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Reactivity of Meldola Blue Towards Sulfhydryl Groups: 
Analytical and Biomedical Aspects
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İnci Özer ABSTRACT

The reactivity of meldola blue (CI 51175; MB), a phenoxazine redox dye employed 
in biosensors, towards reduced glutathione (GSH) and protein-SH groups was studi-
ed at 25°C in 50 mM MOPS buffer, pH 8.0, containing 25-80 µM MB and (a) GSH 
(0.25-8 mM), (b) 3-mercaptopropionic acid (3-MPA, 8 mM) or (c) chicken liver 
sorbitol dehydrogenase (SDH,  40 mU/ml). The reactions were monitored spectrop-
hotometrically at 570 nm (a and b) or 340 nm (c). GSH caused a triphasic change in 
the spectral properties of MB, pointing to rapid preliminary formation of an adduct 
(Phase I; Kd = 1.2 mM, r2 = 0.9994), followed by 2 GSH-dependent (pseudofirst-
order) processes (Phases II and III). Phase II was appeared to involve cleavage of the 
oxazine ring and had a limiting rate constant of 0.45 min-1. Phase III was a slower 
process with k in the hr-1 range. The reaction pattern of the dye with 3-MPA was 
similar to that with GSH. The reaction with SDH, monitored through the change in 
enzymatic activity in the presence of 300 mM fructose and 0.2 mM NADH, was fast 
(kobserved ≥ 3.5 min-1 at 80 µM MB) and resulted in inactivation of the enzyme. The 
results point to the reactivity of MB with SH groups as a significant drawback in 
dye-mediated analyses using unfractionated biological samples and in amperometric 
systems based on SH-containing indicator enzymes.
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ÖZET

Biyoalgılayıcı tasarımında kullanılan ve indirgenme-yükseltgenme tepkimelerinde 
etkili, fenoksazin yapılı bir boya olan meldola mavisinin (meldola blue, CI 51175; 
MB) indirgenmiş glutatyon (GSH) ve protein-SH gruplarıyla tepkime yatkınlığı, 
25°C’de, 50 mM MOPS (pH 8.0) tamponunda incelendi. MB’nin (25 –80 µM) (a) 
0.25-8 mM GSH, (b) 8 mM 3-merkaptopropionik asit (3-MPA) ve (c) tavuk kara-
ciğeri sorbitol dehidrogenazı (SDH; 40 mU/ml) ile tepkimeleri, spektrofotometrik 
olarak izlendi (λ = a ve b sisteminde, 570 nm; c sisteminde 340 nm). GSH, MB’nin 
spektral özelliklerinde üç aşamalı değişime yol açtı. Hızla gelişen ilk aşamada bir 
eklenme ürünü oluştuğu (Faz I; Kd = 1.2 mM, r2 = 0.9994); ilk değişimi, GSH de-
rişimine bağımlı ve görünür birinci dereceden kinetik sergileyen 2 sürecin izlediği 
(Faz II ve Faz III) görüldü. Hız sabiti üst sınırı 0.45 dak-1 düzeyinde olan Faz II sü-
recinin oksazin halkasının açılmasını yansıttığı düşünüldü. Daha yavaş seyreden Faz 
III’te k değerleri saat-1 boyutundaydı.  Boyanın  3-MPA ile tepkime düzeni, GSH 
tepkimelerine benzer özellikler gösterdi. SDH ile tepkime, enzim etkinliğindeki de-
ğişiklik üzerinden izlendi; 300 mM fruktoz ve 0.2 mM NADH varlığında, etkinliğin 
hızla yok olduğu görüldü. (80 µM MB ile gözlenen k ≥ 3.5 dak-1). Sonuçlar MB’nin 
SH gruplarıyla tepkime yatkınlığının, ön-kesitleme yapılmamış biyolojik örneklerin 
analizinde ve SH içerikli algılayıcı enzimlere dayalı boya-aracılı amperometrik dü-
zeneklerde önemli sorunlara yol açabileceğini gösterdi. 

