigmentssdwas not reached over 24h.

PA P1 P3 P4 PB PA' P12  PB+AP*
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t;s acid (h)? 4.0 20 20 25 26 11.0 2.1 -
+FeftP 0.1 11 19 75 5.2 - - 5.0

3. D EGRADATION PATHWAYS

While the U\tvis methodquantifies the total residual flavyliumon(s), the UPLGDAD
methodenables tdistinguish betweethe actual residual pigment and geoducts of acyl
hydrolysis and intramolecula@acyl transfer Although they may not lead to a color loss,
because they product anthocyanihgse pathwayare major: in P4 thesepresentip to26%
of the initial pigment concentration, and the isomer was eventually more concentrated
the initial pigment (e.g. in PBegraded individually, data not shown). Based on the structures,
the extent of the acyl transfer observed and the literature, it was proposed that @2g2
OH (s2 = external glucose)ndergo transesterificatidim the C6s20H, thermally and base
catalyzed.All acyl residues initially in a primary positiolC6stOH and C6s20H) do not
migratke. Interestingly, with the acyl transfer, a concomitant decreasgiiby a few nmwas
observed. Besides, th@ax of PB flavylium is ca. 10 nm higher than that of B&8scribed to
its more efficientintramolecular Sstacking. Similarly, between the initial Sp position C6s1

and the final C6s2, theSstacking may become less efficient

Most products from oxidative patlays are colorless, because ofridy opening or
contraction, or Bing elimination. Among them, protocatechuic acid (C2) and
phloroglucinaldehyde glucoside represeath10-12% of all degradation products at 24h.
The glycosyl group at C3 couldlso be easily detectedand quantifiedthanks to its acyl
"labeling". The p-coumaroylsophorose accumulatésis showingts high stability, whereas

its caffeoyl and sinapoyl equivalents maginvolved in furtheroxidationpathways

The C3C2 (2-aroyloxy-4,6-dihydroxyphenylacetic acid) derivatives wemreported
previously, sometimes in a twelectron oxidized formHowever to our knowledge the
hydrolysis produc€3 is reportedhere for the first timeAdded Fe* andH,O, both increased
the concentrations iracylated coumarin and acylsophorosidése contribution ofFe’* to
H,O, generation, by catalyzintpe two-electron transfer from the anionic base tg akes
H,O, a central piece in the degradation of catechoylated anthocyanins (oganidner
caffeoylated anthocyaninsiand reinforces the contribution &%, independently on its

blueing effects.
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Cyanidin 2electron oxidationdrms its reactiveo-quinone, which could thefor example
undergo water addition before yieldirgleavage poducts As for the fate ofhydrogen
peroxide instead othe recognizechucleophilicaddition orio the flavyliumion, which isin
trace concentration at pH it is proposed to act as an electrophiéacting with theC3 of the
hemiketaland/or anionichase,as previously reporte{Satake & Yanase, 28). With the
peonidin derivativesthe most likely autoxidation route isaneelectron oxidatiorforms a
stabilized radical, susceptible to, @ddition leading to hydroperoxide intermediates. As
cyanidin and peonidin derivatives are expected to nedhtH,O, by the same mechanisms
the presence of any free catecabheutral pHwill likely contribute to these mechanisms, and

accelerate the irreversible degradation of anthocyanins

Finally, the preliminary addition of thiol antioxidants (Nacetylcysteine) and chelating
buffers (EDTA) resulted in an interesting stabilization without modifications of the color
expresed (Chapter 2Fig. 4). For example, with 10 equiv. EDTA added to P6, the residual
concentration after 24h in ghosphatéuffered sugar syrup (60% kyiwasraised from 2.6
MM to 9.3 uM.

4. COLOR STABILIZATION B Y METAL BINDING

The combination of Sstacking interactions and metal binding is required to reach the
highest level of blue colastability with anthocyanis (Trouillaset al., 2016a; Yoshida et al.,
2009b) Metal bindinginduces the formation ofthe anionic basend stallized it. This

associationikely lowersits electrondonating capacity

The quantitative analysis shows ti&" - anthocyaninbinding generallyoccurs via a
two-step mechanisntollowing thefast bimolecularbinding step (a few seconds),slower
first-order step can be evidenced, meaning the evolution of a first complex into a second one
(Chapter4 & 5). The twastep binding must reflect the comhtion of different phenomena:
the autoxidationfrom Fe**- to Fe* - polyphenol complexe@\khili et al., 2014) changes in
the phosphatkvater/pigmentoordinationaround the metal, or the formation of quinones by
two electrontransfer(Perron & Brumaghim, 2009)or the hydration of an loosely bound

fraction of pigment.
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From tieminimal M/L molarratio for full binding (between 23 and 1for PA, P2 and P5
we expectthe presence of a mixture @fl and 1:2complexes By contrast, this minimum
ratio waslower for PB, ca. 1/3, suggesting tridentate complexd@$e precision of this
determination is modest, and a finer determination is feasible. The interpretatimsistent
with the analysis of themetal complexedy highresolution mass speometry (direct
infusion). Indeeda 1:3 AI**-PB complex was detectedhile thel:1and 1:2complexeswere

not detectedWith P5 1:1 complerswith both metalsvere detecte@Chapter 4).

Table 3. Spectroscopicfeatures of the metal chelatdermed from various cyanidin
derivatives at pH &fter addition ofl equiv.Fée**.

PA__ P2 P3 PB P4 P5 P6 P9
maxfinal (nmy) 506 592 607 639 627 622 619 620

0 max (NM) 14 17 9 49 30 27 27 36
(A-Ag)/Ag at max(%) | -7 -7 2 31 29 20 19 17

Severalcolor stabilityparametersind themetalaffinity revealed highly dependent on
the positionand numberof the aromaticacyl residues(eg. Table 3 &4). The 3 types of
positions found in the RCE and PSPE anthocyanins are the@#$sC2s20H, C6s20H
(Scheme 2)Besides,n the RCEtwo major groups with similar behaviareredistinguished
notedG1 (the unstable pigmentSAA and MAAS), and theG2 (stable pigments, including
DAAsand the PR

As the acylation at C2s@H is the common characteristic of the stable pigments,
was thus hypothesized thttis feature(external Glc + C2 positionyonstitutesan ideal
positioning for Sstackinginteractions. It may be an optimal compromise between flexibility
due to a relatively long spacer and sufficient number of freedonotafion degrees; and
rigidity due to acylation occurring at a&om of the pyrane ring, instead of the more flexible
C5-C6 arm (Scheme)2

In addition, the bathochromic shift induced by P&"- and AF*-binding (respectively
+49 nm and +52 nm at pH 7) exceeds that of the other diacylated anthocyanins, denoting its
peculiar behaviour with metal ions. Besides, unlike the DAAs, it cannot be stabilized in a
3VDQGZLFK” FRQIRUPDWLRQ 7KH stabilRativghvkhedh&nisivis ldddc¥oV R W K
to PB. An interesting result was obtained in HRMStridentatecomplex of Al**
detected, which is schematized in Scheme 3 (and modelled in ChaSehnetne 2)Such

was
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propellerlike structure leaves a face of thhromophore free for sedssociatione.g. with
othercomplexesThis tendency of PB to form supramolecular masdembliess a credible
hypothesis foiits uniquecolor expression and stabilitithe precise structural features that
explain this behavioare investigated by a broader group of research teams, including
circular dichroism and usingD-DFT modelling.

Interestingly, P9y which bears both acyl residues at-OBl positions,also binds
metal ions withhigh bathochromic shiffTable 3). Anothe peculiar stabilization mechanism
Is at work:the double complexation Bing andcaffeoyl residuestabilizes the complext is

unsure it this results from an intrar intemmolecular stabilization mechanism.

