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Abstract

The presence of carbonate or Tris causes a dramatic enhancement in the cheminluminescence (CL) for the oxidation

of luminol with hydrogen peroxide catalyzed by microperoxidase 8 (MP8). A nearly constant enhancement in CL was

observed over a wide range of H2O2 and luminol concentrations. The enhancement in CL is strongly pH-dependent,

varying from 1.3 to 22.2 for carbonate and 1.6 to 10.2 for Tris. The CL enhancement is much more prominent at pH 9�/

10 than at high pH (�/10.5) because of the extremely weak CL emission at pH below 10 when no enhancer is present.

The CL enhancement is attributed to an accelerated CL cycle and the existence of alternative routes for luminol CL,

possibly involving the carbonate, or Tris radicals. The dramatic enhancement in CL of the MP8-luminol-H2O2 system

by the readily available reagents, sodium carbonate or Tris, will have general applications for sensitive CL assays. As an

example, the presence of antioxidant results in a diminished and delayed CL emission, allowing the determination of its

concentration at sub-micromolar level.
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1. Introduction

Cheminluminescence (CL) results from light

being emitted in an exothermic chemical reaction.

CL finds many applications in the determination

of a variety of compounds [1,2]. Any one of the

reaction components, including CL substrate,

oxidant, catalyst, cofactor, sensitizer, enhancer,

and inhibitor can be made rate limiting and hence

be determined. CL emission from the oxidation of

luminol is one of the best-known systems. The

oxidation is usually conducted in a basic solution

in the presence of an oxidant and a catalyst. A

number of oxidants (e.g. hydrogen peroxide [3],

hypochlorite [4], iodine [5], chlorine dioxide [6],

persulfate [7], or dissolved oxygen [8]) and cata-

lysts (e.g. peroxidases such as horseradish perox-

idase (HRP) [9], lactoperoxidase [9],

myleoperoxidase [10] and metal ions such as

Co(II), Fe(II), Cu(II) [1]) have been reported.
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Among them, HRP-luminol-H2O2 is most popular
and has been employed in many CL assays [1].

Moreover, a variety of enhancers (e.g. phenolic

derivatives [11], chemical indicators [12], surfac-

tant [13]) have been developed to further increase

its CL intensity. However, HRP and other perox-

idases are usually employed in somewhat mild

conditions, owing to the necessity of maintaining

the integrity of the protein structure. An attractive
catalyst with peroxidase activity is microperoxi-

dase (MP). MP contains a covalently linked

oligopeptide (e.g. with eight amino acids for

Fe(III)-MP8 or simply MP8) and does not require

to maintain a native peptide structure to function

properly. MP-catalyzed oxidation of luminol by

hydrogen peroxide has been employed to deter-

mine a variety of substances, including peroxides
[1], antioxidants [14], catecholamines [15]. The

enhancers normally used in the HRP-H2O2-lumi-

nol system have no enhancing effect on the CL

emission involving MP.

In this paper, we found that the presence of

carbonate or Tris dramatically enhances the CL

emission of the MP8-H2O2-luminol system over a

wide pH range. We have investigated the effect of
pH, the concentrations of hydrogen peroxide and

luminol on the peak CL intensity for the MP8-

H2O2-luminol system in the presence or absence of

enhancer. The mechanism of CL enhancement in

terms of the acceleration of the CL cycle has been

discussed. The feasibility of applying this enhanced

CL system to the determination of antioxidants

has also been demonstrated.

2. Experimental

2.1. Materials

Ascorbic acid, cytochrome c , luminol (5-amino-

2,3-dihydrophthalazine-1,4-dione), pepsin, sodium

hydrogen phosphate, sodium phosphate, tris[hy-
droxymethyl] aminomethane (Tris), trypsin and

uric acid were purchased from Sigma (USA).

Sodium carbonate was obtained from Acros

organics company (Belgium). All reagents were

of the highest grade of purity. Water was obtained

from a Milli-Q purification system (Japan Milli-

pore, Tokyo). The stock solution of hydrogen
peroxide (Fluka, Germany) was prepared by

volumetric dilution of 30% (w/w) H2O2. The

concentration of H2O2 was determined daily by

measuring the UV absorbance at 240 nm using

o240�/39.4 M�1 cm�1 [16]. The stock solutions of

luminol, sodium carbonate and Tris were prepared

by dissolving a precisely weighed solid in 5 mM

phosphate buffer. MP8 was prepared from the
proteolytic digestion of cytochrome c with pepsin

and trypsin according to the procedure in the

literature [17]. The concentration of MP8 was

determined from the absorbance at 397 nm using

o397�/1.57�/105 M�1 cm�1 at pH 7.0 [18].