Anahtar Kelimeler: Biyoalgılayıcı, meldola mavisi, sülfidril grubu reaktivitesi, 
sorbitol dehidrogenaz
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INTRODUCTION

Meldola blue (MB; C.I. 51175; Figure 1) is a phenoxa-
zine dye used as a redox mediator in the amperomet-
ric detection of a variety of analytes including NADH, 
dehydrogenase substrates such as NH4

+ and lactate and 
specific nucleotide sequences in DNA populations [1-4]. 
A potential problem in the application of MB-based bio-
sensors to the analysis of heterogeneous samples, though 
not surfaced so far, is that such biosensors might be su-
bject to interference from reducing contaminants in the 
sample tested. A relevant contaminant in unfractionated 
biological material is the sulfhydryl group – present as 
simple thiols (e.g. glutathione (GSH)) or protein-SH. 
The aim of the study reported below was to determine 
the tendency of a  selection of SH-containing molecules 
to reduce MB and thereby to obscure target analyte-rela-
ted sensor signals.  The results of the study indicate that 
sulfhydryl compounds react with MB, leading to a rapid 
and complex series of changes in dye structure and that 
the reactions involving protein-SH are also reflected in 
changes in protein function.

MATERIALS AND METHODS

Most standard chemicals and biochemicals were purc-
hased from Sigma-Aldrich (USA). D-Fructose and met-
hanol were obtained from Merck (Germany). Sorbitol 
dehydrogenase (SDH, 0.68 U/mg protein) was partially 
purified from chicken liveras described elsewhere [5]. 
Stock solutions of GSH and 3-mercaptopropionic acid 
(3-MPA) were prepared in 50 mM MOPS buffer (pH 8), 
just prior to use. Stock solutions of MB (5 mM) were 
prepared in methanol and renewed daily.

The reactions were carried out at 25°C (in 50 mM MOPS 
buffer, pH 8) and monitored spectrophotometrically, 
using a Shimadzu 1601PC spectrophotometer equipped 
with a Peltier unit.   

Reactions of Meldola Blue with GSH and 3-MPA. The 
reactions were initiated by the addition of 50 µM MB to 
0-8 mM GSH or 8 mM 3-MPA in MOPS buffer (vT = 
1 ml).  Absorbance was monitored at 570 nm (λmax for 
MB). With GSH as reactant, overall changes in spectral 
properties were also recorded (in the 400-700 nm ran-
ge).

The Reaction of Meldola Blue with SDH. The reaction 
mixture (vT = 1.2 ml) consisted of 50 mM MOPS (pH 
8), containing 300 mM fructose, 0.2 mM NADH, 80 
µM MB ± 40 mU SDH/ml. The process was initiated 
by the addition of MB  immediately (within ca. 10 sec) 
following the addition of enzyme and the consumption 
of NADH was monitored at 340 nm. 

RESULTS

The Reaction of Meldola Blue with GSH and 3-MPA. 
The reaction of MB with simple sulfhydryl compounds 
was a triphasic process, as exemplified by the time course 
of the reaction with GSH (Figure 2). The data were anal-
yzed on the basis of Scheme I, involving preequilibrium 
formation of an MB-GSH adduct (Phase I), followed by 
rate-limiting conversion to MB‡ (Phase II) and a much 
slower progress towards a final product (or a mixture of 
products), MB‡‡ (Phase III).

SCHEME I

The equilibrium constant relating to adduct formation in 
Phase I was determined by using Equations 1-3.

Figure 1. Structure of meldola blue.

Figure 2. Progress curve for the reaction of meldola blue with GSH.

(l), Change in dye absorbance at [GSH]o = 8 mM, [MB]o = 50 µM. (o), 
Control change in absorbance in the absence of GSH.
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(Ao and Ax = “zero-time” absorbance readings in the 
presence of 0 and x mM GSH, respectively. A∞ = “zero-
time” absorbance reading at saturating [GSH]). 

Double reciprocal plots of 1/( Ao – Ax) versus 1/[GSH]o 
were linear (Figure 3) and yielded Kd = 1.2 mM (r2 = 
0.9994).

Phases II and III were analyzed by treating the formation 
of MB† and MB†† as a consecutive process (Equations 
4-6) [6].

The exponentials were resolved graphically by replacing 
concentration terms with A570 values and constructing 
semilogarithmic plots of ln (At – A∞) versus  time (Fi-

gure 4). The biphasic plots so obtained were analyzed as 
described in [6]: The linear segment of the plot (corres-
ponding to the time interval in which the first exponen-
tial term in Eq. 6 was negligible) yielded - k2 as slope. 
The linear segment was extrapolated to t = 0; k1’ was 

Figure 3. Dependence of the amplitude of Phase I in the reaction of 
GSH with MB on [GSH]o. [MB]o = 50 µM.

