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Nonenzymatic Direct Assay of Hydrogen Peroxide at Neutral
pH Using the Eu3Tc Fluorescent Probe
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A detailed study is presented on the use of an easily accessible probe (the europium–tetracycline
3:1 complex; referred to as Eu3Tc) for determination of hydrogen peroxide (HP). Eu3Tc undergoes
a 15-fold increase in luminescence intensity on exposure to an excess of HP. Data are given on the
time dependence of the reaction, on the pH dependence of the absorption and emission spectra of
both the probe and its complex with HP, and on the effect of stoichiometry between Eu3+ and Tc on
selectivity and signal change. HP can be quantified in aqueous solution of pH 6.9 over a 2–400 µM
concentration range with a limit of detection of 960 nM. The assay is validated using standard
additions, and mean recoveries are found to be between 97.0 and 101.8%. Species that interfere
in concentrations below 1 mM include phosphate, copper(II), fluoride and citrate. The addition of
detergents causes the response curves towards HP to shift to higher HP concentrations. The method
is critically assessed with respect to other common optical methods for determination of HP.
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INTRODUCTION

Methods for determination of hydrogen peroxide
(HP) are very often applied to analyze environmental,
biochemical or clinical samples [1,2]. HP also is widely
used in industry in fairly large (>1%) concentrations. In
addition, HP is the product of the activity of oxidative en-
zymes [3]. These, but also their substrates, inhibitors and
activators may be assayed via measurement of the amount
of HP formed [4]. Optical methods for the detection of
HP include chemiluminescence (CL) [5,6], electrolumi-
nescence [6] and the formation of fluorescent dimers in
presence of peroxidase [7,8]. The fluorescent dimers are
produced by reacting HP with certain phenols when per-
oxidase is present. Among those, the terbium-based de-
tection scheme reported by Karst et al. [9] is particularly
intriguing since it displays the unique optical features of a
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luminescent lanthanide probe, namely large Stokes’ shift
and long decay time.

Complexes of the antibiotic tetracycline (Tc) with
metal ions (including lanthanides) have been subject of ex-
tensive work [10–13] related to the quantitation of Tc and
its derivatives in body fluids, to their toxicity and complex-
ation constants. Complexes of Tc with Eu3+ have been
used for extremely sensitive fluorescent detection of Tc in
various matrices. Prototropic dissociation constants and
formation constants of the complexes are mostly known
and strongly depend on pH [14–17]. We were stimulated
by a recent report by Rakicioglu and Schulman [16] who
showed that the addition of HP to EuTc causes a large
increase of the Tc-sensitized luminescence intensity of
the 5D0→7F2 transition (at 616 nm) of the Eu3+ ion. The
effect was ascribed to an oxidation process and used to
determine tetracycline with a 10-fold lower limit of detec-
tion than obtained with previous methods. Luminescence
enhancement of complexes of EuTc on going from a 1:1
to a >10:1 stoichiometry of Eu3+/Tc was reported also to
occur on addition of surfactants [17].

We have shown that this effect is not due to a re-
dox reaction, but rather to a reversible binding process in
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which HP probably replaces water molecules from the in-
ner coordination sphere around the Eu3+ central ion [18].
The decrease in luminescence quenching upon coordina-
tion of H2O2 occurs at near-neutral pH. Thus, EuTc can
act as a luminescent probe for HP at neutral pH without
the need for using an oxidative enzyme such as a perox-
idase (which is mandatory in practically all other assays
working at near-neutral pHs). Following our preliminary
communication [18], we now give a full account on the
potential of the method for determination of HP, its kinet-
ics, and on the effects of interferents and detergents.

MATERIALS AND METHODS

Chemicals and Solvents

Europium trichloride hexahydrate (EuCl3 · 6H2O)
was purchased from Alfa (Karlsruhe, Germany), 3-
morpholino-propanesulfonic acid (MOPS) from Roth
(Karlsruhe, Germany), HP from Merck (Darmstadt,
Germany), and tetracycline hydrochloride from Serva
(Heidelberg, Germany). All chemicals were of analytical
grade and used without further purification. Water was
doubly distilled.

Measurements of pH were performed with a WTW
196 pH meter with temperature compensation. Emission
spectra were recorded with a luminescence spectrometer
(Aminco Bowman, Series 2, from SLM) with a 150-W
xenon lamp as the excitation source. The slit width was
typically 4 nm for both excitation and emission. Quantum
yields (QYs) were determined in aqueous solution against
the reference dye Ru(bpy)3Cl2 whose QY is reported to
be 0.028 [19] in air-saturated water.