2.2. Stopped-flow CL and kinetic measurements

All the CL and kinetic measurements were
performed on a Hitech SF-61 stopped-flow spec-

trofluorimeter (Hitech Scientific, UK) as described

previously [19]. The CL experiments were per-

formed in the fluorescence mode with the light

source being switched off. The MP8 solution was

stored in one syringe and the luminol-H2O2

mixture in the other. The time course of CL

emission was recorded immediately after mixing
the solutions in the two syringes. In the pH

dependence experiments, both solutions in the

two syringes were adjusted to the desired pH using

saturated NaOH and 12 M HCl with a pH meter

(Model 6071, Jenco Electronics Ltd). For measur-

ing the rates of formation of the intermediate, the

changes in absorbance at 415 nm were monitored

continuously after mixing MP8 and H2O2 in two
separate syringes. The stopped-flow experiments

were operated in the absorption mode and the

PMT voltage was set at 200 V. For measuring the

rate of the reaction of intermediate with luminol,

MP8 and H2O2 were premixed in one syringe,

while luminol was stored in the other. After an

appropriate delay time (5�/10 s) to accumulate a

maximum amount of intermediate, the two solu-
tions were mixed and the change in absorbance at

415 nm was recorded continuously. The built-in

software of the stopped-flow instrument allows

one- or two-exponential fitting of the traces. All

the stopped-flow experiments were carried at

25 8C.
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2.3. Continuous flow apparatus and procedure

A schematic diagram of the set-up for the

determination of the CL emission spectrum was

shown in Fig. 1. The flow solution in R1 contains

5 mM MP8, while R2 contains 100 mM luminol and

5 mM H2O2. Both solutions contain 0.5 M Na2CO3

in 5 mM phosphate buffer at pH 10.0. The

solutions were pumped by a peristaltic pump
(Gilson minipuls) through a PEEK Tee (0.566 ml,

model P.727, Upchurch Scientific, USA) at a rate

of 1.1 ml min�1. The PEEK tubing (0.0625 in.

OD, 0.02 in. ID, Upchurch Scientific) was used to

connect the reagent streams to the Tee and from

Tee to flow cell (10 cm). The CL emission

spectrum was recorded with a fluorescence spec-

trophotometer (F-2000, Hitachi, Japan) via a LC
Micro Flow Cell Unit (18 ml, model 650-0151,

Hitachi, Japan), which permits a high-sensitivity,

low-scattering beam level measurement and can be

used in a high-speed liquid chromatography.

3. Results and discussion

3.1. Effect of sodium carbonate and Tris

concentrations on chemiluminescence

Stopped-flow method is a powerful technique to

detect the short-lived CL, which ensures rapid and

reproducible mixing of reagents and allows full
intensity versus time profiles to be obtained. Fig. 2

shows the stopped-flow CL intensity versus time

profiles for the reactions of 2.4 mM MP8, 2.4 mM

H2O2 and 50 mM luminol in 5 mM phosphate

buffer (pH 10.0) at various concentrations of
Na2CO3 or Tris. The presence of an increasing

concentration of Na2CO3 causes a dramatic en-

hancement of its CL intensity with no significant

change in the CL duration as illustrated in Fig. 2a.

A maximum enhancement in peak CL intensity

(denoted as CLr, which is the relative peak CL

intensities obtained in the presence and in the

absence of an enhancer) of 19.09/0.4 (n�/10) was

achieved when the concentration of Na2CO3 is

above 0.3 M (Fig. 2a, inset). Significant enhance-

ment in CL intensity accompanied by a concomi-

tant reduction in CL duration was observed as the

Fig. 1. Schematic diagram of the continuous flow manifold for

the detection of the CL emission spectrum. R1, solution

containing 5 mM MP8 in 0.5 M Na2CO3 at pH 10.0; R2,

solution containing 100 mM luminol; 5 mM H2O2 in 0.5 M

Na2CO3 at pH 10.0; P, peristaltic pump; T, mixing Tee; F-2000,

fluorimeter.

