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ABSTRACT
Q dissolved O,
NH ascorbic acid in HyO coo
NH hv  +
HO COO”

A new copper complex (2) has exhibited highly efficient catalytic activity of luminol chemiluminescence in water in the presence of ascorbic
acid and dissolved O ;, under conditions that conventional catalysts such as Cu(OAc) 2, hemin or cyclen —Cu(ll) did not show significant activity.

Chemiluminescence (CL) has attracted considerable attentiorbiomolecules because of their easy synthesis and handling,
as a versatile and highly sensitive detection tool within high stability, and compatibility in physiological conditions.
diverse fields such as biology, biotechnology, bioimaging, Here, we report on a new dicopper complex as an artificial
and analytical technologyLuminol is oxidized by strong  peroxidase model to produce efficient luminol chemilumi-
oxidants in the presence of a catalyst such as peroxidasenescence with the use of dissolved. O

metal ions, or metal complexes to produce chemilumines-  Luminol CL is initiated by oxidation of luminol to luminol
cence, leading to its use in a variety of analytical metifods. radicals by strong oxidants including horseradish peroxidase,
Recently, the amplified detection of DNA has been achieved metals such as cobalt, copper, and iron, and organic
by using catalyst-conjugated probes, in whiciOkigenerated  complexes of these metals. Despite a huge number of studies,
by doxorubicin-electrocatalyzed reduction of @ detected  the mechanism of the reactions leading to enhancement or
by luminol CL with horseradish peroxidaer by the use inhibition of luminol CL is still not fully understood,

of the hemin-(Fe(lll) complex with protoporphyrin X}~ hampering the development of a new molecular catalyst of
DNA complex, which exhibits peroxidase-like activftyt CL. At the initial stage in designing a new molecular catayst,

is expected from these and other examples of catalyst-we became interested in dicopper complexes because of their
conjugated probé&shat small molecular weight catalysts for

CL have potential benefits for ultrasensitive sensoring of  (4) vasileff, T. P.; Svarnas, G.; Neufeld, H. A.; Spero,Experientia
1974,30, 20-22.

T Kyushu University. (5) (a) Travascio, P.; Li, Y.; Sen, BChem. Biol.1998,5, 505—517. (b)
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oxidase-, oxygenase-, and catalase-like actfvépd a new
fB-ketoenamine ligand (1) and a new dicopper compx (
were designed.It has been reported that,8, is formed
concurrently with quinone formation catalyzed by a dicopper
complex®? In this study, it has been shown that a dicopper
complex catalyzes both the reduction of dissolveda@d
the following oxidation of luminol with HO, to yield
efficient CL (Figure 1).
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Figure 1. Design of a new catalyst for luminol CL using,@nd
a dicopper complex.
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Figure 2. Oxidase-like activity of the copper compl&and Cu-
(OAc),. A: Oxidation of3 (1 mM) was performed using the copper
catalyst (0.02 mM) in methanol and the formatiordafas followed

at 400 nm. 1 mM of ascorbic acid (AA) was used for inhibition of
the oxidation of3. B: Oxidation of ascorbic acid (AA, 0.1 mM)
was performed using the copper catalysty ), followed by
reduction of absorbance at 265 nm.

acid (Figure 2). The compleX showed significantly higher

3-amino-1,2-propanediol and 3-ethoxymethyleneacetyl- activity in the catechol oxidation fror to the quinones

acetone. The ligandl] and Cu(OAc) were complexed in

compared to Cu(OAg)Oxidation of ascorbic acid was faster

methanol, in the presence of triethylamine, to produce pale than catechol oxidation. Catechol oxidation by the complex

blue crystals. Its ESI-MS supported the formation of the
dicopper complex, and its UV/vis spectrum was similar to
the reported one with a-ed band ath = 620 nm and a
ligand-to-metal charge-transfer absorptiod at 350 nm?%
As the complex was not characterized by X-ray crystal-
lography, determination of the dicopper compl@ feeds
further investigation. According to the structure of a similar
dicopper complex! we propose a structur2 as described
in Figure 1.