MOPS buffer solution: 2.96 g of MOPS sodium salt
is dissolved in 490 mL of doubly distilled water. The so-
lution is adjusted to pH 6.9 with 70% perchloric acid and
filled up to 500 mL to give a 26 mM buffer.

Solution A (the Eu3Tc working solution): 4.0 mg
of tetracycline hydrochloride and 9.6 mg of EuCl3·6H2O
(99.9%) are dissolved in 200 mL of MOPS buffer solution.

Solution B (a 400 µM HP solution): 1 mL of 30% HP
is dissolved in 10 mL of distilled water. This stock solution
is stable for 4 weeks in a refrigerator. Dilute 50 µL of this
stock solution to 100 mL with distilled water to obtain
solution B. This solution should be prepared fresh daily.

Calibration Plot

Mix 1.00 mL of solution A and 1.00 mL of solutions
containing 400, 200, 100, 50, 20, and 10 µM concentra-
tions of HP, respectively. These were obtained by mixing

distilled water and solution B in volumes of 10 + 0, 8 + 2,
5 + 5, 2.5 + 7.5, 1 + 9, and 0.5 + 9.5 mL in a 10-mL vol-
umetric flask. Thermostat to 20 ◦C (or other temperature
if required). Measure, after 10 min, the luminescence in-
tensity at 616 nm following excitation at a wavelength
between 400 and 405 nm. Emission intensity is strongly
temperature dependent.

Assay Protocol

Mix 1.00 mL of solution A and 1.00 mL of a sample
containing between 2 and 400 µM concentrations of HP.
Measure, after 10 min, the emission intensity at 616 nm.
The concentration of HP can be calculated from the equa-
tion given later. For detection in microplates use one-tenth
of the volumes given.

RESULTS

Effect of Hydrogen Peroxide on Spectral Properties

The probe EuTc has a longwave absorption band
centered at around 400 nm which is rather longwave for
a europium–ligand complex. This longwave band makes
it compatible with violet LEDs and the 405-nm violet
diode laser which are highly attractive solid-state light
sources. The absorption spectra of Eu3Tc in absence and
presence of HP at different Eu/Tc stoichiometries have
been presented elsewhere [14,15,18].

The luminescence emission spectra of Eu3Tc (solu-
tion A) were recorded in absence and presence of increas-
ing concentrations of HP and are presented in Fig. 1. In
contrast to the intensity of the 400-nm absorption band,
the intensity of the 616-nm line-like emission strongly de-
pends on the concentration of HP in rising by a factor of
15 on addition of excess HP (see Fig. 1). If a spectrofluo-
rimeter with a resolution of better than 1 nm is used, the
band splits into a doublet with maxima at 613 and 619 nm
of about the same intensity. This is particularly the case if
the concentration of Eu3Tc exceeds 10 µM. On addition
of HP, the emission intensity of the other (smaller) bands
also increases (see Fig. 1). The quantum yield of Eu3Tc in
MOPS buffer solution of pH 6.9 is 0.2 (±0.1)% at 22◦C
and increases to 2.7 (±0.1)% on addition of HP.

Time Dependence of the Reaction Between Eu3Tc
and Hydrogen Peroxide

The enhancement of the luminescence of Eu3Tc is
time dependent and reaches a constant value only after
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Fig. 1. Emission spectra of Eu3Tc in the presence of different concen-
trations of HP in MOPS buffer of pH 6.9.

30 min (see Fig. 2). We attribute this to the slow dis-
placement of the water ligand at the Eu3+ ion (with its
8–9 binding sites) by the HP ligand. In fact, Eu3Tc–HP
can be reconverted into Eu3Tc by addition of thiosulfate
which is known to reduce HP. The enhancement reac-
tion is completed by more than 90% after 10 min, and
the data are highly reproducible, then. After a reaction
time of 30 min, luminescence intensity remains constant
over time, thereby also ruling out the possibility of chemi-
luminescence. We used a 10-min incubation time in the
subsequent experiments because this is the best compro-
mise between acquiring reliable data and a reasonably fast
analytical procedure.

