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SUMMARY 

Europium(III) can be used as a luminescent chromophore for detection m the liquid chromato- 
graphic and flow injection analysis of tetracycline. Detection is dependent upon an intramolecular 
energy transfer from the tetracycline to Eu(II1). In liquid chromatography, the Eu(II1) is added 
post-column as a complex with ethylenediaminetetraacetic acid. The post-column phase also serves 
to adjust the pH for optimum sensitivity. The method is highly selective for tetracycline since few 
compounds are capable of transferring energy to Eu(II1). Fluorescent impurities that would other- 
wise interfere in flow injection analysis can be ehmmated through the use of a delay time between 
the source pulse and the start of data acquisition. The detection hmlts for tetracycline using sensitized 
Eu( III) lummescence are better than those obtained using ultraviolet detection. The method is ap- 
plied to the analysis of tetracycline m urine, blood serum, and gingival crevice fluid. 

INTRODUCTION 

Liquid chromatography (LC ) is the analytical method of choice for measuring 
tetracycline in a variety of matrices. LC separations of tetracyclines employing 
reversed-phase packings including C, [ 11, C8 [ 2271, and C,, [l-3,8-18] surface 
groups have been reported. Reversed-phase separations are preferable to those 
using ion-exchange columns [ 11. The effectiveness of these reversed-phase meth- 
ods is dependent, however, upon the degree of “capping” of surface hydroxy groups 
[ 1,191. Keeping these materials free of surface hydroxy groups is difficult since 
most separations of tetracycline require pH values close to that at which the 
silica-based supports decompose. The analysis of tetracycline by LC would be 
facilitated if a selective detection method were available that did not respond to 
most compounds in the sample matrix. 

We have already shown how europium(II1) and terbium(II1) can be used as 
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selective luminescent chromophores for the LC detection of aromatic aldehydes, 
aromatic ketones [ 201, nucleotides, and nucleic acids [ 211. Excited-state tetra- 
cycline is capable of transferring energy to Eu (III ) by an intramolecular process 
[ 221. Luminescence characteristic of the Eu (III) is then observed. In this report 
we describe the use of Eu(II1) as a chromophore in LC for the detection of 
tetracycline. 

EXPERIMENTAL 

Reagents 
Tetracycline hydrochloride, doxycycline hydrochloride, and 3- (cyclohexyl- 

amino) -1-propanesulfonic acid (CAPS) were obtained from Sigma (St. Louis, 
MO, U.S.A. ). Oxycycline, minocycline, demeclocycline, and chlortetracycline as 
their hydrochloride salts were a gift of Dr. Lars Christersson (State University 
of New York, Buffalo, NY, U.S.A.). The structures of the tetracyclines employed 
in this study are shown in Fig. 1. Europium oxide was purchased from Alfa Prod- 
ucts (Danvers, MA, U.S.A. ). Disodium ethylenediaminetetraacetic acid 
( NazEDTA ) was obtained from Aldrich (Milwaukee, WI, U.S.A. ) . Ammonium 
chloride was obtained from Mallinckrodt (St. Louis, MO, U.S.A. ). Concentrated 
aqueous ammonia was obtained from VWR Scientific (San Francisco, CA, 
U.S.A. ). Mobile phases were prepared from HPLC-grade solvents. 

Apparatus 
The liquid chromatograph and post-column addition system have been de- 

scribed [ 20,211. The same apparatus, without a column, was used for flow injec- 
tion analysis (FIA ) . The columns used for the separations of tetracycline were 
C, silica (25 cm x 4.6 mm, 10 pm ) from Alltech (Avondale, PA, U.S.A. ), C, silica 
(125 mmX4.6 mm, 5 pm) (Shandon phase) custom-packed by Alltech, and C,, 
polystyrene-divinylbenzene (ACT-l ) from Interaction Chemicals (Mountain 
View, CA, U.S.A.). The flow-rates of the pre- and post-column pump were ad- 
justed to 1 ml/min. 

The fluorescence detector was a Perkin-Elmer LS-5 spectrofluorometer fitted 
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Fig. 1 Structure of tetracyclines. 
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with either an LC flow cell or a cuvette holder. For LC detection, the following 
parameters were set: excitation monochromator, 392 nm; emission monochro- 
mator, 616 nm; excitation slit width, 5 nm; emission slit width, 5 nm; response 
setting, 4. For cuvette studies, the parameters were the same except the emission 
monochromator was scanned. For time-resolved measurements, which employ a 
delay time between the source pulse and the start of data acquisition, the instru- 
ment was switched to the phosphorescence mode and appropriate delay and gate 
times were set. 

Preparation of mobile and post-column phases 
All mobile phases were prepared as specified in the literature. Several post- 

column phases were employed. 
Post-column phase A (PC-A) consisted of a solution of Na [ Eu (EDTA) ] .5H,O 

( 10m4 M) and ammonium chloride (0.2 n/r) in water (pH 9 using concentrated 
aqueous ammonia ), The Eu (III ) complex with EDTA was prepared by a litera- 
ture method [ 231. The Eu (III) complex with EDTA can also be prepared in so- 
lution by using a 1: 1 molar ratio of Eu (III ) chloride or nitrate and Na,EDTA. 