The oxidase-like activity of the dicopper compl2xvas
evaluated by using 3,5-di-tert-butylcatecho) &hd ascorbic

(7) Recent examples: (a) Baj, S.; Krawczyk JTPhotochem. Photobiol.
A: Chemistry2006,183, 111—-120. (b) Xu, H.; Duan, C.-H.; Lai, C.-Z,;
Lian, M.; Zhang, Z.-F.; Liu, L.-J.; Cui, HLuminescenc2006,21, 195—
201. (c) Rose, A. L.; Waite, T. DAnal. Chem2001,73, 5909—5920.

(8) (a) Solomon, E. I.; Sundaram, U. M.; Machonkin, T.Ghem. Rewv.
1996,96, 2563—2605. (b) Lewis E. A.; Tolman, W. Bhem. Re»2004,
104, 1047—-1076.

(9) Wegner, R.; Gottschaldt, M.; Gorls, H.; Jager, E.-G.; Klemm, D.
Chem. Eur. J2001,7, 2143—2157. (b) Nishida, Y.; Oishi, N.; Kida, S.
Inorg. Chim. Actal980,46, L69—L70 and references cited therein.

(10) Selmeczi, K.; Réglier, M.; Giorgi, M.; Speier, @oord. Chem.
Rewv. 2003, 245, 191-201. (b) Ackermann, J.; Meyer, F.; Kaifer, E.;
Pritzkow, H.Chem. Eur. J2002,8, 247—258.

(11) X-ray crystallographic analysis of a dicopper complex formed with
a similar 5-ketoenamine ligand containing 3-aminopropanol as an amine
component. Matsumoto, N.; Tsutsumi, T.; Ohyoshi, A.; OkawapBHill.
Chem. Soc. Jpri983,56, 1386—1392.
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2 was completely inhibited in the presence of ascorbic acid.
Considering that the concentration of ascorbic acid is less
than the dissolved £roncentration under standard conditions
(2.5 mM)*2 and that the reaction did not reach completion,
O, consumption is not the reason for the inhibition. As the
oxidation mechanism of ascorbic acid by a dicopper complex
is similar to that of chatechol oxidatidf,inhibition of
catechol oxidation may be due to competitive binding of
ascorbic acid at the oxidation site of the compx

As the oxidase-like activity a? has been proven, we next
tested? as a catalyst for oxidation of luminol. As it has been
reported that dicopper(ll) complexes possess catalase-like
activity,** the effect of2 on luminol CL was evaluated in
the presence of #D, and compared with the already-known
catalysts including Cu(OAg) Ks[Fe(CN)], hemin, and
Cu(ll)—cyclen complex (Figure 3A).

It should be noted tha? exhibited catalytic activity as
high as the hemin system, which is a potent catalyst for

(12) Tokunaga, JJ. Chem. Eng. Datd 975,20, 41-46.

(13) El-Motaleb, A.; Ramadan, Mransition Met. Chen005,30, 471—
480.

(14) Kaizer. J.; Csonka, R.; Speier, G.; Giorgi, M.; Réglier, MMol.
Catal. A: Chem2005 236, 12—17. (b) Gao, J.; Martell, A. E.; Reibenspies,
J. H.Inorg. Chim. Acta2003,346, 32-42.
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Figure 3. Comparison of the catalytic activity of the Cu(ll)
complex (2) and other metal catalysts (A) in the presence,6bH

and (B) in the presence of ascorbic acid. Reaction was performed

using luminol sodium (0.1 mM) and catalystg#) in the presence
of H,O, (0.5 mM) (A) or in the presence of ascorbic acid (0.1 mM)
(B) in 50 mM H;BO3;—NaOH buffer at pH 9.1.

luminol CL in the presence of #D,. Significant CL was
not induced by either Cu(OAgdr a simple mixture of Cu(ll)
and the ligandl, suggesting that the high activity 8fmay

Scheme 1. Summary of Proposed Mechanism for Catalase and
Oxidase-like Activity of Dicopper Complexes (a Part of
Catalase-like Activity Is Not Shown for Clarit§f)
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be attributable to the dicopper complex. From the expectation

of H,O, production during the oxidation & we next tested

the catalytic activity oR for CL in the presence @& without

the addition of any kD5, but no significant CL was observed.

