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ABSTRACT

In this study, we report the protonation reactions for astaxanthin and canthaxanthin radical anions in methanol, alkaline methanol, and aqueous

2% Triton X-100 at different pH values. The p K, values for the corresponding  a-hydroxy radical derivatives of astaxanthin, canthaxanthin, and
f-apo-8'-carotenal were estimated in 2% Triton X-100. Also, the effects of the microenvironment and the structure of the carotenoids on the
protonation rate constant are discussed.

An earlier report by Land et al. showed that the radical anions In this study, we report the protonation reactions for the
of carbonyl-containing carotenoids can be protonated in radical anions of the two carotenoids, astaxanthin (ASTA)
methanol to form the corresponding-hydroxy radical and canthaxanthin (CAN), for the first time, in methanol,
derivatives (equation 1)In alkaline methanolic solutions,  alkaline methanol (containing 0.01 M NaOH) and in aqueous
the reaction shifts toward the unprotonated species and only294 Triton X-100 (TX-100) at pH values over the range

carotenoid radical anions were observed (€ 1) 7—13.5. The radical anions of these two dietary carotenoids
o on have not been studied previously in protic solvents. From
AR+ CHeOH car oy * CHOT oy these data, we obtained thralues for the corresponding

o . . o-hydroxy radical derivatives of ASTA, CAN, angrapo-
Similar studies have been reported in other solvents and8, tenal (APO) i 205 TX-100. Also. the rat
in micelles2~5 In the previous reports there was no detailed © ~¢arotena ( ) In aqueous 2% 1A-10U. AlSO, the rate
study of the influence of pH4 Also, most of the reported ~ constants for protonation of the radical anions were measured
rate constants for the protonation reaction concern only in agueous 2% TX-100 and in methanol.

organic solvent$*
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Pulse radiolysis is one of the most appropriate techniques|jj| | | N JNENEGEGEGEEEEE

to investigate the spectroscopic properties of carotenoid
radicalst~#6~8In argon-saturated watér° both oxidizing
(*OH) and reducing (g and H) species are formed (Scheme
1). To study exclusively reducing conditions we added 0.1

Scheme 1
Hy0 ——~~> €3¢ + OH + H'+ non-radical species
"OH + HCO,
e, + CAR
CO,*"+ CAR
€ag + HyO + NJO —» N, + OH +°OH

—> H,0 + C0O;"
——» CAR"™

—— CAR" + CO,

M formate; this converts the oxidizingDH radicals into
CO, 7, which is a reducing radical. In the presence of a
carotenoid (CAR), CAR is formed from both electron
attachment (fast reaction) and electron transfer from*CO
(slow reaction}! In N,O-saturated solution.& is converted
into *OH; therefore, CAR is generated only from CO
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Figure 2. Transient absorption spectra following pulse radiolysis
of ASTA (50uM) and formate in argon-saturated aqueous 2% TX-
100 (pH= 7.1). Inset: kinetics of ASTAHat 570 nm and ASTA

at 750 nm.

H>0 to form the corresponding-hydroxy radical derivative
(ASTAH") at Anax = 570 nm. Thus, the transient decay at

(Scheme 1). The structures of the carotenoids used are showrf 90 "M matches the transient growth at 570 nm (see Figure

in Figure 1.

Canthaxanthin (CAN)

WCHO
B-Apo-8-carotenal (APO)

Figure 1. Carotenoid structures.

The transient spectra obtained from pulse radiolysis of
ASTA (50 uM) and formate (0.1 M) in aqueous 2% (w/v)
TX-100 (argon-saturated, pH 7.1), in the microsecond time
scale, are shown in Figure 2. The short-lived transigpix(
~730-750 nm) is attributed to ASTA, generated from fast
electron attachment to ASTA, which abstracts a proton from
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2 inset).

At low ASTA concentration (1&M), the electron decay,
mainly due to the reaction with ASTA, is followed by a
subsequent buildup of ASTAHbserved at 570 nm (Figure
S1, Supporting Information). It is important to note that the
rate of formation of the transient at 570 nm is not dependent
on the ASTA concentration, which confirms that this
transient is not due to any direct radical reaction with ASTA
but is due to the protonation of ASTA(e = 5.3 x 10¢
M~tcm™t at 720 nm, see the Supporting Information). The
rate constant for the protonation of ASTAby water was
estimated as 1.% 10° Mt s112 from the growth of
ASTAH* at 570 nm. The ASTAM(e =8.2x 10* M 1cm™?
at 570 nm, see the Supporting Information) decays by
second-order kinetics k% = 140 cm s?), probably via a
radical-radical reaction (Figure S2, Supporting Information).