Fig. 2. Effects of the concentrations of (a) Na2CO3 and (b) Tris

on the stopped-flow CL intensity vs. time profiles and the peak

CL intensities (inset) for the reactions of 2.4 mM MP8, 2.4 mM

H2O2, and 50 mM luminol in 5 mM phosphate buffer at pH

10.0. Reagent concentrations (from bottom to top):

[Na2CO3]�/0, 0.02, 0.05, 0.1, 0.2, 0.3, and 0.5 M. [Tris]�/0,

0.02, 0.04, 0.06, 0.08, and 0.1 M.
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concentration of Tris was increased (Fig. 2b). A
maximum value of CLr of 9.29/0.2 (n�/10) was

obtained when the concentration of Tris is above

0.1 M (Fig. 2b, inset).

3.2. Effects of luminol and hydrogen peroxide

concentrations

Having found the drastic enhancement in CL

intensity caused by Na2CO3 and Tris, it is also

important to investigate how the changes in

concentrations of luminol and H2O2 affect the

CL emission when the enhancer is present. Fig. 3

shows the double-log plots for the peak CL
intensity versus the concentration of luminol for

the reactions of 2.4 mM MP8, 2.4 mM H2O2 in 5

mM phosphate buffer at pH 10.0 with or without

the presence of an enhancer. All the three plots are

linear and nearly parallel in the range of 2�/20 mM

of luminol, indicating that the CL enhancement

(CLr�/�/10-fold for Tris, �/20-fold for Na2CO3)

does not change appreciably in this concentration
range. The maximum peak CL intensity occurs at

�/50 mM of luminol. The stopped-flow CL

intensity versus time profiles (data not shown)

have revealed that both the peak intensity and the

total emission (i.e. the area under the CL profile)

increase rapidly as the concentration of luminol

increases until a maximum value is achieved at a
saturation level of luminol.

Fig. 4 shows the double-log plot for the peak CL

intensity versus the concentration of H2O2 for the

reactions of 2.4 mM MP8, 50 mM luminol (pH

10.0) in the presence of 0.5 M Na2CO3. The plot is

linear with a slope of 1.018 and spans four orders

of magnitude over the concentration of H2O2.

Similar linear plot (at �/0.3 log-unit below the
straight line in Fig. 4) was also observed for the

CL experiment obtained in the presence of 0.1 M

Tris (data not shown). The stopped-flow CL

intensity versus time profiles (data not shown)

indicate that the CL duration remains nearly

constant when the concentration of H2O2 is below

0.2 mM, whereas it decreases significantly if the

concentration of H2O2 is above 0.2 mM. The
reduction in CL duration at high concentration of

H2O2 is probably due to the partial degradation of

the intermediate of MP8 [20] and an insufficient

supply of luminol to sustain a fast CL cycle.

3.3. pH dependence of the chemiluminescence

Since the activity of MP8 and the efficiency of

luminol-CL are all strongly pH-dependent, it is
interesting to examine how the pH affects the CL

emission of the MP8-luminol-H2O2 system. Fig. 5a

shows the pH dependence of the peak CL intensity

in the absence or presence of 0.5 M Na2CO3 (or

0.1 M Tris). The maximum CL emission occurs at

pH 11.0 for 0.1 M Tris, pH 10�/12 for Na2CO3 and

pH 12.5 in the absence of an enhancer. The peak

Fig. 3. The double-log plots of the peak CL intensity vs. the

concentration of luminol for the reactions of 2.4 mM MP8 and

2.4 mM H2O2 in 5 mM phosphate buffer (pH 10) and in the

presence of (k) none, (') 0.5 M Na2CO3, and (m) 0.1 M Tris.

Fig. 4. The double-log plot of the peak CL intensity vs. the

concentration of H2O2 for the reactions of 2.4 mM MP8, 50 mM

luminol and 0.5 M Na2CO3 in 5 mM phosphate buffer at pH

10.0.
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CL intensity is nearly an order of magnitude

smaller at pH 10.0 than at 12.5 when the enhancer

is absent. However, the peak CL intensity in the

presence of 0.5 M Na2CO3 or 0.1 Tris in the pH

range of 10�/12.5 is larger than the maximum peak

CL intensity (at pH 12.5) without the enhancer by

20�/150%, allowing the employment of the en-

hanced CL for sensitive assays over a wide pH

range. The CL emission from the oxidation of

luminol with H2O2 catalyzed by peroxidases was

usually carried out under slightly alkaline pH. For

example, pH 8.5 was employed for HRP [9] and

pH 7.5 for myleoperoxidase [10]. However, only

extremely weak CL emission was observed for
these enzyme-catalyzed CL systems in the range of

pH 10�/12 (i.e. optimal for the MP8-catalyzed CL

emission in the presence of the enhancer) due to

the low activity of these enzymes in this pH range.