In contrast, it was found that addition of ascorbic acid into

the solution of2 induced efficient CL (Figure 3B). Hemin,

Cu(OAC), Cu(OAc) + 1, Cu(ll)—cyclen, or K[Fe(CN)]

did not produce significant CL. Other reducing agents such

as cysteamine, uric acid, 2-hydroxyacetophenone, or glu-

tathione did not produce significant CL. To our knowledge,

this is the first example of effective catalysis by a dicopper

complex for luminol CL with the use of dissolved,O
Possible mechanisms of catalase and oxidase-like activity

of dicopper catalysts have been proposed, some of which

are summarized in Scheme 1. To reveal the oxidants in this

CL reaction, the effects of inhibitors were used as a specific

probe (Table 1). From the fact that Nadlid not inhibit CL,

Table 1. Inhibition of Luminol CL by Different Inhibitors
inhibitors (%)
oxidants NalNj SOD catalase
2, HoOg no inhibition 10 0
2, ascorbic acid no inhibition no inhibition 0

a1 mM NaNs, 10 units SOD in 1 mL, and 160 units catalase from bovine
liver in 100uL were added to the reaction vessel as described in the Figure
3 caption.

singlet oxygen is excluded as an oxid&ntSuperoxide
dismutase (SODY effectively inhibited CL in the reaction
with 2—H,0; to about 10%. Almost complete inhibition of
CL in both the2—H,0, and2—ascorbic acid systems was
observed with catalase. These results suggest that the
superoxide anion radical ¢O) is the major oxidant in the
reaction of2—H,0,, similar to the reports for CL by the
hemin—H0; system‘’ in which an oxoiron(IV) porphyrin
radical cation (oxene) acts as the oxidant of luminol ap@H
to form luminol radicals and ©, repectively. The addition
of H,O, to 2 in methanol induced a red shift in the-d
band fromA = 620 to 650 nm, suggesting the formation of
the u-1,1-hydroperoxo-Cu(ll) speices (LCu(IHPOH)
(Scheme 1¥.Such hydroperoxo species may be candidate
oxidants for the formation of © . Complete inhibition of
CL by catalase has indicated that othefOgtrelated species
besides @ are included as the major oxidants in the
2—ascorbic acid system and also in a portion of2héH,0,
system. The catalytic activity &in the ascorbic acid system
was shown to be proportional to the concentratior? aft
higher than 2¢M, indicating that active catalytic species are

(15) Hosaka, S.; Itagaki, T.; Kuramitsu, Yuminescenc&999 14, 349—
354.

(16) Mieyal, J. J.; Ackerman, R. S.; Blumer, J. L.; Freeman, LJ.S.
Biol. Chem.1976,251, 3436—3441.