The transient profile at 570 nm shows a slow secondary
growth over the millisecond time scale (Figure S3, Support-
ing Information). This growth can be attributed to the slow
electron transfer from C{ to ASTA to form ASTA™,
which protonates to form additional ASTAHIn this
reaction, the slow growth of ASTAHSs controlled by the
slow reaction of C@~ with ASTA. This was confirmed by
saturating the same solution with.® (Figures S4 and S5,
Supporting Information).

At pH = 13, the transient spectra of an argon-saturated
solution have a band due to ASTA(Amax ~730—750 nm,
see Figure 3), while ASTAHformation was not observed.
Since there is no protonation at pH13, we can obtain the
rate constant for the electron attachme@{a + €4 = 3.9
x 1® M1 s1) with no correction for the protonation
reaction. Furthermore, at this high pH, ASTAlecays very
slowly, by second-order kinetics KRe¢ = 470 cm s?),
probably via a radicatradical reaction (Figure S6, Support-
ing Information)? Also, the buildup of ASTA™ at mil-
lisecond time scales was observed due to the reaction of
ASTA with COy~ (Figure S7, Supporting Information).
A similar transient spectrum of ASTA was observed
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Figure 3. Transient absorption spectra following pulse radiolysis
of ASTA (50uM) and formate in argon-saturated aqueous 2% TX-
100 (pH= 13).

from the reaction of acetone ketyl radical (ACwith ASTA
(Kasta + ac- = 2.3 x 10 M1 s7%) in N,O-saturated aqueous
2% TX-100 containing 0.1 M 2-propanol at pH 13

(Scheme S1 and Figures S8 and S9, Supporting Information).

This reaction is efficient because of the low reduction
potential of aceton&

In argon-saturated solutions, containing formate, the influ-
ence of pH on the yield of ASTAH(at 570 nm) at
microsecond time scal®sis shown in Figure 4. From the
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Figure 4. AAversus pH for ASTAHK (at 570 nm) following pulse
radiolysis of ASTA (5QuM) and formate in argon-saturated aqueous
2% TX-100. Inset: kinetics of ASTAH(at 570 nm) at different
pH values.

plot of pH versus the yield of ASTAHat microsecond or
millisecond time scales (Figure S10, Supporting Informa-
tion),'2 the pk, of ASTAH* was estimated as 106 0.2.

In addition, the protonation reaction of ASTAhas been

Information). Under these conditions, ASTAs generated
from the reaction of ASTA with the electron. Once formed,
ASTA"~ rapidly abstracts a proton from methankl= 4.9

x 10* M~1s71) to form ASTAH' (Amax = 550 nm). In NO-
saturated solution, no formation of ASTAwas observed,
which indicates that ASTA is more reducing than hy-
droxymethyl radical (HOCH). In methanol containing 0.01
M NaOH (Figures S12 and S13, Supporting Information),
only ASTA'~ is produced Amax ~610—620 nm) via a fast
(electron attachment) and a slow (reactiort@f,O~ with
ASTA) formation, as shown in Scheme 2 and Figure S14
(Supporting Information).

|
Scheme 2
CHZOH v "CH,OH + eyeoH
emeoH” + CAR —» CAR™
‘CH,0H + 'OH ——= "CH,0" + H,0
‘CH,0' + CAR — CAR" + CH,0

Similar trends were observed with canthaxanthin in argon-
saturated aqueous 2% TX-100 containing formate atpH
7.1 (Figure S15, Supporting Information). CAN (Amax
~730—740 nme = 2.1 x 10* M~1 cm™* at 720 nm (see
the Supporting Information)) decays to tiénydroxy radical
derivative (CANH) (Amax = 580 nm) via a protonation
reaction (kan"~ + 0 = 4.0 x 10 M7t s71). The CANH
(e = 3.4 x 10* Mt cmt at 570 nm, see the Supporting
Information) decays very slowly via second-order kinetics
(Figure S16 (Supporting Information)k2 = 200 cm s1).
Also, a secondary growth was observed at 570 nm, at
millisecond time scales, due to the reaction of £Qwith
CAN (Figure S17, Supporting Information). This was
confirmed by investigating the same reaction mixture }ON
saturated solution (Figure S18, Supporting Information).

At pH = 13, in argon-saturated solution, only the transient
spectra of CAN" (Figure S19, Supporting Information) were
observed. Similar transient spectra for CANFigures S26-
S22, Supporting Information) were obtained via the reaction
of AC*~ with CAN in N O-saturated solution kn + ac- =
2.7 x 18 M~ s71). From the plot of pH versus the yield of
CANH- at microsecond or millisecond time scales (Figures
5 and S23, Supporting Informatio#) the pk, of CANH®
was estimated as 11F% 0.2.