Moreover, addition of Na2CO3 or Tris shows no

enhancement in CL emission for the peroxidase-

catalyzed CL systems (data not shown).

Enhancement of the CL emission caused by
Na2CO3 or Tris was observed in the entire pH

range but to a different extent. The pH dependence

of CLr is shown in Fig. 5b. The values of CLr vary

from 1.3 to 22.2 for Na2CO3 and 1.6 to 10.2 for

Tris. The enhancement is much more prominent at

pH 9�/10 than at high pH (�/10.5) because of the

extremely weak CL emission at pH below 10 in the

absence of the enhancer. The stopped-flow CL
intensity versus time profiles in the absence of an

enhancer (data not shown) have demonstrated that

the CL intensity, CL duration and total CL

emission all increase rapidly as the pH rises from

9.0 to 12.5. These results are consistent with a

much better CL-efficiency at higher pH than at

lower pH, normally observed for the luminol

system.

3.4. Effects of Na2CO3 and Tris on the rate of the

CL cycle

To examine why Na2CO3 and Tris cause the CL

enhancement, it is necessary to understand the

mechanism of the CL emission. Luminol is a

diprotic acid (denoted as LH2) with two pKa

values of 6 and �/13 [21]. In the pH range of 9�/

13 employed in this study, luminol exists mostly as

LH�. The mechanism of the CL emission,

adapted from that of the peroxidase-luminol-

H2O2 system [22], generally involves the following

steps:

MP8�HO�
2 0 X�OH

+
(1)

X�LH��OH� 0 MP8�L
+��H2O (2)

2L
+��H2O 0 L�LH��OH� (3)

L�H2O2 0 3AP�N2� light (4)

The first step is the transfer of an oxygen atom

from the oxidant to the peroxidase to form a

reactive intermediate (X). The second step is the

Fig. 5. (a) pH dependence of the peak CL intensities for the

reactions of 2.4 mM MP8, 2.4 mM H2O2, and 50 mM luminol in

5 mM phosphate buffer at various pH in the presence of (m)

none, (') 0.5 M Na2CO3, and (k) 0.1 M Tris; (b) pH

dependence of the CL enhancement (CLr).
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abstraction of a hydrogen atom from luminol

(LH�) by the intermediate to produce a luminol

radical (L+�). Step 3 is the disproportionation of

two luminol radicals to yield diazaquinone (L) and

luminol (LH�). Step 4 is the reaction of diazaqui-

none with H2O2 to give the final product 3-

aminophthalate (3-AP), accompanied by an emis-

sion of light. According to the mechanism, any

factor that facilitates the formation of the inter-

mediates and/or the luminol radical will tend to

enhance the CL intensity.

The formation of the intermediates can be

monitored by the stopped-flow technique using

the photodiode array detection. Fig. 6 shows the

time-resolved difference spectra for the reaction of

2.4 mM MP8 and 2.4 mM H2O2 in 5 mM phosphate

buffer at pH 10.0. Upon addition of H2O2 to

Fe(III)-MP8, new difference bands appear at 415,

522, and 549 nm. These spectral features are

characteristics of the intermediate O�/Fe(IV)MP8,

analogous to compound II of HRP or catalase

[23]. The rate of the formation of the intermediate

can be determined by following the change in

absorbance at 415 nm (A415). Fig. 7a shows the

time courses for the changes in A415 for the

oxidation of 2.4 mM MP8 by 2.4 mM H2O2 in 5

mM phosphate buffer at pH 10.0 in the presence

or absence of 0.5 M Na2CO3, or 0.1 M Tris. The

presence of Na2CO3 or Tris significantly acceler-

ates the rate of the formation of the intermediate.

The stopped-flow trace in buffer can be fit nicely

with a single exponential function, which yields an

apparent rate constant (k1) of 0.319/0.01 s�1 for

the formation of X. The stopped-flow traces

obtained in the presence of Na2CO3 or Tris can

be fit with a double exponential function. The fast

step corresponds to the formation of X. The

apparent rate constants relative to that obtained

in the buffer (k1r) are given in Table 1. The values

k1r are 4.399/0.08 and 3.659/0.05 for Na2CO3 and

Tris, respectively.