Fig. 2. Time-dependent enhancement of the luminescence intensity at
616 nm of a solution of Eu3Tc in MOPS buffer pH 6.9 after addition of
hydrogen peroxide (λexc = 405 nm, cHP = 800 µmol/L).

Fig. 3. Effect of pH on the absorbance at 400 nm of Eu3Tc in absence
(circles) and in presence (squares) of 400 µM of HP after a 10-min
incubation time.

Effects of pH

The effect of pH on the absorbance at 400 nm of
Eu3Tc in absence and in presence of 400 µM of HP after
a 10-min incubation time is shown in Fig. 3. Absorbance
increases by 20% between pH 5.2 and 6.2 (both in absence
and presence of HP), but decreases at higher pHs. The
absorbance remains unaffected by HP at pHs above 6.5.
Therefore, 400 nm is a good choice for a kind of isosbestic
excitation wavelength for luminescence assays at pH 6.5–
7.0.

The effect of pH on the luminescence emission of
Eu3Tc at 616 nm (under 400-nm excitation) in absence
and presence of HP is shown in Fig. 4. The concentration
of Eu3Tc is the same as given for solution A in the ex-
perimental part, and a 13 mM MOPS buffer is used. The
concentration of HP was adjusted by adding microliter
quantities of a concentrated HP solution to 100 mL of the
stock solution of Eu3Tc. The data points presented are
an average of five measurements at each pH value, and
are corrected for pH-induced changes in absorbance (as
displayed in Fig. 3). The data points for Eu3Tc in absence
and in presence of HP were normalized for better compar-
ison. The luminescence at 616 nm (λexc 400 nm) of both
species initially rises with pH (see Fig. 4), approaches
a maximum at near-neutral pH, and drops quickly once
the pH exceeds 7.5 (in case of Eu3Tc) or 8 (Eu3Tc-HP).
A pH of 6.9 was chosen for the following experiments
because the luminescence of the probe is quite intense
in this range and because most bioassays require near-
neutral pHs. Furthermore, this pH minimizes the risk of
precipitation of Eu(OH)3 [15]. In fact, at concentrations
of Eu3+ like in solution A precipitation of Eu(OH)3 is the
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Fig. 4. Effect of pH on the luminescence at 616 nm (at λexc = 400 nm)
in the absence (circles) and in presence (squares) of 400 µM hydrogen
peroxide after a 10-min incubation time.

cause for the drop of luminescence at pHs >7.5. A fur-
ther welcome feature of pH 6.9 is that the absorbance at
400 nm (= λexc) remains unchanged (see Fig. 3).

Effect of the Ratio Between Eu3+ and Tc

It has been reported that the molar ratio between
Eu3+ and Tc affects the enhancement of the luminescence
of Eu3Tc by surfactants [17]. Therefore, we have tested
whether the molar ratio between Eu3+ and Tc may have an
effect on the determination of HP. Samples were prepared
containing EuCl3 · 6H2O and tetracycline hydrochloride
in molar ratios of 10:1, 3:1, 2:1, 1:1, and 1:2 in 13 mM
buffer of pH 6.9. The concentration of Eu3+ was kept
constant as given for solution A (see the ‘Experimental’
section). Then, HP was added to give a final concentration
of 400 µM. The effect of the ratio [Eu3+]/[Tc] on the ratio
of the luminescence at 616 nm before and after addition
of HP is plotted in Fig. 5. It can be seen that the most
significant enhancement with HP occurs if Eu3+ is present
in a threefold or higher molar excess.

The Eu3+ ion is known to weakly bind to Tc [15].
The resulting complexes are rather labile. On the other
side, Tc has three en-dione centers which are capable of
binding bi- or trivalent ions. This suggests two possible
environments for the HP complex at two different coor-
dination sites for europium at the Tc Ligand, if not three.
Currently, theoretical calculations are being made whether
even triple coordination of Eu3+ is possible or impossible
due to steric hindrance. The assumption of two possible
environments for the HP complex is further supported by
the fact that band splitting (compare Fig. 1) only appears

Fig. 5. Effect of molar ratio of [Eu3+]/[Tc] on the ratio of the lu-
minescence intensity at 616 nm in the absence (F0) and presence (F),
respectively, of 400 µmol/L hydrogen peroxide (λexc = 405 nm).

at molar ratios of Eu/Tc between 10:1 and 2:1 but not at
1:1. We have been unable to isolate the complex in solid
form in order to perform an X-ray analysis. Moreover,
NMR studies (presently going on) are complicated by the
fact that Eu3+ is a paramagnetic ion that causes substantial
signal shifts.

