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Abstract

We have constructed a time-resolved fluorescence detection (TRFD) system for the analysis of amino compounds with
high-performance liquid chromatography (HPLC) using lanthanide ion chelates. In order to carry out time-resolved
measurements, we have employed a nanosecond pulsed xenon-arc lamp as an excitation light source. Amino compounds
derivatized by isothiocyanobenzyl-EDTA (IEDTA) with the lanthanide chelate are mixed with an enhancer solution in a
post-column manner and detected by TRFD. Taking advantage of a property of the long fluorescence lifetime of the
lanthanide chelates, high selectivity against background fluorescence was achieved. In order to demonstrate the usefulness of
TRFD, fundamental performance tests were carried out. Details of the system are also described.  1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction used as labels for immunological assays, instead of
the conventional radioisotopes, for safety considera-

Fluorescence properties of lanthanide ion chelates tions [10,11]. On the one hand, by paying attention
are characterized by large Stokes shift, a narrow to the long fluorescence lifetimes, time resolved
band width of emission, high quantum yields, and fluorometry has been proposed [9,12–14]. The aim
long lifetimes ranging from tens of microseconds to of the time resolved fluorometry is to enhance the
submilliseconds [1–10]. By taking advantage of the detection selectivity. This is performed in the time
high quantum yields or the resultant high fluores- domain by separating the analyte fluorescence signal
cence intensity, the lanthanide chelates have been from the background fluorescence by using an pulsed

excitation source. When we use a time gate with a
suitable time delay after the pulsed excitation, we*Corresponding author. Fax: 181-88-656-9082.

E-mail address: iwata@me.tokushima-u.ac.jp (T. Iwata) can easily discriminate between them. This is be-
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cause the fluorescence lifetimes of the background became difficult due to the instrumental function,
28materials are short (,10 s), whereas those of that was, the relatively large duration of the excita-

25lanthanide chelates are very long (.10 s). tion pulse (75 ms) introduced by the mechanical
If we use the time-resolved fluorometric technique choppers. In order to make the TRFD system more

in the field of high-performance liquid chromatog- commonly useful, therefore, a light source whose
raphy (HPLC) or capillary zone electrophoresis pulse duration is sufficiently narrow is required.
(CZE), more enhancement in separation selectivity is Although the commercially available flash xenon
expected [12,15–19]. For instance, a highly over- lamp, for example L4318 (Hamamatsu Photonics),
lapped chromatographic peak could be separated or offers us an intense light pulse with a pulse duration
isolated easily in the time domain spectroscopically, of a few microseconds, it has some problems in the
otherwise it cannot be resolved at all chromato- signal-to-noise ratio (S /N) in actual analysis because
graphically due to the limitation of the choice of the of a relatively low repetition frequency (,100 Hz;
buffer solution and/or to that of analysis time. usually 10 Hz) and of large inductive noise.
Furthermore, in order to eliminate the light scattering We, therefore, have newly constructed a time-
of the excitation beam from the surface of the sample resolved HPLC fluorescence detector by using a
cell or to reject the background fluorescence signal nanosecond, pulsed xenon-arc lamp that had been
from some kinds of contaminations, a simple, low- developed by one of authors [21]. The characteristics
cost, filter spectroscopic method could be employed, of the pulsed xenon lamp are as follows: (1)
otherwise the conventional grating monochromator sufficiently narrow pulsewidth [full width at half-
must be used. Another advantage in using the filter maximum (FWHM), t 53.0 ns], (2) high repetitionw

spectrometric method is its high optical throughput frequency ( f .1 kHz) depending on the applied
over the grating monochromator. In addition, the voltage, (3) broad band spectrum ranging from 250
large Stokes shift mentioned above suits the filter to 650 nm, (4) high intensity (peak power, P.20
spectroscopic method. After all, the aim of the time- W), (5) low cost and simple to construct. The
resolved technique in HPLC or CZE is not to relative emission intensity in the ultraviolet region
improve the detection sensitivity (or detection limits) over the visible one is enhanced in comparison with
directly but to enhance the detection selectivity. The that of the conventional dc-operated xenon lamp
detection limits are improved only when the interfer- because of the high electron temperature (see fig. 5
ing background signal is dominant in practical in Ref. [21]). By using the stable, high intensity,
analysis rather than in laboratory-level analysis. high repetition frequency, nanosecond lamp, the

