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Increased Antioxidant Reactivity of Vitamin C at Low pH in Model Membranes
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The water-soluble vitamin C is a well-known preventive and ar |
chain-breaking antioxidart;for example, it recycles the lipid- 10
soluble vitamin E by reducing-tocopheroxyl radicals in mem- 2o
braneg Additional physiological functions or adverse side effects o 8 -
of vitamin C have also been describ®d Because of the firsti, T 1.04
value of 4.04 vitamin C exists at neutral pH as ascorbate 5 ° P ——
monoanion (HA), which is generally accepted to act as a stronger fw 4 _ [vitamin C] / mM
antioxidant than the protonated form, ascorbic acigA(t42 |
Nevertheless, many applications of vitamin C in food industry apply ol
to low pH values where A prevails, for example, in canned I
beverages, preserved fruits, or salad dressings. 0
We now introduce the fluorescent probe Fluorazophore-L as a 2 3 4 o 5 6 7

model for reactive radicals in membrane systems. Fluorazophore- g, e 1 Quenching rate constarity( 5% error) of Fluorazophore-L by

L9 is a lipophilic version of the azoalkane 2,3-diazabiyclo[2.2.2]- vitamin C versus pH in POPC liposomes. Inset on the right: kinetic plots
oct-2-ene (Fluorazophore-P), which has been established as &f ro/r versus [vitamin C] (circles, for bA at pH 2.7; rectangles, for HA
fluorescent probe for antioxidantsts fluorescent excited state is @t PH 7.0). Inset on the left: fluorescence microscopic image of a large
guenched by antioxidants through hydrogen transfer and resemble§Iloosome (1um diameter) labeled with Fluorazophore-L.

in its reactivity and selectivity alkoxyl and reactive peroxyl radicals. Taple 1. Quenching Rate Constants by Vitamin C

Because of the exceedingly long fluorescence lifetime of Fluor-

7 M1 g1
azophore-P (325 ns in aerated water), sizable quenching effects ) s )
result at physiologically relevant concentrations of chain-breaking probe environment PHTOMAT)  pH27(HA)
antioxidants (micromolar to millimolar) The fluorescence quench- Fluorazophore-P water 205 120
ing, which can be monitored with high sensitivity and real time E:ﬂg:giggﬂgit ?r?tgnmr:qciggﬁ; gf f17
resolution, provides a direct measure of the kinetics of the primary g orazophore-L.  POPC liposomes 13 10

redox reaction, a crucial factor for determining the total phenom-
enological activity of an antioxidant.

fluorophore resides at the lipid/water interféoshich is also the
presumed location of the peroxyl group of lipid peroxyl radicals.

Fluorazophore-P: R =H o The peroxyl group resembles the fluorophore in its high dipole
N moment (ca. 2.6 DY!
N Fluorazophore-L: R =CH,—O  CysHy Fluorescence quenching rate constants for Fluorazophore-L by

R
vitamin C (HA at pH 2.7 and HA at pH 7.0) were measured by

Fluorazophore-L combines the long fluorescence lifetime of time-resolvegl apd st_eady-state quorimet_ry in neutral _micell_es (_Trit_on
fluorazophores (125 ns in POPC liposomes under air) with the X-100R), anionic mlcglles (SDS), and liposomes with ZW|tter|on|c
possibility for incorporation into membrane mod&[his allows headgroups _(1-pa|m|toyl—2-oleoy;hgchero-3-phosphochol|ne_,
now for the first time to measure directly and even “visualize” POPC; only time-resolved measurement); see Table 1 and Figure
antioxidant reactivity at the lipid/water interface by fluorescence; ] )
see Figure 1. Until now, long-lived tocopheroxyl and persistent _ TNe second-order quenching rate constants i &d HA™ in
nitroxyl radicals have been employed as probes to assess thdiPosomes fall generally 12 orders of magnitude below those
interaction of oxidizing species at this interface by using transient Meéasured for the water-soluble parent Fluorazophore-P in aqueous
absorptiof5 and EPR spectroscop§é1° Because of its high solution (Table_l). Thls_ reflects the parpal protection of the
excited-state reactivity, Fluorazophore-L may in some respects befluorophore against reactive solutes when immersed in the hydro-
a better mimic for the reaction kinetics of reactive lipid peroxyl Phobic environment. Strikingly, however, the rate constants are
and alkoxyl radicals and allows one to exploit the numerous consistently higher for kA than for HA™ with the reactivity
advantages of fluorescence for detection. We have now investigateddifférence ranging from a factor of 2 for nonionic Triton X-100R
the interaction of this fluorescent probe with the water-soluble Micelles, 10 for POPC liposomes, and up to 20 for SDS micelles.
vitamin C at model membrane interfaces. Because Fluorazophore-L!N fact, the rate constant for SDS at low pH falls only a factor of
is amphiphilic, with a polar (3.2 D), nonionic chromophore as 2 below that measured in aqueous solution, regardless of the well-

headgroup and a palmitoy! tail as the lipophilic part, the reactive Known protection provided by the micellar environment. The
detailed pH rate profile (Figure 1) reveals a rapid increase in