In argon-saturated methanol, the initially formed CAN
converts into CANH (Amax= 550 nm) via proton abstraction
(k = 5.3 x 10* Mt s7Y) from methanol (Scheme 2 and
Figure S24, Supporting Information). In ,8-saturated
solution, no formation of CAN was observed. In methanol
containing 0.01 M NaOH, as for ASTA, fast and slow
formation of CAN~ (Amax ~600—610 nm) is observed due

studied in argon-saturated methanol (Figure S11, Supportingto electron andCH,O~ reactions (Figures S25—S27, Sup-

(12) The standard errors for all the reported rate constants and molar

absorption coefficients ar¢15% unless otherwise stated.

(13) At microsecond time scales, the yield represents CAdg&erated
from the protonation of CAR, which was formed from the electron
attachment only. At millisecond time scales, the yield represents CARH
generated from the protonation of CARwhich was formed the reactions
of CAR with both electron and C&.
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porting Information, and Scheme 2).

Pulse radiolysis ofs-apo-8'-carotenal in argon-saturated
aqueous 2% TX-100 containing formate at 7.2 (Figures
6 and S28, Supporting Information), generates AP@max
~590-600 nm), which protonates rapidlg £ 760 M1 s™1)

to APOH (Amax = 510 nm).
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Figure 5. pH versusAA of CANH* (at 570 nm) following pulse
radiolysis of CAN (32«M) and formate in argon-saturated aqueous
2% TX-100. Inset: kinetics of CANHat 570 nm) at different pH
values.

At pH = 13, only APO™ is generated (Figure S29,

Table 1. Auax of CAR*~ (and CARH) and Their Protonation
Rate Constants in TX-100 and Methanol

TX-100/nm methanol/nm
CAR CAR*(k/M~'s™!) CARH' CAR (/M 1s1) CARH*

ASTA 730-750 (1.9 x 10%) 570 610—620 (4.9 x 10%) 550
CAN 730—-740 (4.0 x 103) 580 600—-610 (5.3 x 10%) 550
APO 590-600 (760) 510 555 (1.6 x 104)* -

aProtonation of CAR™ with water kcar'™ + 1,0)- P Protonation of CAR
with methanol kcar®™ + meoH)-

its reaction with water. Moreover, the rate constant for the
protonation of ASTA™ in TX-100 is smaller (by a factor of
~2) than that of CAN". This rather surprising result could
be due to the different orientation of ASTAIn the TX-
100 micelle, induced by the presence of hydroxyl groups,
which reduces the carbonyl groups interaction with water.
The lower K, value of ASTAH (10.62) in TX-100, com-
pared with that of CANF(11.72), could be due to the induc-
tive effect of the hydroxyl groups in the terminal cyclic rings.
A large blue shift for thelaxof ASTA*™ and CAN~ was

Supporting Information). Similar spectra have been reported ohserved on moving from nonpolar solvents to polar ones.

by Bobrowski and Das at high and low pHhut these

For example,Amax Of ASTA*~ in hexane, benzene and

workers did not study the range of pH values necessary toaqueous 2% TX-100 are 11262110025 and 736-750 nm

determine the K. By varying the pH values from 7 to 13.5,
we obtained the pKof APOH as 10.24+ 0.1. The plots of
pH versus the yield of APO at microsecond or millisecond

respectively andimax of CAN*~ in hexane, benzene, and
aqueous 2% TX-100 are 1150>1100%° and 736-740 nm,
respectively. A large blue shift has been reporféd’ for

time scales are given in Figures S30 and S31 (Supportingother carotenoids and was attributed to the less uniformly

Information).
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Figure 6. Transient absorption spectra following pulse radiolysis

of APO (30uM) and formate in argon-saturated aqueous 2% TX-

100 (pH= 7.2). Inset: kinetics of APOHat 510 nm and APO

at 590 nm.

500

The rate constants for ASTA and CAN~ protonation
are faster than that of APO (Table 1). However, it was
reported previously that for model carotenoids containing

only one carbonyl group the rate constant for protonation

decreases as the chain length incredsehis different

behavior for the dietary carotenoids could be due to the

presence of a carbonyl group in ASTA and CAN at each
end of the molecule increasing the probability of the

distributed charge in the ground state of CARhan that of

its first excited state. Therefore, in polar solvents, the ground
state is stabilized relative to the excited state. Consequently,
the Amax Of CAR*™ in polar solvents is at shorter wavelengths
than in nonpolar solven£s.

Rather similar values of thénax of CAR'™ in methanol
and in aqueous TX-100 were observed (Table 1), which
indicates that CAR is located in a polar environment in
the TX-100 micelle’*

In summary, the protonation of CAR which contain one
(APO) or two (ASTA and CAN) carbonyl group(s), in
aqueous 2% TX-100 and methanol have been observed, and
the K, values for CARH have been estimated by monitoring
the change of the transient yield with pH.
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