Based upon such an idea, we constructed and optical system became compact and simple in com-
reported a time-resolved fluorescence detection parison with the previous one. Furthermore, the new
(TRFD) system for HPLC using europium chelates system has the possibility in the future for detecting
[20]. For the purpose of the time-resolved measure- many kinds of fluorescent compounds derivatized (or
ments, we used a combination of a dc-operated not derivatized at all) by other regents except
xenon lamp (75 W) and two mechanical choppers. lanthanide ions, whose fluorescence lifetimes are in a
The duty ratios and the rotational phase between the nanosecond region. In the present article, we de-
two choppers inserted in the excitation and emission scribe the instrument in detail and show new ex-
sides were suitably controlled by a phase-locked- perimental results.
loop circuit. We employed such an optical configura-
tion by taking into account the properties of the
europium chelates: long lifetimes and high intensity. 2. Instrumentation
Although the TRFD system worked quite well for
analysis of the europium chelated compounds, there 2.1. Pulsed light source
was a problem when analyzing samarium or terbium
chelates whose fluorescence lifetimes were less than Fig. 1 shows a photograph of the pulsed xenon
100 ms. This was because the separation between the lamp and its equivalent circuit. Different points
excitation light and the fluorescence decay signals between the previously constructed lamp and this
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Fig. 1. A photograph of a xenon discharge lamp and its equivalent circuit diagram.

one are as follows: (1) The lamp is housed in a was required without the LED. Time jitter in the
double rectangular brass box (inner width: 25 mm; repetitive emission was also reduced markedly by
inner height: 25 mm; inner length: 270 mm; thick- using the LED. The blue light from the LED seems
ness: 5.0 mm) instead of the conventional cylinder quite useful for preionizing the inserted gas in the
case by taking account of easiness of construction lamp or for lowering the work function of the metal
and that of maintenance. (2) In order to make a time electrode in the lamp. We are now studying this
base pulse for synchronization, we put a current phenomenon.
monitor resistor (r550 V): A voltage pulse signal A lamp used was a xenon arc lamp (35 W type;
induced by discharge current across the resistor is L2173, Hamamatsu Photonics) whose electrode gap
picked up. This alternation is based on a fact that the distance was 1.0 mm. The lamp has two electrodes,
time jitter (less than 10 ns) in sampling operation is one with a sharpened end and the other with a round
negligible in comparison with the analyte lifetimes; end. We used the sharpened end electrode as an
which makes the system’s configuration simple. (3) anode and the round one as a cathode, the con-
A blue-colored light emitting diode (LED; Model nections of which were reversed against those of the
520 in NLPB series, Nichia Chemical Industries, normal dc operation mode. This is because the
Japan) driven by 20 mA dc-current was attached reverse connection gives a stable, smooth, and
beside the xenon lamp in order to lower the break- intense pulse emission [21]. The anode electrode is
down voltage of the lamp and to stabilize the pulsing connected to the positive power supply (10 kV, 3
operation. In a dark place, the breakdown voltage mA; HJL-10P3, Matsusada Precision, Japan) through
was 5.5 kV with the LED, whereas more than 9 kV a high voltage resistor R (GS3-50MW, Tama Elec-
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tric, Japan), while the cathode electrode is connected following specifications: t 53.0 ns, f¯1 kHz, andw

to ground through the monitor resistor (r550 V); P5100 W under the applied voltage of V56.2 kV.
where the resistor, r, consists of four 200 V (1 W)
resistors connected in parallel. A capacitor shown as 2.2. Time-resolved fluorescence detector
C is formed between a brass cylinder (18 mm in
diameter) attached on the anode electrode and the 2.2.1. Optical system
lamp enclosure. The capacitance value was estimated Fig. 2 shows the optical system of TRFD for
to be about 5 pF. The capacitance is charged through HPLC. A light flux emitted from the pulsed lamp is
R from the high-voltage power supply until voltage focused onto the center of the HPLC cell through a
between the electrodes reaches the breakdown volt- UV band-pass filter (F1; UTVAF-50S-34U, Sigma
age of the electrode gap. The charged electrons on Koki). The transmission wavelength of the filter was
the capacitor start flowing through the gap immedi- between 280 and 370 nm (at 23 dB points) with a
ately after breakdown, thereby generating a short and maximum at 340 nm. The fluorescence emitted from
intense discharge plasma between the gap. The the analyte in the cell is focused on a cathode of a
charge–discharge process occurs successively, re- metal-packaged, compact, photomultiplier tube
sulting in the production of repetitive and fast light (PMT; H5783-01, Hamamatsu Photonics) through a
pulses. From performance tests, we obtained the low-pass optical filter (F2; SCF-50S-54O), 23 dB