* To whom correspondence should be addressed. E-mail: Wemner.Nau@unibas.chreactivity near the I§, value of HA (4.04), both for POPC
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HocH, 0~° systems at low pH may play a biological role for acidified tissties.
Ll
pH=7.0 HOY \Aon 00 pH=27 H he i li i f food i d i
R HoGH, 0~ owever, the implications for food processing and conservation
noc, 0~° i may be more important. Because rapid autoxidation of vitamin C
ro@Jox—x HOCWO HOC%O HocH, 0~ . uti ¢ tral oH licati ire |
R w0 Sou o\ on 10w Lo occurs in solution at neutral pHmany applications require low

N aqueous pH (or dry condition&¥.Under these conditions, the more
N'jy Q Q stable protonated form @A) prevails. On the other hand, there

o [o) O 0 0o

00 0 0 =0 >0 =0

N
GO¥YR Y
Q9 9 o Q8 .29 Qo are also numerous applicatiénsf vitamin C in lipid-containing

{:0 0 00 =0 0)=0 >0 =0
g g foods such as salad dressings, cured meat, and oil-baked potato
% chips where interactions between vitamin C and lipid radicals must

o

come into play. Our results suggest thatAHessentially forms a

protective coating around lipid surfaces (Figure 2, right). Interest-
i ingly, the antioxidant actually accumulates where antioxidant

activity is required. This finding may also be important for the
understanding of the so-called “polar paradd&’phenomenological
observation, that polar antioxidants, for examplgAHare more
active in bulk oil systems, whereas nonpolar antioxidants, for
example, ascorbyl palmitate, are more active in emulsified systems.
This was tentatively related to differences in the surface-to-volume
ratio.

In summary, we suggest that the role of vitamin C as an
antioxidant and scavenger lgdid radicals has been underestimated.
H,A can display a higher antioxidant reactivity than HAnder
OIcertain conditions, in particular toward the most reactive and
potentially most damaging radicals localized in membranes. The

Figure 2. Presumed interaction between singlet-excited Fluorazophore-L
and vitamin C at different pH values. Note the association at low pH.

liposomes and for micelles, which demonstrates that the protonation
of H,A is responsible for this effect. Control experiments confirmed

that the inherent fluorescence lifetime of Fluorazophore-L is

insensitive to pH between pH-Z.

To rationalize the up to 1 order of magnitude higher reactivity
of H,A versus HA in liposomes and micelles, one must recall
that the observed rate constants for this bimolecular reaction depen
on the intrinsic reactivityand on the quencher concentration. The ) ) S .
intrinsic reactivity difference, which can be measured for the water- concl_usmn Qravvcns sfggm previous StUd'eS. |nyolvmg mL.JC.h less
soluble Fluorazophore-P in aqueous solution, cannot be responsiblere.zam'.ve rqdmal%,» >Pnamely, that the antioxidant .reactlvny of
for the observed effect because it shows the expected tkgrd ( vitamin C is reduced at low pH, cannot be generalized.

2.1x 1 M1 st for HA™ versus 1.2x 10° M~1 s71 for HzA).” Acknowledgment. This work was supported by the Swiss
This is consistent with the reactivity pattern observed for other National Science Foundation and by the NRP 47 “Supramolecular
reactive oxidizing species such as singlet oxyden<3.1 x 10 Functional Materials”. We thank the group of Prof. W. Meier for
M-1slversus 1.9 10" M~1s 1) and the trichloromethyl peroxyl  the dynamic light scattering experiments. This work is dedicated
radical &; = 5.8 x 10 M~! s71 versus 1.4x 10’ M~! s71).12 to Prof. W. Adam on the occasion of his 65th birthday.

We speculate that a local concentration effect applies. The less . ) ) i )
hydrophilic neutral form of vitamin C has an increased tendency Su_pportmg_ Infor_mauon Available: Exper_m_wental dEta”.s and .
to associate with the surface of the hydrophobic assemblies. The.Speua.Ilzed discussion on pH-dependent reactlvnyl(PDF). This material
resulting interactions at the interface with the incorporated probe Is available free of charge via the Internet at http://pubs.acs.org.
(Figure 2) can be described by a simple kinetic model as an
association with a preequilibrium constakt followed by a
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