Figure 4. Semilogarithmic progress curves for the reactions of the MB-
GSH adduct. 

	 [GSH]o = 8 mM, [MB]o = 50 µM.

(A) Overall progress curve. The linear segment spans the time interval 
where the first exponential term in Eq. 6 (see text) is negligible. The 
slope of this segment (Phase III) = - k2’. (B) Semilogarithmic replot 
of the difference between (At - A∞) in the virtual segment of Phase III 
(Fig. 4A, dashed line) and the observed values of (At - A∞) in Phase II 
(Fig. 4A, ascending curve). The slope of this plot = -k1’.
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obtained from a semilogarithmic replot (Fig. 4B) of the 
difference between (At - A∞) in the virtual segment of 
Phase III (Fig. 4A, dashed line) and the observed values 
of (At - A∞) in Phase II (Fig. 4A, ascending curve). 

As predicted by Scheme I (and Eq. 4a), k1’ showed a 
hyperbolic dependence on [GSH]o, reaching a limiting 
value (k1) of 0.45 min-1 (not shown). Phase III was also a 
[GSH]-dependent process (Figure 5). The linear depen-
dence of the observed value of k2 (k2’) on [GSH] most 
likely arose from a catalytic involvement of GSH in the 
conversion of MB† to MB††. The inherent value of k2, 
estimated from the ordinate intercept in Fig. 5 was ca. 1 
x 10-3 min-1. 

The spectral changes accompanying Phases I-III in the 
reaction of GSH with MB are given in Figure 6. The re-
action of 3-MPA with MB had a pattern similar to that 
observed with GSH, except that k2’  was independent of 
[3-MPA]. 

The Reaction of Meldola Blue with SDH. The reaction 
between MB and SDH was studied by monitoring the 
time-dependent change in enzyme activity, as reflected 
in the progress curve for NADH depletion under stan-
dard assay conditions. The capacity of MB to oxidize 
NADH was a potential problem to consider, since the 
observed enzymatic rate could change not only because 
of a direct effect of the dye on protein structure and acti-
vity, but also because of a significant change in [NADH] 
relative to KNADH. Preliminary experiments showed that, 
at high [fructose]o values, the rate of the SDH-catalyzed 
conversion of fructose to sorbitol remains constant down 

to ≈ 10 µM NADH [7]. Hence it was feasible to use 
enzymatic progress curves in the presence and absence 
of MB in evaluating the direct impact of the dye on the 
SDH molecule. The relevant progress curves are given 
in (Figure 7). The control curve reflects the oxidation of 
NADH by MB; the absorbance change in the experimen-
tal curve is the combined result of NADH oxidation by 
MB and the NADH-coupled SDH-catalyzed reduction 
of fructose. The control curve leveled out at ca. 70 µM 
NADH. (This value was significantly lower than that ex-
pected from a stoichiometric reaction between cofactor 
and dye, as [NADH]o - [MB]o ≈ 120 µM. The reason for 
the discrepancy remains to be accounted for). The criti-
cal feature of the experimental curve was that the lower 
limit of [NADH] was the same as in the control curve. 
This indicated that SDH was inactivated by MB in the 
interim period, since the inherent enzymatic rate in the 
absence of MB (and the initial rate in the presence of 
MB) amounted to 0.24 absorbance units/min. The reacti-
on conditions employed in this preliminary study do not 
allow quantitative analysis of the inactivation process. 
However, the total loss of SDH activity in the 0-60 sec 
segment of the experimental curve (Figure 7),  indicates 
that the half-life of the enzyme in the presence of dye 
must be ≤ 12 sec.

Figure 5. The dependence of the observed rate constant for Phase III 
(k2’) on [GSH]o. 

Figure 6. Spectral changes relating to the reaction between MB and 
GSH.

	 [GSH] = 8 mM, [MB] = 50 µM
	 1 and 1’: Control spectra at t = 0 and after overnight 
	 incubation. 