Fig. 2. Optical system of the time-resolved fluorescence detector for HPLC (top view).
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wavelength of which is 540 nm. The wavelength inhibiting signal (Fig. 4f) is fed into the input part of
characteristics of the two filters are suitable for the digital circuit. The signal processing circuit is
measuring fluorescence signals of lanthanide che- very simple as well as the optical system. This is
lates. The optical system is very simple. This is again thanks to the fluorescence properties of the
because: (1) the filter spectroscopic method can be lanthanide chelates: long lifetimes and high intensity.
employed by taking account of the large Stokes shift
of the fluorescence properties of the lanthanide 2.3. HPLC system
chelates, (2) the intense, nanosecond pulsed light
source is employed. 2.3.1. Flow system

An HPLC flow system consists of the following
2.2.2. Signal processing circuit components: pump [1 and pump [2 (plunger type

A circuitry block diagram of signal processing PU-980, JASCO), a six-way sample injector (Rheo-
circuit after the PMT is shown in Fig. 3. It consists dyne 7175; 20 ml loop), a mixing coil (Tefzel,
of an analog part and a digital part. In order to obtain 4 m30.25 I.D.), and the TRFD system. Pump [1 is
relatively large voltage signals at the cost of time used for delivery of the eluent, and pump [2 for
resolution, the value of the load resistor for the PMT delivering post-column reagent (enhancer solution).
was set to be R15500 kW. Although the time The analyte solution injected was passed through a
constant of the input integration circuit was found to separation column, together with the eluents. In-
be about 5 ms, there was no problem in the time- dividual components of the analyte solution sepa-
resolved measurements because of the long fluores- rated by the column are mixed with the enhancer
cence lifetimes of the lanthanide chelates. After solution from pump [2 and then lanthanide ion
passing through a preamplifier (PA) and an offset chelates were reformed. Finally, the lanthanide che-
compensation circuit (OC), the voltage signal is fed lates pass through the HPLC flow-cell and are
into a gated-type integrator circuit that consists of an detected by TRFD. The mixing coil inserted between
analog switch (AS) and an RC filter (R2 and C2; the column and the cell was immersed in a tempera-
time constant, t510 ms). The output from the gated- ture controlled water bath at 408C in order to
type integrator is finally fed into a chart recorder promote the reaction. The volume in the flow cell
through a sample and hold (S/H) circuit, an am- used for TRFD was 16 ml. The mobile phase was 20
plifier (A), and a buffer amplifier (BA). mM sodium phosphate (pH 6.0) containing 10%

The digital part generates timing signals for the acetonitrile at a flow-rate of 0.1 ml /min. The post-
analog circuit by using three monostable multivib- column reagent used was pivaloyltrifluoroacetone
rators (MS). The timing diagram is shown in Fig. 4. (PTA) or thenoyltrifluoroacetone (TTA) solution, at
In order to eliminate the unfavorable background a flow-rate of 0.04 ml /min. A 5030.15 mm I.D.
fluorescence signal, which is schematically shown in stainless steel column packed with Crest C1-5
Fig. 4b by a dashed line, a gate pulse (Fig. 4d) for (JASCO) or Develosil TMS-UG-5 (Nomura) was
the gated-type integrator is delayed by T (Fig. 4c) used.d

from the time base signal (Fig. 4a). The accumulated
fluorescence signal due to the lanthanide chelates is 2.3.2. Chemicals
depicted in Fig. 4b by hatched lines. Normal oper- For HPLC, a sample solution derivatized by
ating conditions are as follows: f51.0 kHz (period isothiocyanobenzyl-EDTA (IEDTA) and/or
T51.0 ms), gate pulsewidth T 5100 ms. The value maleimido-C5-benzyl-EDTA (MEDTA) with a lan-gw

