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ABSTRACT

A novel lanthanide probe was designed, synthesized, and employed for a sensitive and reliable assay of acrolein based on time-resolved
luminescence measurement, which suppresses the background signal of serum.

Acrolein (CH2CHCHO) is a lipid peroxidation product that
can be generated ubiquitously in biological systems.1 It is a
representative carcinogenic aldehyde formed endogenously
through oxidative stress, caused by reactive oxygen species
and lipid peroxide. Among these aldehydes, acrolein is one
of the strongest electrophiles, and it disrupts important

cellular functions by covalently modifying biomolecules,
including proteins, DNA, and lipids.2

Acrolein is becoming of great interest to medical scientists
as a potential marker of various diseases, including chronic
renal failure,3 stroke,4 and cancer.5 For example, acrolein
was reported to be increased in the plasma of stroke patients,
so that diagnosis may be possible by quantifying acrolein in
plasma or serum. In addition, acrolein is spontaneously
formed by polyamines and strongly inhibits cell growth
owing to its cytotoxicity.6 Therefore, a simple and convenient
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detection method for low concentrations of acrolein would
find applications in medical, biological and other fields.

A currently used conventional method for acrolein detec-
tion is fluorescence analysis based on the Skraup reaction
with m-aminophenol.7 In this method, the plasma of patients
is reacted with m-aminophenol, the product, 7-hydrox-
yquinoline, is separated by HPLC, and its fluorescence is
quantified. HPLC separation cannot be avoided, because (i)
the background fluorescence of plasma excited at 350-400
nm, which is the excitation wavelength of 7-hydroxyquino-
line, is quite high and (ii) the quantum yield of 7-hydrox-
yquinoline is quite low. However, HPLC separation is not
suitable for high-throughput measurement of multiple samples
using microplates. Acrolein-protein adducts can also be
detected using monoclonal antibody,5,8 but the method is
costly and needs complicated procedures. Additionally, there
is a lag of several hours between production of acrolein and
that of acrolein-protein adducts. Here we report a novel
luminescence-based method of acrolein detection that is
suitable for high-throughput microplate assays without HPLC
separation.

The method of time-resolved fluorescence (TRF) measure-
ment was selected as a basis for the development of the assay.
It makes use of the characteristic long-lived luminescence
of certain compounds, especially lanthanide complexes.9 In
TRF measurement, the luminescence signal is collected for
a certain gate time after an appropriate delay time, following
a pulsed excitation. Lanthanide complexes have long lumi-
nescence lifetimes of the order of milliseconds, in contrast
to usual organic compounds, which have luminescence
lifetimes of the order of nanoseconds. By taking advantage
of this unique character, the influence of short-lived back-
ground fluorescence and scattered light can be reduced to a
negligible level, and the long-lived lanthanide luminescence
can be distinguished from background signals.10 Lanthanide
complexes also have large stokes shifts, which can further
decrease the background. Because of these advantages, TRF
measurements are employed in various fields where both
small assay scale and high sensitivity are required, especially
immunoassays11 and high-throughput screening.12

To achieve sensitive detection, we must control the
luminescence properties of our probe, which should have
no luminescence itself, but should become highly lumines-

cent upon reaction with acrolein. Our design strategy is
summarized in Scheme 1. A lanthanide complex for TRF

measurement usually consists of two parts, an antenna moiety
and a chelator moiety. We thought that the luminescence
properties could be precisely controlled if the absorbance
spectrum of the antenna moiety changed as a result of
reaction with acrolein. We chose an aniline structure as the
antenna and the Skraup reaction as the controlling reaction
(Scheme 1). The Skraup reaction of aniline is well-known
as being highly specific for acrolein, and the λmax of the
aniline moiety is greatly increased by quinoline formation.
In addition, the quinoline ring is a good energy transfer donor
to lanthanide complex.13 As the chelator, we selected
diethylenetriaminepentaacetic acid (DTPA) because (i) DTPA
has the ability to form a strong complex with europium ion
and to emit bright luminescence14 and (ii) it has high
solubility in aqueous solution. The probe composed of aniline
and DTPA moieties, p-NH2PhDTPA, was designed according
to Scheme 1. Before the Skraup reaction, the probe is
expected to emit no luminescence because it is not able to
absorb at the excitation wavelength for quinoline. In contrast,
the product of the reaction with acrolein can absorb the light
and emit luminescence via energy transfer to the europium
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Table 1. Photochemical Properties of the Probes

Absmax (nm) Em(max) (nm) Φfl
a (%)

p- NH2PhDTPA-Eu 243 n.d.b n.d.b

Q-DTPA-Eu 320 618 4.6
a Quantum yields were determined using [Ru(bpy)3]Cl2 (Φ ) 0.028 in

water) as a standard. Measurements were performed in 50 mM sodium
phosphate buffer (pH 3.5). b Not determined.

Scheme 1. (A) Schematic Representation of the Mechanism of
Our Probe. Skraup Reaction Forms an Extended-Conjugate

System. The Product Is Strongly Luminescent when Excited at
the Appropriate Wavelength. (B) Reaction of the Designed

Probe with Acrolein
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ion. Simultaneously, we also synthesized quinoline-DTPA
adduct (Q-DTPA), which is the expected product of the
Skraup reaction of acrolein and p-NH2PhDTPA.