The reaction of the intermediate X with luminol

can be followed by the disappearance of A415 as

illustrated in Fig. 7b. A single exponential fitting

of the stopped-flow trace yields a rate constant (k2)

of 4.829/0.29 s�1 for step 2. Similar experiments

were also carried out for this process in the

presence of 0.5 M Na2CO3 or 0.1 M Tris. The

rate constants relative to that obtained in the

buffer (k2r) are also given in Table 1. The values of

k2r are 0.719/0.07 and 0.959/0.08 for Na2CO3 and

Tris, respectively. The presence of Na2CO3 or Tris

actually decelerates the rate for the reaction of X

and luminol by 5 and 30%, respectively. The

Fig. 6. Stopped-flow time-resolved difference absorption spectra for the oxidation of the 2.4 mM MP8 and 2.4 mM H2O2 in 5 mM

phosphate buffer at pH 10.0.
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combined effect of k1r and k2r has revealed that the

presence of 0.5 M Na2CO3 or 0.1 M Tris accel-

erates the CL cycle by 3.129/0.06 and 3.479/0.07,

respectively.

The net acceleration of steps 1 and 2 accounts
for only 16% (3.12/19.0) and 38% (3.47/9.2) of the

observed CL enhancement for Na2CO3 and Tris,

respectively. The results suggest that there must

exist some alternative routes of CL emission when

Na2CO3 or Tris is present. The intermediate X

does not seem to react appreciably with carbonate

or Tris since the presence of the enhancers

decrease the rate of disappearance of X (k2rB/1).
Although the slow step in Fig. 7a may correspond

to the reaction of X with carbonate or Tris.

However, the reaction is so slow (its rate is two

orders of magnitude smaller than that of the

reaction of X and luminol) that it will not

contribute significantly to the enhancement of

CL. We have also done some control experiments.

No CL emission was observed under the same
experimental conditions for H2O2-Na2CO3-lumi-

nol, MP8-Na2CO3-luminol, MP8-H2O2-Na2CO3,

and all possible combinations of any two reagents

among MP8, Na2CO3, luminol, and H2O2.

3.5. Measurement of the CL emission spectrum

Measurement of the spectrum of the CL emis-

sion is helpful to identify the chemiluminescent
species, which is important in understanding the

CL enhancement. The CL reactions last only a few

seconds, making the direct measurement of the

spectrum of the CL emission using an ordinary

fluorimeter very difficult. We have designed a

continuous flow manifold in conjunction with a

fluorescence spectrometer (Fig. 1) to measure the

emission spectrum of the CL system. By adjusting
the flow rate, a steady-state CL signal was

achieved for the CL reaction of 2.5 mM MP8, 2.5

mM H2O2, 50 mM luminol, 0.5 M Na2CO3 at pH

10.0 as demonstrated in Fig. 8a. With the estab-

Fig. 7. (a) Time courses for the changes in absorbance at 415

nm (A415) for the oxidation of 2.4 mM MP8 by 2.4 mM H2O2 in

5 mM phosphate buffer at pH 10.0 in the presence of none (*/),

0.5 M Na2CO3 (�/ �/), and 0.1 M Tris ( ). (b) Time course

for the change in A415 for the reaction of the intermediate with

20 mM luminol.

Table 1

Effects of Na2CO3 and Tris on the values of k1r, k2r, k1r�/k2r, and CLr

Enhancer k1r
a k2r

b k1r�/k2r CLr
c

0.5 M Na2CO3 4.399/0.08 0.719/0.07 3.129/0.06 19.09/0.4

0.1 M Tris 3.659/0.05 0.959/0.08 3.479/0.07 9.29/0.2

a k1r: relative rate constant (with enhancer/without) of intermediate formation for the reaction of MP8 and H2O2.
b k2r: relative rate constant (with enhancer/without) for the reaction of intermediate and luminol.
c CLr: relative peak CL intensity (with enhancer/without) for the MP8-H2O2-luminol system.
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lishment of the steady-state signal, the CL emis-

sion spectrum can then be determined by a
fluorimeter as illustrated in Fig. 8b. The emission

spectrum exhibits a maximum at 425 nm, which is

the characteristic emission for the excited 3-AP

[21]. No other emission bands were observed.

Therefore, any contribution to the CL enhance-

ment must be related directly or indirectly to a fast

production of a large quantity of the excited 3-AP.

A potential candidate for the additional CL
enhancement is the possible presence of hydroxyl

radical (OH+) during the formation of the inter-

mediate X (Eq. (1)). Carbonate and bicarbonate

are known to react effectively with OH+ to form

the carbonate radical (CO3
�+) with second-order

rate constants of 3.65�/108 and 3.6�/107 M�1

s�1, respectively, [24].