of the observed time constant of the gated-type thanide ion chelate is mixed with an enhancer
integrator, therefore, becomes t 5 tT /T 5 100 solution in a post-column manner. The enhancerobs gw

ms, the value of which is suitable for HPLC analysis. solution consists of a b-diketone, tri-n-octylphos-
The value of the time delay, T , is optimized phine oxide (TOPO), and a surfactant (TritonX-100).d

experimentally. Fig. 4e shows a timing signal for the The b-diketone used was either PTA or TTA.
S/H circuit. In order to prevent malfunction due to TritonX-100 and europium acetate were purchased
high frequency operation of the pulsed lamp, an from Wako (Osaka, Japan), and PTA, TTA, TOPO,
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Fig. 3. Circuitry block diagram of the signal processing in the TRFD system. PA; preamplifier, OC; offset compensation, AS; analog switch, S /H; sample and hold,
BA; buffer amplifier, A; amplifier, MS; monostable multivibrator.
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ml), 5|500 mM lanthanide (Ln) chelate of MEDTA
(MEDTA–Ln; 45 ml), and 100 mM sodium carbon-
ate (pH 9.0|9.8; 45 ml) were added. After incuba-
tion for 5 min at room temperature, 10 ml of 1 M
Bis-Tris (pH 9.5) was added and then 5 ml of the
reaction mixture was introduced into the HPLC
column. The MEDTA–Ln solution was prepared by
addition of MEDTA (1 mg) to 0.5 mM lanthanide
acetate solution.

2.3.6. Sample preparation of tainted fish meat
The fish meat was stored at room temperature for

a week for decomposition. The tainted fish meat was
homogenized in a mixer in two volumes of distilled

Fig. 4. Timing diagram of the signal processing circuit: (a) time water. The homogenate was centrifuged at 10 000g
base signal obtained from the pulsed lamp, (b) fluorescence for 30 min. The precipitate and suspended matter
signals due to lanthanide chelates (solid line) and to background were removed. To the supernatant, the same volume
(dashed line), (c) delay pulse generated by MS1, (d) gate pulse

of ethanol was added and stirred at room temperaturegenerated by MS2, (e) S /H pulse generated by MS3, (f) inhibit
for 5 min. After standing at room temperature forsignal.
1 h, it was centrifuged at 10 000 g for 30 min. The
supernatant was used as a mixture including amine

IEDTA and MEDTA from Dojin (Kumamoto, and thiol compounds.
Japan). All other regents were of analytical grade.

2.3.3. Preparation of the enhancer solution 3. Results and discussion
To 5 g of Triton X-100 in distilled water (100 ml),

50 ml of 2 M sodium acetate (pH 6.5), 5 ml of 50 First, we have checked the background rejection
mM TOPO (acetonitrile solution), and 16 ml of 2.5 capability of TRFD in the same way as before [20].
mM b-diketone (acetonitrile solution) were added. We operated TRFD in a flow injection analysis (FIA)
The solution was diluted to 500 ml with distilled mode (that is, HPLC system without a separation
water. Final concentration of Triton X-100, sodium column) in the presence of a strongly interfering
acetate, TOPO and b-diketone were 1.0%, 200 mM, fluorescent background. This was because the HPLC
500 mM, and 80 mM, respectively. column had a slight memory effect for the lanthanide

chelated compounds which prevented the accurate
2.3.4. Derivatization of amino compounds evaluation of the performance of the TRFD system

To 1 mM|1 mM amine solution (10 ml), 5|500 itself. The background material was various con-
mM lanthanide (Ln; Ln5Eu or Sm) chelate of centrations (100–900 mM) of Fluorecein whose
IEDTA (IEDTA–Ln; 45 ml), and 100 mM sodium lifetime was a few nanoseconds. In such a situation,
carbonate (pH 9.0; 45 ml) were added. The mixture we were able to discriminate fluorescence between