Table 4. Compared behavior of 4 types of anthocyanins

P(hgigi% PB (HCA23) P4, TSHCP:GA(ZI;()ZAl
Resistance to hydration Weak High High
Metaktinduced lathachromicshift Low High Moderate
Acyl transfer at 50°C None Yes Yes
Hydrolysis at 50°C Yes minor Minor
Number of degrees of free rotati 5 6 5/6

Scheme2. Hypothetical triacylated anthocyanin and the covalent b@nd=d allowing free
rotation for the development déstacking interactions between cyanidind HCA moieties
The total number of degrees of free rotation is 5 (HCA1), 6 (HCA2a) and 7 (HCA2b).
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Nonacylated anthocyanins Monoacylated anthocyanin: Diacylated anthocyanin

Scheme3. Probable organization of the metal complerédlAA, MAA and DAA (mixtures
of 1:1 and 1:2 complexes), and 1:3 compledetected withPB.
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5. BEHAVIOR OF TWO -GROUP EXTRACT S

OVERALL HYDRATION AND ACIDITY CONSTANT FK',

The pigments in RCEre prone tde classified into the group of unstable (BIAA +
MAA) and stable (GZ2DAA + PB) pigments (Tabl®). The behavior of the entire extract can
be studied as a sum of 2 groups (in the 60/40 ratio) and pro¥atenation on the kinetic and
equilibrium position for each group. For example pK'a of the two groupsere determined
for 4 different exracts characterized (Appendi¥, Bnd arepresented in Table. 5n RCE,the
pK §: = 2.39 (x 0.07) and g, = 3.50 (+ 0.10) were obtainedith a satisfying fitting
correlation(R2= 0.9949, showing the presence of amportant difference in the color stability
between the 2 group&or comparison, the meal f§ within each groups 2.54 for theG1
pigments(PA, P1, P2, P3) and 3.70 for tie&2 (PB, P4, P5, P6)n the PSPE, the two groups
also show a very distinct stability. In the partially purified extract, there was naaybeted
anthocyanins. The pK'a of the diacylated group calculated from the r§®88)is close to
the average valudor the DAAs from PSR3.58). Overd, this simple method evidences
subgroups witldistinct pK'a.

Table 5. Relative content in the RCE anthocyanins, aggdps classification by stability.

Pigment (%) By acylation (%) By stability (%)

P1 PPZ P3 ¥ A ° Gl o1
+P2+
56 MAA 61
PB 5
G2 39
P4+P5+P6 34 DAA 34

Table 6. Fraction of anthocyanins based on their acylation number and calculated pK'a
values.

S.{D 1$¢ S.ID 0$¢ S.ID '$¢ R?

RCE* 2.39 (60%) 3.5 (40%) 0.998
PSPE* 2.04 (14%)  3.55 (86%) 0.999
Red radish 1.9 (12%) 3.41 (88%) 0.998
Black carrot  3.07 (35%) 4.05 (65%) 0.997

*Groups not directly determined on the acylation but on the particular pigment stability.
**Partially purified sampldor contaminants elimination.
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6. P ERSPECTIVES

Anthocyanins are really interesting pigments, with a versatile reactivity and
applications.In plants, olor expressiorand stabilityserve a purposeBeyond the leaves
photomodulation conferred by their strong antioxidant activity, the color properties of
anthocyaninsare key in plants pollinationLandi et al., 2015)This may well explain the
diversity of anthocyanins structures in natiweoncompounds extraction, once the cells and
the natural equilibrium are broketine natural stabilization systems agemore at workThe
desire of the human society to extend the properties of natural substances beyond the natural
possibilities results obously challenging. However, our understanding of the chemical
reactivity can help us devise clever stabilization techniques, within a frame of economical,

regulatory and consumer acceptance criteria.

These perspectives aim at i) confirming the hypotheses proposed in this work, ii)
assessing the actual potential of the stabilization solutions proposed (addition of natural
antioxidants and neutralization of the catechols witf" ions) and iii) proposenalytical

methods for future research on the topic.

Without any constraints, the design of molecular cages with high affinity for
anthocyanins (i.e. made of flat polarizable rings) of the size of acylated anthocyanins, would
likely provide a stabilizatiorsolution. Alternativey, among natural substances, clay offer
layers where pigments can intercalate, in a low watérity environment, and metal cations
such as aluminunoan contribute to the blue color expression and stabiRiyte metal salts
resultel in promising color stabilizationAmong the solutions with high consumer
acceptance, the miciencapsulation appears as the best option. Indeed, with the appropriate
natural ingredients and processing technologies techniqueoffers a broad range of

applications, for both lipophilic and hydrophilic matricasad it thus further detailed later

In the current work, e possibility to work with individual pigmentsas exploited
mainly to understanding the relationship between their structure and @bheimical
behavior, although it offers the opportunity for a deeper analysis of their reactivity, as well as
the structural characterization of the derived compounds. Howellethea perspective
delivered here take into account the emidn of ingrediets naturaliy: only biologically or
physicallymodified compounds are considereBesides, the isolated pigments were in

moderate quantity. ifferent stabilization strategies madyave been combined; but this
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approach, closeo theapplications]imits the mechanistic understanding of the phenomena,

andwasthus notconsidered.

PERSPECTIVESFOR FUNDAMENTAL RESEARCH

In the short term, thenechanisms a stake throughout the different phases following
Fe?*-complexation could be confirmeth particular, the rate of F& autoxidation Kinetic
studies with F& and F&" could be carried out with a G1 and a G2 pigments, but in the case
of a very fast odixationa stopedflow systemmay be necessaryhe potential irreversible
oxidation of the cyanidin Bing may also have occurred. In this purposige pigment
reacidiication after a few minuteswould dissolve the complex and enable to quantify the

residual flavylium.The g/anidinp-quinones generated will not regenerate the flavylium ions.

A moresystematic study of the metal complexes in HRMS could confirm the features
enabling tridentate metal complexes (e.g. PB, P9b, optionally other catechiorogenic
acid, catechin...)An appropriate MS detector, targeting higher masses should be used.
Besides, n the case of PB, the supposed intermolecular interactions between anthocyanin
metal complexes nyacontribute to decrease the complexes solybilibherefore, to confirm
this hypothesis, the limits of solubility could be investigated kineticalig, \&ith increasing
PB-metal ratios Dynamic light scattering technique is unfortunately not accessible to blue
complexes as it corresponds to the wavelength of the laser emission, and results in a very low

sensitivity. A specific lamp should be purchasedthis analysis.

Given the number of compounds that derive from each other (e.g. @13.325; C6;
C7 backbones), the MS datdtained for PA, P1 and Pebuld be further analyzed with
molecular networkgOlivon et al., 2017) The online workflow Global Mtural Products
Social moleculanetworking (GNPS; http://gnps.ucsd.ed@presentsons inchemical maps
relatedbased ontheir fragmentation pattern®.g. Scheme 4A, 2 different datesety. The
networksmaterialize norobvious relationships, e.g. a libletween ions 675 and 743 was not
expeced. The number of analyses (here resp. 29 and 25 spectra) should be higher for a good
reliability.