The photochemical properties of the probe and product are
summarized in Table 1. As expected, λmax of Q-DTPA-Eu was
at 77 nm longer wavelength than that of p-NH2PhDTPA-Eu.
In addition, Q-DTPA-Eu emitted strong luminescence, indicat-
ing that energy transfer occurred from the quinoline ring to the
lanthanide complex. Luminescence of p-NH2PhDTPA-Eu was
too low to allow determination of the quantum yield. These
results showed that our rational design strategy worked very
well. Absorption and emission spectra of p-NH2PhDTPA-Eu
(green line) and Q-DTPA-Eu (red line) are shown in Figure 1.

The emission spectrum of Q-DTPA is characteristic of a
europium complex.

We investigated suitable reaction conditions of acrolein and
the probe. First, p-NH2PhDTPA and HCl were added to acrolein
in sodium phosphate buffer, and the mixture was heated for 30
min at 100 °C and then cooled in tap water. Europium was
added to the diluted mixture, and the luminescence intensity
was measured. Optimum conditions were evaluated by measur-
ing the luminescence of reaction solutions. The results indicated
that the optimum concentraion of the probe was 10 mM, and a
suitable reaction time was 30 min.

Figure 2 shows the results of assays of various concentra-
tions of acrolein under optimal conditions. A dose-dependent

increase of luminescence intensity was observed. We also
carried out HPLC analysis to confirm that the reaction of
p-NH2PhDTPA and acrolein produced Q-DTPA. The main
product of the reaction was indeed Q-DTPA (Supporting
Information). These results suggest that the reaction pro-
ceeded as expected, and the luminescence was greatly
increased following the reaction of acrolein and
p-NH2PhDTPA. We thus considered that p-NH2PhDTPA is
potentially useful for the sensitive detection of acrolein and
next addressed acrolein assay with microplates. Microplates
(96-well, 384-well, etc.) are an indispensable tool for
biological assays. They can handle a large number of samples
simultaneously with a small sample volume (microliter order)
and are suitable for automated assay systems. They are,
however, more likely to suffer from autofluorescence of the
device and scattered light. Therefore, TRF measurements
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Figure 3. Microplate assays of acrolein (0, 1, 2, 3 µM) in aqueous
solution with p-NH2PhDTPA (final concentration of 10 mM). Time-
resolved luminescence intensity (ex/em ) 340/615 nm, measured
after dilution with 200 mM sodium phosphate buffer, pH 3.5) was
recorded 30 min after the initiation of the reaction. Data are shown
as mean ( SD (n ) 3).

Figure1.Absorption (A)andemission (B)spectraofp-NH2PhDTPA-
Eu (green) and Q-DTPA-Eu (red) 16.4 µM with europium ions in
aqueous solution (100 mM sodium phosphate buffer, pH 3.5).

Figure 2. Reaction of p-NH2PhDTPA (final concentration of 10
mM) with acrolein (0, 0.5, 1.0, 1.5, 2.0 mM). Emission spectra of
the reaction mixture diluted with 200 mM sodium phosphate buffer,
pH 3.5. Time-resolved luminescence intensity (ex ) 320 nm) was
recorded 30 min after the initiation of the reaction.
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with low background signals are expected to be highly
advantageous compared with the use of organic fluorescent
compounds.15 Figure 3 clearly shows that p-NH2PhDTPA
worked as a reliable probe for acrolein. As expected, a dose-
dependent increase of luminescence intensity was observed.
The assay also showed good linearity over the concentration
range examined. The results showed that our probe worked
well in aqueous buffer. Therefore, we applied the method
to assays with human serum.

Serum itself has absorbance in UV-vis region and emits
fluorescence in the range of 300-500 nm. Sensitive and
reliable detection using the conventional method is prevented
by the background fluorescence of serum. However, in the
case of our probe, the background signal can be suppressed
by the use of TRF measurements. Thus, our probe should
be especially suitable for assays in serum. The following
experiments were performed with human serum spiked with
acrolein. As can be seen in Figure 4A, as little as 5 µM
acrolein could be detected with this probe, and the lumines-
cence increased linearly with respect to acrolein concentra-
tion. A concentration of 5 µM acrolein could not be detected
with m-aminophenol, which is the probe for the conventional
method, without HPLC separation (Figure 4B). In the
conventional method, reliable assays are impossible in the
range of low concentration of acrolein, because of the strong
background fluorescence of serum. With our method, the
detection limit of 0.96 µM was achieved. This is 1 order of
magnitude better than that of the conventional method (15
µM) without HPLC separation, and the detection limit
appears to be appropriate for measuring acrolein concentra-
tions found in disease states (normal, 0.5 µM; patient, 1.4
µM).8 In conclusion, we have developed a novel probe for
acrolein by using TRF measurement, which can eliminate
background fluorescence due to serum. Our probe permits
sensitive and reliable detection of acrolein in serum, and its
performance is superior to that of the conventional method.
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Figure 4. (A) Microplate assays of acrolein (0, 5, 10, 15 µM) in
serum with p-NH2PhDTPA (final concentration of 10 mM).
Luminescence intensity (ex/em ) 340/615 nm, measured after
dilution with 200 mM sodium phosphate buffer, pH 3.5) was
recorded 30 min after the initiation of the reaction. (B) fluorescence
assay of acrolein in serum with the conventional method. Data are
shown as mean ( SD (n ) 3). ** indicates P < 0.01; * indicates
P < 0.05.
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