31was incubated for 4 h at 408C, and 5 ml of the 0.1 mM Eu chelate sample and the background
reaction mixture was introduced into the HPLC Fluorecein. The capability for eliminating the back-
column. The IEDTA–Ln solution was prepared by ground fluorescence was examined in another experi-
addition of IEDTA (1 mg) to 0.5 mM lanthanide ment by using 1 ppm quinine sulfate in 0.05 M
acetate solution. H SO (whose lifetime is less than 20 ns) and found2 4

to be good as before [20].
2.3.5. Derivatization of thiol compounds In order to demonstrate the overall performance of

This derivatization was usually carried out after TRFD for HPLC, we have analyzed a mixed solution
derivatization for amines. To 1 mM|1 mM thiols (10 of 66.7 mM 3-phenyl-1-propylamine-IEDTA-Eu (P-
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amine-IEDTA-Eu) and 66.7 mM b-phenethyl amine-
IEDTA-Sm (E-amine-IEDTA-Sm) with the Crest
C1-5 column. A chromatogram obtained from the
TRFD is shown in Fig. 5a, where T and T wered gw

both 100 ms. On the one hand, Fig. 5b shows a
chromatogram obtained with T 5400 ms and T 5d gw

100 ms. The E-amine-IEDTA-Sm peak had disap-
peared (shown by an arrow) because of its short
lifetime (,100 ms) in comparison with that of P-
amine-IEDTA-Eu (.500 ms). The peak marked *
were due to by-products of the IEDTA reaction.
Figs. 5c and d shows the same experimental results
but for the mixed solution of P-amine-IEDTA-Sm
and E-amine-IEDTA-Eu. These results again show
the selectivity of TRFD.

Fig. 6 shows chromatograms of the mixture in-
cluding amine and thiol compounds from the tainted
fish meat. Fig. 6a shows a chromatogram obtained
with T 5100 ms (T 5100 ms) and Fig. 6b withd gw

T 5400 ms (T 5100 ms). The separation columnd gwFig. 5. (a) Chromatogram of a mixed solution of 66.7 mM 3-
used was Develosil TMS-UG-5. A peak tentativelyphenyl-1-propylamine-IEDTA-Eu (P-amine-IEDTA-Eu) and 66.7
assigned 1 is due to the thiol component derivatizedmM b-phenethyl amine-IEDTA-Sm (E-amine-IEDTA-Sm) ob-
by MEDTA–Sm. That assigned 2 is due to the aminetained with T 5100 ms and T 5100 ms, (b) that obtained withd gw

T 5400 ms and T 5100 ms, (c) chromatogram of a mixed components derivatized by IEDTA–Eu. These re-d gw

solution of 66.7 mM P-amine-IEDTA-Sm and 66.7 mM E-amine- sults show that the two kinds of components were
IEDTA-Eu obtained with T 5100 ms and T 5100 ms, (d) thatd gw discriminated with respect to each other by TRFD inobtained with T 5400 ms and T 5100 ms. Peaks marked *d gw

HPLC analysis.represent by-products of the IEDTA reaction.
Next, TRFD was operated in a stopped-flow-anal-

ysis mode again in order to examine the detection
limit. The sample solution used was europium ace-
tate, samarium acetate, or terbium acetate dissolved
in the enhancer solution (0.1% Triton X-100, 20 mM
sodium acetate, 50 mM TOPO, 8 mM PTA; pH 6.5).
The values of T and T were both fixed at 100 ms.d gw

For europium acetate, the detection limit was found
210 215to be 5.0?10 M (7.9?10 mol), for terbium

29 214acetate, 4.2?10 M (6.5?10 mol), and for
29 213samarium acetate, 9.0?10 M (1.4?10 mol).

Here, we defined the detection limit as a sample
concentration that gave S /N53.

The results of the detection limits in the present
detection system were not so more improved in
comparison with those in the previous version [20],

Fig. 6. (a) Chromatogram of a mixture including amine and thiol and were somewhat far from real trace-level de-
compounds from tainted fish meat obtained with T 5100 ms andd tection in a pure laboratory. We, however, should
T 5100 ms, (b) that obtained with T 5400 ms and T 5100gw d gw bear in mind again that the aim of TRFD is to
ms. Peak tentative assignment: 1, thiol component; 2, amine

enhance the detection selectivity rather than tocomponent. Sample was derivatized by IEDTA–Eu for amines
and then by MEDTA–Sm for thiols. improve the detection limits, as described in the
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