Besides, higher anthocyanmetal complexes in the presence of external copigments
could be investigated, on the model of metalithocyanins, as the copigments may increase
the color stabilityKondo et al., 2005; Yoshida et al., 2009Bjeliminary results showetiat
Fe** decrease the pigmestability over long periods, but that an additidheaiiv. NACysto
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this mixturecompensates fahis impact, andhat an addion of 10 equivrutin provided an
addition pigment stabilizatiotihat was maintained in the long terHowever in this case, the
copigment used adds an undesirable yellow color, but other weaker copigments may provide a
sufficient stabilization, e.g. thecoumaric acidThis ternary system likely has a lower water
solubility than free acylated anthocyanins. In order to prevent color modifications due to self

association, a concentration of 280 uM was used throughout this work.

1,4 1,0

Pigment

1,2 13
0,8 T b
1,0 :
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0.6 04 +
0.4 ]
02+
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.40
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Fig 5. Rate of color loss (left) and pigment loss (right) of P6 at 50°C, in pH 7 phosphate
buffer (black plain line), P6 with 1 equiv. Eddotted line), P6 with 1 equiv. Fe+ 10 equiv.
N-acetylcysteine (NAC, dashed yellow line), and P6 with 1 equit/.+80 equiv. NAC + 10
equiv. rutin (dashed green line). The NAC compensates for tiidreeiced degradation; and
rutin further stabilizes the pigment and the coioitial absorbanceiith rutin = 1.42 vs. 1.32.

From the degraded samples, several known degjom products could be separated in
UPLC: C3C2 derivatives, C&lc, C2, acyisophorosides, and free acyl groups. For some of
them, the structure determination in nuclear magnetic resonance (NMR) was never carried out
yet, namely the coumarins charactation of the C5 and C7 compounds for which a putative
structure was proposed, may give access to a new group of degradation products from
anthocyanins. In this purpose, higher amount of pigment should bedddgta enable their

isolation.

Large degradabn productsmay as well be formed, especially once thgh&osyl
moiety is releasedCoupling mechanisms such as thosdlamanotanthocyanin and Aype
anthocyanirflavanol adducts detected in wig€heynier, 2005)However these compounds
would not be detded with thecurrent MS detectordue to their high mass @500 m/2), but
they could berelatively easilydetectedin capillary zone electrophoresisupled with DAD
(CZE), confirming their family with their DAD spectrunThe preliminary analysis ofthe
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degraded pigmer6 in CZE revealed no dimers nor higher polyméssregioisomer and
acylsophorose were detectdd.the case of caffeylatedanthocyaninsthe presence of cross
coupling compounds with the caffeagsidue should be confirmed. A condensation product
of Pg3-Glc with the hydroxycaffeic acid-quinone was reported previougliader et al.,
2001) In this purpose, we catilattempt their separatiam different resin$ollowed byNMR

analysis

Based on the degradation mechanisms, protection by other antioxidant could be further
investigated. Preliminary results where several natural antioxidants and were added show the
conplexity of the redox properties of phenolic compounds. For instance, the phenolic acids
gallic and caffeic acid increased the degradation rate, and induced a yellow color in the
solution In a recent copigmentation attempt in PSPE anthocyaninssdiué tolor and
pigment degradation weictually significantly reduceth the presence adddedFl and Cf
(Qian et al., 2017)Besides, the D, released upon the autoxidati of gallols and catechols
is highly deleterious for anthocyanins (hemiketal, anionic base and flavylium). Thiols such as
N-acetylcysteine, DTT, GSH, cysteine, etc. &@veverpromising at least forin vitro
applications Besides efficient metal chelaints were testedo as to sequester the traces of
pro-oxidant iron ions and thusact as secondary antioxidan®mong the fooecompatible
ones citric and oxalicacids are metal chelatantandphosphates to a lesser extent.

OPPORTUNITIES FOR ANAYTICAL METHODS DEVELOPMENT

The screening of anthocyanin sources as potential colors is relevant for both
fundamental and industrial applications. In this work, a rapid method of quantification of
anthocyanins' susgtibility to nucleophiles was &d. It consist$n the kinetic analysis of the
bleaching rate of a pigment or extract, in presence of 5 eq. of bisulfite ion at room
temperature. As the addition of sulfite or bisulfite onto the flavylium is reversible and fast, the
rate bleaching rate shoutet correlagd tothe resistance to water additidrhe ranking of the
extracts should thus be the same as with a longer, more complex study of the hydration
kinetics. The advantage of this test is its rapidity: the duration of the kinetic acquisition is 5
minutes, ad requires a simple morexponential kinetic fitting. The first results showed that
this method enables to discriminate the pigmdQisapter2, Fig. 6 Indeed, the dgs of
bleaching is correlated to the pWalue (Moloney et al., 2018)With this method, new
extracts could be screened for color stability, in a timely mannsholild first bevalidated
that it accuratelypredics the extracts color stabilityBesides, another similar bleaching test
was usedwith an excess of ¥D,. It differs from the bisulfite test in that it combines the
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susceptibility of the flavylium to nucleophiles and to irreversibledation reactions. In this
case, the duration in presence of . of HO. is critical as it is relatively fast (ca. 1 h to
reach 80% degradation at pH 7), and irreversibilkee the bisulfite test, this method could
enable the screening of new extsafor both the color and pigment stability.

There are alsopportunitiesfor developing statistical data treatment. For exangie,
analysis would provide informatioan the relative degradation of each individual species
Theinitial compositionof solutions over g@H range is calculated.rém the constantsf the
individual pigmentswe get. The ratefarreversible degradation at thidd can be determined
The correlation between the two provides the dependence of the degradation rate on 1) the pH
and 2) the species distribution, which cannot be distinguished. Now, using a combination of
NAA, MAA, DAA provides very different species distribution at tlsame pH, which
randomizes the pH/species fraction biksom this dataset, a multilinear regressaam be
carried out, with as input, the fraction in each specie and the pH, and as output, the rate of
irreversible degradation. The regression provides the relative contribution of each specie to
the irreversible degradation. In order to warrant reliabkults, the number of pigments
analyzed should be sufficient, and balanced in their structural features, and the ionic strength

and chelating capacity of the buffers should be homogenized.

Just as illustration and not for interpretatiorpraview of the method was applied to
degradation rates in presenceHO, at 3 different pH (Fig  The regression (R2 = 0.82)
concludes to a major contribution of foeff. = 0.78), of [B+C] (0.47), then the flavylium
(0.14), while the neutral base would not cdnite to the degradatiof®). This result does
obviously not provide the sufficient robustness for interpretation, but surprisingly makes

sense from a chemical perspective, givénthe pathways discussed previously.
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Fig 6. Fraction in each specie relatively to the flavylium, apd & color loss in the presence
of 10° equiv. HO,, at room temperature.
OPPORTUNITIES FOR APPIED RESEARCH

The contribution of other components of the extracts in anthocyanins reactivity was
not fully investigated. Acylated anthocyanins could be degraded in model solutions at pH 7
with e.g. 10 equivalents of flavanglycosidesesters of phenolic acids catechinsThese
copigmentsare not expected to modulate the colodigicylated anthocyans (at least in the
absence of added metal ionbut similarly to the caffeic acid, they may contribute to the
irreversible degradation or anthocyanins (Chapter 5). The comparison of their relative impact
could orientate the partial purification of naturextracts towards specific gradients
optimizing the chemical stability of the extracts.