2-5: Spectra recorded at t = 0, 5, 30 and 110 min. following the addition 
of GSH. (Cf Fig. 2).
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DISCUSSION

The results presented showed MB to react with simple 
thiols to give adducts which proceed to yield at least one 
thiol-related secondary product. The initial, fast adduct 
formation (Phase I) was similar to that observed with glu-

tathione and the cationic  triarylmethane dyes (TAMs), 
malachite green and methyl green, where Kd has been 
estimated at 0.2 and 0.02 mM, respectively [8]. The su-
bsequent Phase II appeared to involve an intramolecu-
lar conversion and had no counterpart in the GSH-TAM 
system. While the exact nature of the intramolecular pro-
cess is unknown at this point, it may be speculated that it 
involves cleavage of the oxazine ring (Scheme II).

SCHEME II

The fast depletion of the parental dye molecule by GSH 
(and 3-MPA) bore out the predicted problem concerning 
the use of MB as a redox mediator in biological sample 
analysis. The inactivation of SDH, a sulfhydryl-contai-
ning enzyme, further showed that biosensors incorpora-
ting enzymes may suffer from instability due to depleti-
on of their catalytic content. This problem has recently 
been discussed in relation to the shelf-life of commer-
cial, dehydrogenase-based electrodes for monitoring of 
3-hydroxybutyrate [9]. 

It would be of interest to determine to what extent diffe-
rent phenoxazines (and phenothiazines) share the SH-re-
activity of MB,  as such compounds are under investiga-
tion as chemosensitizers and preventive agents in cancer 
and chemotherapy [10-11]. 

Figure 7. Time course of NADH depletion in the presence of MB ± 
SDH.

(o), Control reaction of NADH with MB; (l) depletion of NADH in the 
presence of MB and SDH.  [NADH] = 0.2 mM, [MB] = 80 µM, [SDH] 
= 40 mU (ca. 60 µg protein)/ml.

1. Vasilescu A, Noguer T, Andreescu S, Calas-Blanchard C, Bala C, 
Marty J-L (2003) Strategies for developing NADH detectors based on 
meldola blue and screen-printed electrodes: a comparative study. Ta-
lanta 59, 751-765.

2. Hart JP, Abass AK, Cowell DC, Chappell A (1999) Development of 
a disposable amperometric NH4+ biosensor based on a chemically mo-
dified screen-printed carbon electrode coated with glutamate dehydro-
genase, oxoglutarate and NADH. Electroanalysis 11, 406-411.

3. Avramescu A, Noguer T, Magearu V, Marty J-L (2001) Chrono-
amperometric determination of D-lactate using screen-printed enzyme 
electrodes. Anal. Chim. Acta 433, 81-88.

4. Kara P, Meriç B, Zeytinoğlu A, Önsöz M (2004) Electrochemical 
DNA biosensor for the detection and discrimination of herpes simplex 
Type I and Type II viruses from PCR-amplified real samples. Anal. 
Chim. Acta 518, 69-76.

5. Karacaoğlan V, Özer İ (2005) Steady-state kinetic properties of 
sorbitol dehydrogenase from chicken liver. Comp. Biochem. Physiol. 
140B, 309-312.

6. Fersht A (1977) Enzyme Structure and Mechanism, s. 112-113 ve 
163-164, W. H. Freeman and Co., San Francisco.

7. Karacaoğlan V (2005) Sorbitol Dehidrogenaz Aktivitesi Üzerine 
Çalışmalar. M. Sc. Thesis in Biochemistry, Hacettepe University, An-
kara. 

8. Eldem Y, Özer İ (2004) Electrophilic reactivity of cationic triaryl-
methane dyes towards proteins and protein-related nucleophiles. Dyes 
& Pigments 60, 49-54.

9. Forrow NJ, Sanghera GS, Walters SJ, Watkin JL (2005) Develop-
ment of a commercial amperometric biosensor electrode for the ketone 
D-3-hydroxybutyrate. Biosens. Bioelectron. 20, 1617-1625.

10. Channu BC, Kalpana HN, Eregowda GB, Dass C, Hougnton PJ, 
Thimmaiah KN (1999) Interaction of substituted phenoxazine che-
mosensitizers with serum albumin. J. Pharmaceut. Biomed. Anal. 21, 
775-785.

11. Azuine MA, Tokuda H, Takayasu J, Enjyo F, Mukainaka T, Ko-
noshima T, Nishino H, Kapaida GJ (2004) Cancer chemopreventive 
effect of phenothiazines and related tri-heterocyclic analogues in the 
12-O-tetradecanoylphorbol-13-acetate promoted Epstein-Barr virus 
early antigen activation and the mouse skin two-stage carcinogenesis 
models. Pharmacol. Res. 49, 161-169.

References