Calibration Graph

Solutions were prepared according to the calibra-
tion protocol given in the materials and methods sec-
tion. Six samples of each concentration of HP were
made by mixing 1 mL of the sample with 1 mL of so-
lution A, incubating for 10 min at 20◦C while stirring,
and measuring luminescence intensity at 616 nm. The
resulting plot (Fig. 6) is linear between 2 and 400 µM
HP. The plot can be described by a linear equation
of type y = A + Bx, with A = (0.3995 ± 0.0741), B =
(0.0141 ± 0.0004), and r = 0.9978. This small error, es-
pecially in the slope B, reveals the high precision of
the whole assay [20]. The limit of detection (defined as
3σ /slope) is 960 nM. It is important to note that both the
calibration solutions and the samples also can be mea-
sured after a rather long incubation time (up to 24 h
tested) without loss of the linearity of the calibration
graph.

Standard Additions

Samples were prepared by standard additions to con-
tain 20, 40, and 80 µM of HP, respectively (n = 3). Then,
luminescence intensity was measured at 616 nm after a
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Fig. 6. Calibration curve for hydrogen peroxide including error bars
(n = 6). Luminescence intensity was measured at 616 nm after a 10 min
incubation at 20◦C.

10 min incubation period at 20◦C. The resulting data gave
concentrations of 19.4, 40.7, and 79.8 µM, which corre-
sponds to a mean recovery of 97.0, 101.8, and 99.7%,
respectively. This again demonstrates the reliability of the
method.

Interferents

As described before [18], alkali and earth alkaline
ions have no effect in up to 100 mM concentrations.
Many transition metals (Co2+, Fe3+, Zn2+) quench in
0.1–1 mM concentrations, and Cu2+ is found to be a par-
ticularly strong quencher even in <0.1 µM concentration.
Ag+ slightly increases luminescence intensity (<20 µM)
and decreases emission more pronounced at concentra-
tions exceeding 100 µM. Chloride, sulfate, acetate and
nitrate are inert, but phosphate (>1 µM) gives an in-
crease in intensity (provided the stoichiometry Eu/Tc is
3:1). This interference implies that, in practice, phosphate
buffers cannot be used, and samples containing unknown
levels of phosphate cannot be analyzed directly. On the
other side, this may be used for quantitation of phosphate
(in the absence of HP). Fluoride quenches significantly
at >25 µM concentrations, bromide and iodide do not
interfere up to 1 mM. Carbonate displays quenching at
>200 µM. Among the organic species, citrate and malate
interfere in giving a strong increase in the luminescence
intensity of Eu3Tc (and a decrease in the intensity of
the Eu3Tc–HP complex) [33]. Furthermore, the fluores-
cence of the EuTc–HP system is weakly quenched by
molecular oxygen. An 11% decrease in fluorescence in-
tensity was observed on going from nitrogen-saturated
solutions to air-saturated solutions.

DISCUSSION

The method for determination of HP presented
here has several novel features. It is fast, simple, does
not require elevated temperatures (as do certain Trinder
reagents) nor the presence of a peroxidase or a respective
enzyme mimic such as certain phthalocyanines [21,22],
hemins [23,24], or other metalloporphyrins [25–27]. It is
certainly not an undesired fact that the probe is easily
accessible. Eu3Tc also offers the typical advantages of lu-
minescence assays over photometric assays including se-
lectivity (due to a large Stokes’ shift) and—in particular—
a long decay time (30 µs at the average) which enables
time resolved measurements [28]. Finally, the incubation
time (10 min) is shorter than that needed for the widely
used fluorescent probe Amplex Red which requires almost
30 min [32].

It should be noted that one of the typical advan-
tages of certain fluorescent probes (namely measure-
ment against a “black” background) is not provided by
this method, since Eu3Tc also displays intrinsic lumi-
nescence. Thus, the changes induced by HP cannot be
measured against a black background, but only relative
to the background luminescence of uncomplexed Eu3Tc
with its quantum yield of 0.2 %. Secondly, the interference
by phosphate ion is annoying and must be kept in mind
at any time, but—on the other hand—appears to pave
the way for determination of phosphate in the absence
of HP.