Besides, educing the pigment solubility by forming supramolecular complexes
actually constitutes a stabilization strategy, like pigments aluminum lakes or anthocyanin
vacuolar inclusiongKallam et al.,, 2017) This is an option fo dried applications (e.qg.
coatings, extruded and dried products), but causes processing challenges (homogeneity
required for piping, nozzle clogging with large solid particles). For aqueous applications
(most food and cosmetic products), pigment predipitashould be combined with the
prevention of sedimentation, effprough the product gelation (feasible in soups, compotes,
MDPV \RJIJKXUWYV «

The stability studies were executed in simple model systems, which modestly
represent the actual matrices inigfhthe pigments will eventually be used. In order to better
mimic the syrup applicatiorsimilar stability studies could be extended to sugar syrups (50°
or 60° brix, or sucrose conten§uch solutions are transpardnit viscous, enabling UVis
spectr@gcopy analysesdt is difficult to predict the behavior of anthocyanins in higtrose
syrups. Indeedhe impact of high levels of sucrose led to opposite conclug®nPatras,
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2019) At 30 and 40°C, increasing the sucrose concentration between 20800(83) and
60% (g = 0.84) at pH 3.2 significantly reduced the degradation index/&%,o) of roselle
anthocyanins, which was linked to the reduced water molilggi et al., 2004)in addition,
preliminary resulton RCEsurprisingly indicated a faster hydration rateoom temperature
with kops1 = 60 (£5)10° s* in 60% sucrose syrup, vs. 283) x10° s* at pH 7 Fig. 6-A).
From the contribution of the water activity to tKg, the fraction in colored species at the
equilibrium is expected to decrease with a reduggdmathis preliminary experiencahe
position of the equilibrium wasot significantly impacted by sucrose. Besides impact of
water activity,the higherviscosityin hightbrix solutions appears as a bias. Therefarghér
studiesshould attempt to correlathe hydration rate with the kinematic viscosity.

Physicachemical avironments closer to thepplicationscan be mimicked witlsemt
solid and mixed matrices (gels, dispersiorisams, emulsions)In particular, micre
encapsulatiortonstitutes gpromisingstabilization strategySeveral recent reviews focus on
the interaabn of phenolic compounds with biomolecules: all pher{@dsoako & Awika,
2016; Munin & Edwardd évy, 2011; Ozdal et al., 2013; Papadopoulou & Frazier, 2004);
flavonoids(Bordenave et al., 2014nd anthocyaninfArroyo-Maya & McClements, 2015)
The supramolecular interactions with the biomoleculesude combinations of weak
interactions: ion pairing, hydrogen bonding, electrostatic dautigns, ydrRJHQ ERQ@GGLQJ
@stacking, dispersive forces and the hydrophobic ef®etdermann & Schneider, 2016; X.
Du et al., 2016) They can induce structural modifications the macromoleule, in the
pheno| or in both. For examplegyroteins interaction with flavonoids was shown to alter the
protein charges, sability and secondary structur&he tchnological functional properties
may be affected as a result of the protein aggregatimmely theirfoaming, gelling and
swelling capacities (Yan, Li, 2011). Thguenchingof fluorescenceinduced by protein
phenols interactionsuggests the@stacking interactionsith aminocacids aromatic side
chains(Tang et al.2014)

For highly hydrophilic compounds, a lipidic membrane is an impermeable interface.
Therefore, athocyaninsencapsulationin micelles of surfactants couldorovide a color
stabilization, & well asa controlled kinetics of releas&everal techniggs have recently been
explored. For example, nthocyanins co-micellization sodium dodecyl sulphate (SDS)
micelleswas investigated fopurple sweet potato anthocyanifisu et al., 2014)as well as
lipophilized anthocyaningJohan Mendoza et al., 2018A\nthocyanins inarporation in
niosomal vesicles successfully enabled a controlled delivery, but used synthetic surfactants
(Tween 20)(FidanYardimci et al., 2019)Indeed, tis area is poorly inestigated for food
applications. The challenge remains to identify natural, ideally cationic, available, sugactant
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Other analytical tools would be required to characterized the impact of anthoeyanins
biopolymer interactions: light scattering, zgtatential and electron microscopy to
characterize the particle size, morphology and charge; differential scanning calorimetry,
thermoegravimetric analysis and infrared spectroscopy to characterize the molecular
interactions; circular dichroism to provide insig on overall modifications of the protein
structurejor X-ray diffraction to finely characterize the structure obtained.

Finally, anthocyanins are very easy to handle and innocuous. They are thus prone to
experimenting witmon-scientific persons, forxample at a science fair. Simple experiments
FDQ VKRZ WKHLU SRWHQWLDO H J WKH W\SLFDO 3UDLQER
&RPELQLQJ WKLV H[SHULPHQWDO HDVH ZLWK LQWHUYLHZ V
may result in original idea®r future experimentatidn
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Table 1-A. Data for color repeatability anéproducibility of theabsorbancen the visible
region, for P5 at pH 7.

Repeatability Reproducibility

Number of repetitions (N 6 7
Average 1,04 0,93

Standard deviatio(SD) 0,037 0,04
% Variation 3,6% 10,1%

Absolute uncertainty | 3,0% 7,1%
Limit 0,074 0,19

Repeatability limit: r = 2 * SD(repeatability
Absolute uncertainty & BroadeningdDOXH 1 ¥ 6°'

Broadening alue = 2 for a normal law distribution, at the risk 5%.

1,4 1,4
1,2 1,2
1 1
0,8 0,8
0,6 0,6
0,4 0,4
0,2 0,2
0 0
250 350 450, 580 650 750 250 350 450 550 650 750
— ——P10 2AlI f =—P10 1Al tf

1,6
2 1,4
1,2

1,5
1
1 0,8
0,6
0,5 0,4
0,2

0
200 300 400 500 600 700 0

250 350 450 550 650 750
——P9b 1Fe ——P9b 2Fe ——P10 1Fe ——P10 2Fe
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Table 2-A. a) Structural features, Physicoechemical constantsf the14 isolated
anthocyanins studiedn PSPE and RCHondered constasibased on the extract
composition Data used in the multiple linear regression.

Pigment Cf pC F Sp | I Glc-1 Glc-2 Pn Cy
3%79 0 0 0 0 0 0 0 0 1 0
P9a 1 0 0 0 1 0 1 0 1 0
P9b 1 0 1 0 2 0 1 1 0 1
P10 2 0 0 0 2 0 1 1 1 0
P11 1 0 0 0 1 0 1 1 1 0
P12 1 0 1 0 2 0 1 1 1 0

PSPE 112 00 06 00 1.7 0.0 099 099 08 0.2
PA 0 0 0 0 0 0 0 0 0 1
P1 0 1 0 0 1 0 1 0 0 1
P2 0 0 1 0 1 0 1 0 0 1
P3 0 0 0 1 0 0 1 0 0 1
PB 0 0 0 1 0 1 0 1 0 1
P4 0 1 0 1 1 1 1 1 0 1
P5 0 0 1 1 1 1 1 1 0 1
P6 0 0 0 2 0 1 1 1 0 1

RCE 0O 0.06 006 059 01 04 09 04 O 1

Pigment  PKY  pKa  pKe  PKE k()

3879 2.04 4.21 7.08 2.04 0.33 116
P9a 2.43 4.06 7.11 2.44 0.132 87.8
P9b 3.71 3.93 7.15 4.11 0.047 394
P10 3.53 4.11 7.16 3.66 0.028 251
P11 3.25 3.99 7.29 3.34 0.297 162
P12 3.85 4.34 7.49 4.02 0.0098 176
PSPE 3.6 4.1 7.3 3.8 0.1 234.1
PA 2.14 4.6 7.18 2.14 0.315 84
P1 2.65 4.2 6.95 2.66 0.132 149
P2 2.67 4.5 7.25 2.68 0.166 139
P3 2.69 4.2 7.09 2.7 0.143 154
PB 3.66 3.8 6.94 4.22 0.096 590
P4 3.77 4.6 7.34 3.84 0.01 124
P5 3.8 4 7.34 4.23 0.011 141
P6 3.57 4.3 7.2 3.66 0.006 149
RCE 2.59 4.29 7.15 2.6 0.106 163
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Table 3-A. Regulatory information of E 163 Anthocyariirs food color(EU) No 231/2012

Definition

Anthocyanins are obtained Ibyaceration or extraction with sulfited water, acidified
water, carbon dioxide, methanol or ethanol from the strains of vegetables and edible
with subsequent concentration and/or purification if necessary. The resulting produg
be transformed to powder by an industrial drying process. Anthocyanins contain
common components of the source material, namely anthocyanin, organic acids, tai
sugars, minerals etc., but not necessarily in the same proportions as found in the sa
material. Ethanlomay naturally be present as a result of the maceration process. The|
coloring principle is anthocyanin. Products are marketed according to their color stre
as determined by the assay. Color content is not expressed using quantitative units.