CO2�
3 �OH

+
0 CO

+�
3 �OH� (5)

HCO�
3 �OH

+
0 CO

+�
3 �H2O (6)

The CO+
3
� radical reacts very efficiently with

luminol to form a luminol radical:

CO
+�
3 �LH� 0 CO2�

3 �L
+��H� (7)

The rate constant for Eq. (7) is 9�/108 M�1 s�1

[24]. These reactions will provide an alternate

pathway to produce L+�, leading to additional
CL enhancement. Tris may undergo a similar

pathway to form Tris radical and then L+�,

though the efficiency may be smaller than that of

carbonate. It is also possible that the presence of

enhancer accelerates steps 3 and 4 in the mechan-

ism of CL emission and also increases the CL

quantum yield, leading to a further CL enhance-

ment.

3.6. Determination of the antioxidants

The CL system can be applied to detect any one

of its reaction components, including CL sub-

strate, oxidant and catalyst. Moreover, any re-

agents that enhance or inhibit the CL emission can

also be determined. Antioxidants react readily
with any reactive oxygen species (e.g. O2

�, H2O2)

and radicals. The presence of antioxidants is

expected to inhibit the CL emission of the MP8-

luminol-H2O2 system. As an illustration of the

application of this enhanced CL system, the

detection of ascorbic acid (a natural antioxidant

in the human body) was demonstrated. Fig. 9

shows the CL intensity versus time profiles for the
reaction of 2.4 mM MP8, 2.4 mM H2O2, 50 mM

luminol, 0.5 M Na2CO3 (pH 10.0) at various

Fig. 8. (a) The time scan of the CL intensity and (b) the CL

emission spectrum for the reaction of 2.5 mM MP8, 2.5 mM

H2O2, 50 mM luminol, 0.5 M Na2CO3 in 5 mM phosphate

buffer at pH 10.0. The PMT voltage was set at 700 V, the

bandpass 10 nm, the emission wavelength (for (a)) 425 nm, and

the scan rate (for (b)) 240 nm min�1.

Fig. 9. The stopped-flow CL intensity vs. time profiles for the

reactions of 2.4 mM MP8, 2.4 mM H2O2, 50 mM luminol, and

0.5 M Na2CO3 (pH 10.0) in the presence of various concentra-

tion of ascorbic acid. The concentrations of ascorbic acid are: 0,

1.0, 2.5, 5.0, 7.5, and 10.0 mM (from 1 to 6); 0, 0.05, 0.10, 0.50,

0.75, and 1.0 mM (inset, from 1 to 6).
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concentrations of ascorbic acid. The addition of

0.01�/1 mM of ascorbic acid to the CL system

decreases the CL intensity only slightly, whereas

the occurrence of the CL emission is significantly

delayed (Fig. 9, inset). The CL emission depends

on the continuous production of free radicals

derived from luminol, carbonate, etc. The light

emission will be depressed by radical scavenging

(chain-breaking) antioxidants but will be restored

when all the added antioxidants have been con-

sumed. The presence of ascorbic acid at a con-

centration of 1�/10 mM significantly diminishes the

CL intensity, accompanied by a concomitant

increasing delay of the CL emission (Fig. 9).

Relative large amount of antioxidants will destroy

most of the free radicals produced, leading to a

significantly diminished and delayed CL emission.

The time at peak CL intensity (tmax) and the

reduction in CL intensity caused by the addition of

ascorbic acid allow the determination of its con-

centration as illustrated in Fig. 10. The value of

tmax increases linearly (Fig. 10a), while the peak

CL intensity decreases exponentially (Fig. 10b)

with the increasing concentration of ascorbic acid.
Similar results were also observed for another

antioxidant uric acid (data not shown). The results

demonstrate the feasibility of employing this CL

system as a sensitive means for the determination

of the antioxidant, especially when Na2CO3 or Tris

is present.

4. Conclusion

The CL intensity of the MP8-luminol-H2O2

system is enhanced dramatically by the presence

of Na2CO3 or Tris, especially at pH below 10.0.

The CL enhancement caused by the readily avail-
able reagents allows the sensitive CL experiments

be carried out over a wide pH range (10�/12.5).

The acceleration of the formation of the reactive

intermediate of MP8 plays an important role in the

CL enhancement. The possible formation of

carbonate or Tris radical provides an alternate

pathway to produce the luminol radical, leading to

a further CL enhancement. The presence of
antioxidant results in a diminished and delayed

CL emission, allowing the determination of its

concentration at sub-micromolar level.
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