(17) Baj, S.; Krawczyk, TJ. Photochem. Photobiol. 2006 183 111—
120. (b) Bastos, E. L.; Romoff, P.; Eckert, C. R.; Baader, WI. JAgric.
Food Chem.2003, 21, 7481—7488. (c) Nagababu, E.; Rifkind, J. M.
Biochemistry2000 39, 12503—12511. (d) Traylor, T. G.; Xu, B. Am.
Chem. Soc1990,112, 178—186.
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retained, at least, at higher concentrations thavi2Further efficient CL by the2—ascorbic acid system, and that CL by
elucidation is needed to identify the active catalyst as well the 2—ascorbic acid system was obtained only isBB;—
as the active oxidants in this new CL system. NaOH buffer.
We compared the oxidation rates of ascorbic acid and the In order to investigate differences in the reactivity of04
rates of CL in the presence af(Figure 4A). Oxidation of  species in both buffer systems, CL by tRe-ascorbic acid
system was measured in the presence or absence of hemin
_ (Figure 4B). Hemin enhanced higher CL in the borate buffer
than in the phosphate buffer (closed and open rectangles in
Figure 4B). When hemin was added to theascorbic acid
| 0.5 mM ascorbic acid system after 20 min, CL was induced in both buffer systems
0-4‘»,‘ (Figure 4B, dotted lines), showing that®h species had been
o5 present at this point. As it has been reported that dehydro-
RN ascorbic acid is oxidized by #, to form hydroperoxide
0.2 species and then decomposed in agueous soltftitme
produced HO, is presumably trapped as such organic
0'1@ascorbicacid hydroperoxide species, which are used as oxidants for CL
in the hemin system. From the fact that no CL was induced
0 5Time18nm) B 20 by the2—ascorbic acid system in the phosphate buffer, it is
assumed that the compleX cannot employ such hydro-
2% Temin i borate peroxide species as oxidants for CL in the phosphate buffer.
2 + hemin in phosphate Interestingly, the dicopper compleg)(can utilize HO,
Zin zg;ast;?hate species as oxidants for luminol CL in the borate buffer. It
has been reported that,®, in a borate buffer is in
equilibrium with monoperoxoborate (HOOB(OH) and
diperoxoborate ((HOQRB(OH),").?t Accordingly, it may be
assumed that ¥D, species are trapped as peroxoborates in
the borate buffer in addtion to hydroperoxide spieces of
A = dehydroascorbic acid and then gradually used for luminol
e %0 A idation. Delayed oxidation by use of peroxoborates ma
Time (min) oxiaa y y p y
also account for long-lasting CL in the borate buffer

Figure 4. Oxidation of ascorbic acid bg (A) and effects of hemin  compared to that in the phosphate buffer (closed rectangles
on CL in the 2-ascorbic acid system (B). A: Acorbic acid and circles in Figure 4B)

concentrations were plotted against time. Oxidation was performed . o .
using 0.5 mM or 0.1 mM ascorbic acid, 20M of 2 in 50 mM In this Stuqy’ We. designed a new d'CQPPer 9°_mp@>@(5
HsBOs;—NaOH buffer at pH 9.1. B: The luminol CL reaction was @ catalyst with oxidase and catalase-like activity and have

performed using 4M of 2, 0.1 mM ascorbic acid in the absence shown that the complexX2] acts as an efficient catalyst for
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or presence of #M of hemin in a borate buffer (50 MM 4B0s— luminol CL in the presence of #@,, with a similar efficiency
NaOH) or in a phosphate buffer (50 mM MPQ,—~NaHPQy). as hemin. More importantly, based on its catalase-like
Hemin (4 uM) was added to reaction mixtures &fin both the L - .
borate buffer and the phosphate buffer after 20 min. activity, the dicopper complex2] demonstrated the first

example of efficient catalysis for luminol CL using dissolved
O, in the presence of asorbic acid as a reducing agent.

ascorbic acid was completed within 5 min. When 0.5 mM AS the dicopper complex (2) can be obtained easily in
of ascorbic acid was used, the reaction stopped at 0.22 mm duantity and is chemically stable, it will find a variety of
which is in good agreement with expectations based on applications for sensitive sensors, catalyst-conjugated probes,
consumption of all of the dissolved.(0.25 mM under ~ @nd so on.

standard (_:ondi_tions) to formJ, with a 1:1:1 stoichiometry Acknow|edgment. This work has been Supported by a
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(19) Knafo, L.; Chessex, P.; Rouleau, T.; Lavoie, JGn. Chem2005
51, 1462—-1471.

(18) The formation of HO, was proved by monitoring thé1 band at (20) Proposed mechanism of catalase-like activity of dicopper complexes,
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