Einecs

208-438-6 (cyanidin); 2051256 (peonidin); 208437-0 (delphinidin); 2114038
(malvidin); 205127-7 (pelargonidin); 218494 (petunidin)

Chemical
name

» e -Pentahydroxyflavylium chloride (cyanidin)
« -Tetrahydroxy esmethoxyflavyliumchloride (peonidin)
» -Tetrahydroxy < -dimethoxyflavylium chloride (malvidin)
3,5, %Trihydroxy-2-(3,4,5,trihydroxyphenyfl-benzopyrylium chloride (delphinidin)
* + -Pentahydroxy smethoxyflavylium chloride (petunidin)
3,5, FTrihydroxy-2-(4-hydroxyphenyR1-benzopyrilium chloride (pelargonidin)

Chemical
formula

Cyanidin: GsH1106Cl Molecular weight |Cyanidin: 322,6
Peonidin: GgH130sClI Peonidin:336,7
Malvidin: C,7H,5s0,Cl Malvidin: 366,7
Delphinidin: GsH;,0.Cl Delphinidin: 340,6
Petunidin: GgH130,Cl Petunidin: 352,7
Pelargonidin: GH;,05Cl Pelargonidin: 306,7

Assay

E (1cm, 1%) = 300 for the pure pigment at B nm at pH 3,0

Description

Purplishred liquid, powder or paste, having a slight characteristic odour

Identification

Spectrometry

Cyanidin: 535nm Pelargonidin: B30
Peonidin: 5321m Malvidin: 548
Delphinidin: 546nm Petunidin: 543
Maximum in methanol with 0,0% conc. HCI

Purity

Solvent

Methanol Not more than 56ng/kg

residues

Ethanol Not more than 20énhg/kg

Sulfur dioxide

Not more than D00mg/kg per percent pigment

Arsenic

Not more than 3ng/kg Mercury Not more tharl mg/kg

Lead

Not more than 2ng/kg Cadmium Not more than Ing/kg

Aluminium lakes of this colour may be used.

8
COMMISSION REGULATION (EU) No 231/2012 of 9 March 2012 laying down specifications for food additives listed in Annexedlllitamegulation
(EC) No 1333/2008 of the European Parliament and of the Council
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Table 4-A. Major patents on blue color made from anthocyanins
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Table 5-SI. Maximum wavelength () and MRODU DEVRUS W LdR Qe pighehid FLHQ W
studied in pH 1 aqueous solutions.

max O

nm L mol* cm?
Cyanidin3-Glc 510 26900
Cyanin 510 30175
PA 511 25541°

PB 528 13714

P1 522 20259

P2 521 18 203

P3 530 21793

P4 517 16870

P5 532 15123

P6 533 12 730

PA' 510 21918
P10 532 2430%F
P9a 522 18207
P9b 529 21011
P11 527 21968
P12 532 20936

AGiusti et al., 1999(Ahmadiani et al., 2016§(Sigurdson et al., 2019)
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Fig 1-A. Fraction of recovered flavylium after 1m(iplack)and 24h(grey)in the presence of
10°equiv. HO; at room temperature, pH Colored fams seem more resistant to the action
of H,O,. Hemiketal may undergoJ9, addition as describes in Satakelket2018.

Scheme 1A. Results of the molecular networks calculation with the GNPS platform
(06.09.2019). Parameters uAIRS_MIN_COSINE = 0.5; MIN_MATCHED_ PEAKS = 2;
TOPK = 10; CLUSTER_MIN_SIZE = 1.
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Fig 3-A. Distribution of the degradation products at 24h.
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Fig 4-A. Rate of color loss (left) and pigment loss (right) of P1 under air (plain squarer) and
inert atmosphere (empty triangles)

Scheme 2A. Skeletons of the degradation products detected, in green.
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Fig 5-A. Kinetics of transchalcone accumulation at pH 7, 50°C for pigments PA, PB and P4,
showing the very slow formation in the case of P4. Maximum Ct concentration is reached
after 0.51h for PA, 2h for PB and is not reached over 24h for P4.
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RCE, aqueots buffer

Kobs 1= 20+ 3 X102, Kops 2= 3.0+ 0.5 x1G s, A;= 0.64+ 0.05 (N=3).

RCE, 60% sucrose

Kobs 1= 60% 5 X10 S?, kops 2= 3.1+ 0.4 x1G s, A;= 0.70+ 0.1 (N=6).

Fig 6-A. Rate of color loss of RCE, in pH 7 phosphate buffer at room temperature. Top:
aqueous buffer, bottom: 60% sucrose buffer.
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Method 1. Determination of the overall hydration and acidity constant pKj

of 2 groups within an extract

The pK'a is determined frothe pHdependence of the absorbance of theylium ion at the
pseudeequilibrium, measured in UVisible spectroscopy at room temperature. The presence

of two populations with distinct pKgives the following equation

A = X*A *(1+r*10PH/(1+1PHPRAY + (1-x)*A 2*(1+r*10PH)/(1+10PHPRa3

From a determined fractioncorresponding tgroup 1, the parameters are calculated

Group 1:pK §1, As= HC, r1 = (rakKaa)1
Group 2: K %, Ao= BC, 12 = (raKa)2.

It was hypothesized that within a same group, all anthocyanins have th& $aratie, and
similar absorption coefficientsd, = A, r1 = ro. This method was used for 4 extracts. The
composition of RCE and PSPE were determimetdPLC-DAD/MS (Appendix3, p. 337,

and the composition of the red radish and black carrot extracts were obtained from the
literaturerespectively from(Pu Jing et al., 2012; Montilla et al., 201(t¢ferences below)
Theresults are presented in TablA@&ndFig. 7-A.

Table 6-A. Clculated pK'avalues, faction ofacylatedanthocyaningre in parenthesis.
S.ID 1%¢ S.ID 0$y S.ID '$% R?

RCE 2.39 (60%) 3.5 (40%) 0.998
PSPE** 2.04 (14%) 3.55 (86%) 0.999
Red radish 1.9 (12%) 3.41 (88%) 0.998
Black carrot  3.07 (35%) 4.05 (65%) 0.997

**Partially purified extract,for contaminants elimination.

319



Crude RCE
A(525 nm)

Purified PSPE
A(528 nm)

(continued next page)
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Red Radish
A(512 nm)

pH

Purple Carrot A(521 nm)

pH

Fig 7-A. A(AH+) as a function of the pH usedfor the determination of j@K2 groups within

the extract.
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Method 2. Calculation of the pure spectra of an individual anthocyanin.