Photometric reagents for HP are based on changes
in the absorbance at typically 400–440 nm, for example
in case of the peroxytitanate ion or the Ti4+/porphyrin
probe [1,27]. In case of low concentrations of HP this de-
crease will result in hardly detectable changes in the ab-
sorbance. In addition, a correction is mandatory if other
absorbers are present in the sample. In fact, this is the
case for almost all absorptiometric reagents presented
in Table I except for the Trinder reagent absorbing at
750 nm where background absorbance is often negligible.
Luminescence-based methods are certainly advantageous
over photometry, not the least because the concentration
of reagent can be substantially lowered (compared to pho-
tometric reagents).

The Eu3Tc-based method presented here works best
in the near neutral pH range (6.9–7.4) in a 13 mM MOPS
buffer. A neutral pH often is a prerequisite for measure-
ments in samples containing proteins, enzymes, or other
biological material. This is of particular significance if
compared to common methods based on the use of Ti4+

ion [1] or titanium porphyrins [27] where a rather acidic
pH (<3) is often necessary. Analysis of biological materi-
als at such low pH values is often impossible and a change
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Table I. Figures of Merits for Common Absorptiometric and Fluorimetric Methods for Determination of Hydrogen Peroxide

Reagent Method LOD (µM) Remarks References

Ti4+ Photometry at 410 nm 8.0 Requires low pH (<4) [1]
Ti4+-porphyrin Photometry at 432 nm 2.2 5 min incubation at RT, pH <1 [27]

required
Ti4+-oxalate Photometry at 420 nm 20 5 min incubation at RT, pH <1 [23]

required
Fe3+-complex Photometry at 575 nm 3 5 min incubation at RT, pH 3.5–7.5 [29]
Trinder reagent I Photometry at 550 nm >1 Enzymatic, 10 min incubation at [30]

37◦C, pH 4, poor water solubility
Trinder reagent II Photometry at 750 nm 1 Enzymatic, 10 min incubation at [30]

37◦C, pH 4–8
Polyaniline Photometry at >600 nm 15 Nonenzymatic; 10 min incubation; [31]

pH 5–9; water-insoluble film in
microtiterplate

p-Hydroxyphenylacetic acid Fluorescence at 380 nm 0.1–0.5 Enzymatic (POx) [7,8]
Amplex Red Fluorescence at 587 nm 0.1 Enzymatic, 30 min incubation at RT, [32]

pH 7.4; 24 nm Stokes’ shift
Eu3Tc reagent Luminescence at 616 nm 1.0 Nonenzymatic, 10 min incubation This work and [28]

RT, pH 6.9–7.4; 210 nm Stokes’ shift

in the pH during an analytical process is often tedious and
time consuming, if not impossible.

The Eu3Tc assay has a better LOD than most of
the spectrophotometric methods. However, the Amplex
Red assay and the Ti4+-porphyrin method offer even bet-
ter LODs. On the other hand, the Amplex Red method
requires the presence of a peroxidase and suffers from
oxidation of resorufin to nonfluorescent resazurin in pres-
ence of excess HP [32]. Therefore, the linear range of
detection is limited to a concentration of 5 µM when us-
ing Amplex Red, whereas Eu3Tc offers linearity over 2.4
decades (up to 400 µM). On the other side, one should
not overemphasize such a wide analytical range since
it is not necessarily needed in industrial and clinical
practice.

A further feature of the Eu3Tc assay is based on
the fact that it is nonenzymatic. The use of enzymes of-
ten brings about restrictions in terms of pH, tempera-
ture and ionic strength. Moreover, storage conditions of
reagents are more stringent and enzyme solutions suffer
from poor stability at ambient temperature. This is true
for the Trinder’s reagents, for polyaniline [31], and Am-
plex Red. The assay presented here does not suffer from
these shortcomings. We have shown in a previous work
that Eu3Tc can be incorporated into hydrogel membranes
to give a solid state sensor membrane that responds to HP,
albeit only at much higher concentrations [34].

By comparing the two luminescence-based methods
it can be seen that the Eu3Tc reagent displays a much
larger Stokes’ shift (210 nm) than Amplex Red with only
24 nm [31]. This is another advantage in case of analy-
ses using optical filter-based microtiterplate readers, since

the separation of excitation and emission light is accom-
plished much easier in case of large Stokes’ shifts where
straylight and Raman scatter are unlikely to interfere.
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