JRU HDFK LQGLYLGXDO SLJPHQW VSHFWUD ZHW@WH=RPHDV XUH
(negligible hydration) The spectrum obtained at pH 1 corresponds to that of the pure
flavylium ion: A S+  A&g). The spectra of the pure neutral base and anlmase were

determined from the fractions obloredspecies calculated from th&o acidity constants

At pH 5, because pK< pKj,, the concentration in anionic base can be neglected:
A =1 = an+. From the abs@tion spectrum measured at pH thanks to the additive
property of absorbance in the range studedeach wavelength wean express the total

absorbance asA(pH 5) =Aan  an+t Aa A

Thus we extracthe spectrum of the pure neutral base

with

Similarly, at pH 8the concentration in flavylium can neglected:
A(pH 8) :AA AT AA_ A-

Thus the pectrumof pure anionic basis deduced from:

with
o AH
1,0 1,0
— A\
— A
0,5 0,5
0,0 0,0
250 350 450 550 650 250 350 450 550 650

Fig8A. &RPSDULVRQ RI WKH PHDVXUHG DQG FDOFXODWHG VS
AH = flavylium, A = neutral base, Am = anionic base. pH 1 = HCI 0.1 M, pH 4.91 in acetate
buffer, pH 8.0 in phosphate buffer. pH after pigment addition.
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15

P9a
1,0
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1,5
P10
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2,0
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1,0
0,5
0,0
250 350 450 550 650

Fig 9-A. Calculated pectra the8 forms: flavylium, neutral base and anionic base of 6

individual PSPE pigments, &t0.
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Fig 10-A. Structures of the major compounds detected in P1.
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PA & Peonidin-3-O-Soph5Glc

A(511nm)

pH

F = 0.996,pK 1= 2.04(+ 0.04),A0= 0.91 (+ 0.02);aKa1 = 11.3 (« 8.8) x18

kobs/ Sl

AdAg

pH

V. Kobs ' = 0.995.": AdAo, r = 0.97
pKar = 4.21(+ 0.08),ky = 0.33 (£ 0.01) § k §,= 116 (+ 7) M's*

Y Kn = k/ NfE 2.8x10°, pKi, = 2.54 (Ct excluded)
K= . $+Ka Yp.% | p.%=2.0 (Ctincluded)

(continued next pa®
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A(595nm)

pH

r = 0.996,pKaz = 7.08(+ 0.04),A¢ = 0.23 (+ 0.03);s = 6.2 (+ 0.8)

Fig 11-A. Data fitting for the determination db . § kn, kn Sk, PKa1 andpKz, constants, for
SLJPHQW 3% LVRODWHG IURP WKH SXUSOH VZHHW SRWDWR
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P9a = Peonidin-3-O-Soph(Cf)-5Glc
A(523nm)

pH

F = 0.999,pK = 2.43(+ 0.02),A0 = 0.61 (+ 0.01);aKa1 = 16.0 (2 2.4) x18

AdAg

Kobs/ st

pH
V. Kobs ' = 0.96. ": Af/Ag, r = 0.991

pKar = 4.06(+ 0.12),k, = 0.132 (+ 0.011)5 k §,= 87.8 (+ 6.6) M s*

Y Kn = kn/kn = 1.5x10°, pKp, | 2.82 (Ct excluded)
K= . %$+Ka Yp.% | p.%=2.43(Ctincluded)
With acylated anthocyanins, curves may be truncated at high pH to avoid proton loss from acyl

residue
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(continued next pa®)

A(603nm)

pH

r = 0.997,pKa = 7.11(+ 0.02),A0 = 0.12 (+ 0.01);s = 7.0 (+ 0.4)

Fig 12-A. Data fitting for the determination & . § ki, kn Sy, PKaz andpKy constants, for
pigment P9A isolated from the purple sweet potato extract.
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P9b = Cyanidin-3-O-Soph(Cf,FI)-5Glc
A(533nm)

pH

r=0.991,pK §= 3.71(% 0.07),A0 = 0.44 (£ 0.01);aKa1= 5.0 (x 1.1) x18

Al Ao

kobs/ 3_1

pH

V. Kops F' = 0.98. " AdAg, r = 0.991
PKa1 = 3.93(+ 0.04) k, = 0.049 (+ 0.004)§ k f, = 394 (+ 24) M s*

Y K= ki/k §, = 1.2x10% pK;, | 3.91 (Ct excluded)

Kg=Kf+Ka Y pK§ | 411 (Ct included should be lower than 3)9
(continued next page)
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A(604nm)

pH

r = 0.994,pKx = 7.15(% 0.06),A0 = 0.13 (£ 0.02)r = 5.8 (£ 0.7)

Fig13-A. 'DWD ILWWLQJ IRU W K K k{Gkd WH,PpR.L pdpW i cBriStaRts, Br. §
pigment P9bsolated from the purple sweet potato extract.
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P10 = Peonidin-3-O-Soph(Cf,Cf)-5Glc

A(533nm)

pH

r = 0.998,pK = 3.53(+ 0.03),A0 = 0.57 (£ 0.01);aKa1 = 6.6 (+ 0.6) x18

AdAg

kobs/ S-l

H
V. Kops ' = 0.994.7: AdAg, r = 0.98 P
PKar = 4.11(+ 0.06),k, = 0.028 (+ 0.004)5 k , = 251 (+ 25) M s

Y K fi= ki/kn = 1.1x10% pK § | 3.95(Ct excluded)
KI=Kf+Ka Y pK§ | 3.66(Ctincluded)

(continued next pa®)
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A(607nm)

pH

r = 0.995,pKa, = 7.16(+ 0.05),A¢ = 0.14 (+ 0.01);s = 6.3 (+ 0.6)

Fig14-A. 'DWD ILWWLQJ IRU W K K kiGkd W, PpR:L apdpWil cBridtaRts, for.
pigment P10 isolated from the purple sweet potato extract.
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P11 = Peonidin3-O-Soph(HB,Cf)-5Glc

3 repetitions
A(529nm)

pH

r=0.97,pK §= 3.25(+ 0.03),A0 = 1.03 (+ 0.01)ra = 9.4 (+ 1.1) x18

AdAo

kobs/ S-l

V. Kobs I = 0.9L. ": AdAo, 1 = 0.97 pH
pKa1 = 3.99(r0.06),ky = 297 (r 37) x10* M s*, NyE 162 (r 16) s

Y Ki = ke/ NifE 1.8x10% pKp, = 3.74 (Ct excluded)
Kg= .$+Ka Y . §=4.6x10° p. § = 3.34 (Ct included)

(continued next pa®)
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A(605 nm)

pH

PKaz = 7.29(+ 0.02),A0 = 0.107 (2 0.05) = 7.85 (+ 0.36); = 0.9993

Fig15-A. 'DWD ILWWLQJ IRU W K K kiGkd W, PpR:L apdpWil cBridtaRts, for.
pigment P11 isolated from the purple sweet potato extract.
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P12 = Peonidin3-O-Soph(FIl,Cf)-5Glc

3 repetitions
A(534 nm)

pH

r = 0.988,pK I = 3.85(+ 0.04),Ao = 1.85 (+ 0.02); = 3.5 (+ 0.5) x1§

Al Ao

kobs/ S-l

pH

V. Kops F = 081, ": AdAg, r = 0.5
PKar = 4.34(r0.07),kn = 98 (r 17) x10*M™* s*, N{JE 176 (r 27) s*

Y Kp = 5.6x10°, pKp, = 4.25 (Ct excluded)
K¥g= .$+Ka Y . §=9.6x10°, p. § = 4.02 (Ct included)

(continued next pa®
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A(609 nm)

pH

PKaz = 7.49(x 0.05),A0 = 0.135 ( 0.015)5 = 7.64 (+ 0.80); = 0.996

Fig16-A. 'DWD ILWWLQJ IRU W K K k{Gkd WH,PpR.L pdpW i cBridtaRts, Br. §
pigment P12 isolated from the purple sweet potato extract.
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Method 3. Prediction of acylated anthocyanin color

at any pH in the range 1 to 8

Highlights

Based on the acidity and hydration kinetic and thermodynamic constants of isolated
anthocyanins, their theoretical spectra at all pH in the range 1 to 8 could be generated, as well

as the calculation of the L*a*b coordinated, and color patches.

The current method igble to predict the color at the equilibriumaqueous applicationat
pH between 1 and &or individual pigmers from red cabbage and purple sweet potatd,

anymixture thereof.

Method

X "HWHUPLQDWLRQ RI WKH S.1D DFLGLW\ DQG K\GUDWLRC
of isolatedanthocyanins (Table-&, under presgMoloney et al., 2019)

x Calculation of the spectra of the individual colored spediesgd on the spectra
recorded at pH 1, 5, 8)

X Speciation at the target pH (Calculation of the fraction in flavylium ion; neutral base
and animic base)

X Spectral prediction at any pfhy combining the spectra of the pure species and their
fraction at their hydration pseudmuilibrium)

X Spectral conversion to L*a*b coordinates, and elaboration of a color patch

Domain of validity

x On any individua pigments among these tested from red cabbage or purple sweet
potato, and extracts thereof.

X Within the pH range 18

X In aqueous solutions

X At room temperature
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Examples of results P2 and P5.

1. Calculation of the spectra

For the composition at t=0, from tip,, pK a4, the pHdependence of the fraction in neutral base (

a) and anionic base {) is determined with:

and

P5

P2

Fig 17-A. Predictedspectravs.actual spectréor P5(top) and P2 (bottomhat a theoretical
t=0.
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2) Spectral conversion to L*a*b coordinates, and elaboration of a color patch

Table. Predicted (top) vs. measured (bottom) L*a*b values for P5 at the pseudidorium.

pH L a b Cab Hab
Prediction
1,07 72,37 60,39 -15,31 62,30 345,8
2,88 72,91 57,29 -16,21 59,54 344,2
3,97 76,97 38,80 -18,26 42,88 334,8
4,9 81,43 21,70 -17,25 27,72 321,5
6,99 76,49 8,02 -25,10 26,35 287,7
7,76 67,82 -4,45 -36,03 36,30 263,0
Result

1,07 72,37 60,39 -15,31 62,30 345,8
2,88 72,91 57,29 -16,21 59,54 344,2
3,97 76,97 38,80 -18,26 42,88 334,8
4,9 81,43 21,70 -17,25 27,72 321,5
6,99 76,49 8,02 -25,10 26,35 287,7
7,76 67,82 -4,45 -36,03 36,30 263,0
pH 1.07 2.88 3.97 4.90 6.99 7.76

t=0 Prediction

t=0 Results

t=0

Fig 18-A. Color patches oP5 atequilibrium (note: this pigments underwent slow metal
complexation leading to laathochromic shift (presence of trace metal in the water and
buffers) c) Pictures of the cuvettes of P5 at the equilibrium
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Table. Predicted (top) vs. measured (bottom) L*a*b valuedd at the pseudequilibrium.

pH L* a* b* Cab* Hab*
Prediction
1.05p 77,2¢ 54,81 -3,52 54,9: 356,¢
2.86p 77,11 54,5¢ -4,02 54,7¢ 355,¢
3.97p 75,9t 52,21 -8,4¢ 52,9( 350,¢
4.8p 74,3¢ 45,32 -16,8¢ 48,3t 339,¢
6.94p 69,1z 21,7( -31,77 38,47 304,:
7.67p 66,0" 3,3( -38,9¢ 39,17 274.¢
Result
1,05 77,2¢ 54,81 -3,52 54,92 356,
2,86 83,8¢ 38,3( -5,81 38,7¢ 351,
3,97 83,5¢ 31,4¢ -10,6¢ 33,27 341
4,8 74,1« 38,3¢ -21,7¢ 44,07 330,
6,94 65,8¢ 14,7¢ -38,17 40,9¢ 291,z
7,67 65,3¢ -8,42 -41,6¢ 42 4¢ 258,¢
t=0
t=0
Pictures

Fig 19-A. a) L*a*b* coordinated of P2. bolor patches dP2 att=0 (top) and aéquilibrium
(note: this pigments underwent slow metal complexation leading to a bathochromic shift
(presence of trace metal in the water and buffe)$)ictures of the cuvettes o2 PNB:
hydration was too fast for pictures, and the solutions are patiiadisated. The same method
was used for pigments at equilibrium (not presented here but available).
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Appendix 3. Composition ofour anthocyanin extracts
1. Methodsused

Table 7. LC-MS parametergsed for the analysis of the four anthocyanin extracts.

LC system Acquity UPLC System
Column BEH PhenylAcquity UPLC
10 | PP P
Spherical shape, 180 pore size, 15% carbon load
Column temperatur 30°C
Sampletemperature 10°C
Flow rate 0.4 mL/min
Binary solvent syster
Mobile phase # Water + 1% Formic acid
Mobile phase E Acetonitrile + 1% Formic acid
Total run time 20 min
Injection volume 5 pL, full loop

MS systen Bruker Daltonics HCT ultra
MS type lon trap
lonization systen Electrospray ionization (ESI)
Collision gas N2 (40 psi)
Capillary voltage 1800V (ESI+), 2000V (ES)
Desolvation temperatu 365°C
Desolvation gas flow rai9 L/min
Acquisition Ultrascan mode
Precursor ion scans ran m/z 1062000
Average target ma:m/z 500

Diode array detector
U D 240600 nm

Table 2. Gradient used in the binary system: %B = % Acetonitrile + 1% formic acid.

RCE PSPE BCE / EE
Time (min) %B Time (min) %B Time (min) %B
0 10 0 6 0 10
5 20 2 12 2 15
6 24 6 14 3 15
8 24 10 20 6 17
10 30 13 80 9 20
14 80 14 6 10 24
15 10 20 6 11 10
20 10 14 10
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2. Results

Table 1L Compositionof the four extracts studied: glycosylation pattern, acylation type.

. . .
Extract Major Glycosylation Acylation type Average MW
aglycon pattern (g/mol)
Red cabbage Cyanidin Glucose, Sophorose pC, Fl, Sp 1060
Purple sweet Cya”“?"?‘ /
Peonidin Glucose, Sophorose Cf, Fl, Sp, HBA 1079
potato 48/52
- Glucose, galactose. pC (50%), Ac
Elderberry Cyanidin Sambubiose (<1%), Ma (<1%) 660
Black carrot Cyanidin Xylose, Glucose, pC, FI (80%), Cf 874

Galactose

*Calculated MW from the composition and massnafividual pigmentgsee tables 2,3,4,5)

Structures determinday RMN in the literature.

Scheme 1Comparedylycosylation patternsf the four extracts studied. Elderberry fruits,
b. Red cabbage leaves and purple sweet potato roots, c. Black carrot roots.
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RED CABBAGE EXTRACT (Brassica oleraced.., capitata rubrg

Table 2. Anthocyanin composition of the crude red cabbageact.

RT (min) Compound gl\//ln\ﬁ\gl) o P(‘,j:fy %PA  %PB Fra(;)“o”
1.1 PA 773 514 94% - - 5%
2.6 PB 979 531 98% - -

6.5 P1 919 523 84% 4.5% - 56%
7.0 P2 949 524 92% 5.3% -

7 P3 979 525 93% 3.3% - 5%
7.55 P4 1125 536 75% < 5.5% 6%
7.75 P5 1155 536 82% < 5.0% 8%
7.8 P6 1185 538 90% < 4.6% 20%

Fig 1. Chromatogram at 46860 nm of the crude RQOE&ith the phenyl colummand elution

profile (% B, in green).
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PURPLE SWEET POTATO EXTRACT (Ipomoea batatas .)

Table 3. Anthocyanin composition of tHeSPextract.

MW

Area

# RT (min) Compound (g/mol) (nrrnna))( (%) S/N
1 1 PnHB 907 524 1.10% 10.4
2 3.21 Unidentified 997 525 0.90% 9.7
3 3.96 CyaCf 935 525 3.70% 13.3
4 4.06 CyaCf; 1097 531 5.10% 579
5 4.20 CyaCf.HB 1055 525 4.80% 55
6 4.86 PnCf (P9a) 949 525 6.40% 21
7 4.92 PnCf,(P10) 1111 531 10% 926
8 538 CyaCf.FI (P9b) 1111 533 19% 1579
9 559 PnCfHB (P11) 1069 528 22% 1792
10 6.25 PnCf.FI (P12 1125 533 25% 2263
11 6.42 PnCf 949 525 0.70% 8.9
12 7.39 PnFI 963 525 0.70% 105

Fig 2. Chromatogram at 46860 nm of the purified PSPE extraath the phenyl column,

and elution profile (% B, in green).
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BLACK CARROT EXTRACT (Daucus carota..)

Table 4. Anthocyanin and major phenols composition of the black caxtoact.

(min) Compound gimoh @06
1 1.6 Cy-3-Sh-5-Gal 743 521 7% 16,0
2 2.0 Cy-3-Xyl-Gal 581 521 36% 81,9
3 2.4 Cy-3-(Sp)Sh5-Gal 949 534 15% 34,6
4 2.6 Cy-3-(FI)Sb-5-Gal 919 530 35% 80,6
5 2.7 Cy-3-(pC)Sbk5-Gal 889 529 7% 16,7
6 2,2 Kaempferol 30-acetytglucoside 392 326 15% 39,6
7 4,8 DihydrokaempferclO-glucoside 452 328 1% 2,4

Fig 3. Chromatogram &30 (orange) and 52tm (purple)of thecrude black carragxtract

with the phenyl column, and elution profile (% B, in green).
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ELDERBERRY EXTRACT (Sambucus nigra L)

Table 5. Anthocyanin composition of the elderberry extract.

min Compound gmo) oy G0

1 1.02 Unidentified - 523 2% 6.7

2 1.49 ;ﬁiggg‘eg’samb“biosmé' 743 514 8% 24.1

3 2.15 Cyanidin 3sambubioside 581 519 49% 155
Cyanidin 3pC-sambubioside 717

4  2.33 Cyanidin 3glucoside 449 518 42% 134

4.73 Cyanidin 3,5-diglucoside 611 356 0% 8.0

Total 266 100 328

Fig 4. Chromatogram &30 (orange) and 52tm (purple)of thecrude elderberrgxtract

with the phenyl column, and elution profile (% B, in green).
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Abstract

Anthocyanins are ubiquitous plant pigments that exhibit bright colors from red to blue. Thus, they are
candidates to replace the synthetic food colors. However, the low stability of anthocyanin oéoreal hurdle to
their industrial applicationsgspecially under near neutral conditions required to express the blue color. A prorr
perspective is to resort to anthocyanins acylated piydroxycinnamic acids, as these pigments develop €c
stabilizing mechanisms (intramolecular copigmentatioalf-association) based on stron@stacking interactions
between the anthocyanidin chromophore and the acyl residuHserefore, this work investigates the structur.
transformations of acylated anthocyanins (proton transfer, water addition), their affitot metal ions and their
resistance to thermal degradation in the presence or absence of added metal ions. To that purpose, kine
thermodynamic studies by U¥sible spectroscopy are combined with the identification of degradation product:
UPLEDAD/MS.

The impact of the acyl residues (number, location, type) was deciphered from a series of isolated pi
from red cabbage and purple sweet potato. With the former, the acyl residue bound to the external glucose
sophorose moiety provides ajptimal protection against attacks by,®, HO, and sulfite, b) improved affinity for
metal ions, ¢) enhanced resistance against thermal degradation (for anthocyanins and their metal comphex
contrast, caffeic acid, whether free or as an acyl resiflnepurple sweet potato), accelerates the degradation
anthocyanins in spite of stabilizing the color.

Under moderate heating at pH 7,ed cabbage anthocyanins were degraded into acylsophoro
phloroglucinaldehyde-O-glucoside, protocatechuic acid, ,537-trihydroxycoumarin derivatives, and 2,4t
trihydroxyphenylacetic acid derivativesitdamolecular acyl migration was also evidencé&tie anionic base, a majc
colored form at pH 7, appears most vulnerable to autoxidation. The hydrogen peroxide thdscpd is further
involved in anthocyanin degradation. Overall, the tight binding of acylated anthocyanins to iron and aluminui
and possibly the addition of natural antioxidants.d, Nacetylcysteine) are promising perspectives for t
development @ stable natural blue colors.

Résumé
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sont donc debons candidats pour remplacer les colorants alimentaires artificiels. Cependant, leur faible stabil
pv (€ ]v e %0 %0] S]}veU S}usS % E&S] po] & u vs8 v ulJo] p v uSCE UE
perspective prometteuse est leecours aux anthocyanes acylées par les acipiydroxycinnamiques, car ce
pigments développent des mécanismes protecteurs de la couleur (copigmentation intramoléculairasaatiation)
e o suE (JES ¢« JvS E S]}ve [ u%]o urevét les $€Eduo acylZed®rhua)l%tiddie donc le:
SE Vve(}EU S]}ve ¢SEN SPE 0 ¢ [ VSZ} C Vv » Co ¢ ~8SE& ve( ES- %0 E }
u s ooj<pe 8§ o0 MduE 5 ]0]S8 M JUEes [uv SE ]85 u vs SdedEdngtigues et
thermodynamiques par spectroscopie U]*] o +}vs }u Jv = o[] v38](] S]tv %0 E }
UPLEDAD/MS.
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chou wouge et de la patate douce pourpre. Pour les premiers, les groupements acyl sur le sucre exte
groupement sophorose conférent a) une protection optimale contre les attaquesy@rH0, and SG, b) une plus
grande affinité pour les ions métalliques) une plus grande stabilité thermique (pour les pigments et le
complexes). v & A v Z U o[ ] ( ]J<p U <pf[]lo *}]S o] E }pu ] Vv e}pue (}CEuU
patate douce violette), accélére la dégradation des anthocyangsyb<u[]o *S§ ]Jo]e o }po pEX

Un traitement thermique modéré @H 7 a converti leanthocyanes du chou rouge ecylsophoroses,
phloroglucinaldéhyde-O-glucoside, acide protocatéchuique, dérivés de la 3%&E]ZC E®}AC }pu E]v
2,4,6trihydroxyphenylacétique. Un phénoméne degration intramoléculaire de résidus acyl a également été mis
évidenceLla ¢ v]}v]<p U pv (}EuUu }o}E ui pE&E %, OU %% E S }uu
> % E}AEC [zC E}P v ]Jve] (}EuU 8 P o u vVvS Ju%o]«pu Ve O P&

Globalement, nos résultats montrent que la forte assdoiatdes anthocyanes acylées avec les ions du fe
o[ opu]v]puU A} E of i}us [ v8]}EC -v33Q03QE dpy ~Yo JESFUUVE B

la AAdvalnnnemant de rnlarante hlailie natiirale etahlac

348