Post-column phase B (PC-B ) consisted of Na [ Eu (EDTA) ] -5H20 ( 10e4 M) , 
ammonium chloride (0.2 M) (pH 9 or lO)-acetonitrile (90:10, v/v). 

Post-column phase C (PC-C) consisted of Na [ Eu (EDTA) ] .5Hz0 ( 10W4 M), 
CAPS (0.2 M) (pH 9 or 10 using 4 M sodium hydroxide)-acetonitrile (90:10, v/ 
v). Dimethylformamide was also employed as the organic modifier in PC-B and 
PC-C. Since the flow-rate of the post-column phase matched that of the liquid 
chromatograph, the concentration of Eu (III) at the detector was 5. 10m5 M. 

Preparation of tetracycline standards 
Standard solutions of tetracycline were prepared by weighing the appropriate 

amount of tetracycline hydrochloride into a volumetric flask and diluting to the 
mark with the particular mobile phase in use. 

Evaluation of mobile phases 
Preliminary evaluations of mobile phases were carried out by cuvette study. A 

50:50 (v/v) mixture of the mobile phase, which was 10m5 M in tetracycline, and 
PC-A was prepared. If no precipitate was observed, the emission spectrum be- 
tween 570 and 670 nm was recorded at an excitation wavelength of 392 nm. 

Analysis of gingival crevice flwd 
Samples of gingival crevice fluid were obtained by placing a small strip of filter 

paper in the gingival crevice for 10 s. The volume of sample drawn onto the strip 
was measured using a gingival fluid meter (Periotron). The strips were kept in 
vials at - 70’ C until ready for use. The vials were removed from the freezer and 
a 100-~1 aliquot of the pre-injection phase (No. 1 in Table I) was added. The pre- 
injection phase was allowed to sit in contact with the strip for 15 min. The strip 
was then removed from the vial and the sample analyzed using FIA. Three rep- 
licate injections (20 ~1) were made. 
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RESULTS AND DISCUSSION 

Sensitized Eu (III > luminescence is not a viable detection method with every 
Lc phase described for the separation of tetracycline. Most of the reversed-phase 
methods for tetracycline employ mobile phases of low PH. Detection based On 
sensitized Fu (III ) luminescence, however, is best performed at basic PH [22 I * 

The pi dependence of the energy transfer between tetraCYcline and E” (II1 ) 
reflects changes in the site of binding. The bonding of tetracycline with gadoh- 
nium (III 1, which is expected to be the same as that with Eu (III) 3 has been stud- 
ied using nuclear magnetic resonance (NMR 1 spectroscopy 1241. It was found 
that at pH 2.0 and 6.5, the NMR data were consistent with Preferential binding 

of the lanthanide iOn at position 1 (see Fig. 1) . At a pH of 8.6 the hydroxy group 
near site 2 (see Fig. 1) is deprotonated. The NMR data were now consistent with 
chelate bonding of the lanthanide ion at site 2. Site Z places the Eu (III) closer to 
the benzoyl moiety. The benzoyl moiety in tetracycline is probably responsible 

for the energy transfer to Eu(IIIl. 
For detection of tetracycline using Eu (III) luminescence to be viable, the PH 

of the Lc effluent must be adjusted post-column. This requires the use of a buffer 
in the LC mobile phase that can be readily overcome via Post-column adjustment+ 
The need for a basic pH to optimize the sensitivity of the method also precludes 
the use of chloride and nitrate salts of Eu (III ) . These salts, which Primarily exist 
as aquated lanthanide ions in aqueous solutions, form insoluble hydroxides Or 
oxides at pH values above 7. Any insoluble materials would clog the post-column 
mixing tee and reaction coil, 

The soluhilitY problem was overcome by adding EDTA to the phases contain_ 
ing Eu(III). COmPlexeS Of lanthanide ions with EDTA are known to be water_ 
so1uble and stable at PH values as high as 12 [25]. In addition, the size of the 

lanthanide ions Prevents the EDTA from fully encapsulating the metal ~261. ~~ 
a result the lanthanide ion has available coordination sites at which donor com_ 
pounds can bond without having to displace the EDTA ligand. The intensity of 
E” (III) luminescence from solutions containing Eu (III) nitrate, tetracycline, 
ard EDTA at PH 9 or 10 was larger than that of the sample without EJ-JTA at pH 
6* In the absence of EDT4 a PH of 6 is the highest value one could reasonably 
emPloY in LC without concern for possible precipitation or europium oxides or 
hydroxides, 

The emission spectrum from 590 to 660 nm of a 50:50 (V/V) mixture of m&h_ 
anal-acetonitrile-0.01 Moxalic acid (pH 2) (1:1.5:5)-tetracycline (lo-5 jj,g) md 

PC-A is shown in Fig. 2b. The excitation wavelength was 392 nm and corresponds 
to abSo@ion by tetracycline. This wavelength was found to maximize the emis_ 
‘kn from Eu(III)* The bands at 592,616, and 651 nm are characteristic ofemis_ 
sion from Eu(III). The emission spectrum in Fig, 2a is that of PC-A with no 
tetracycline. The peaks in Fig. 2b are therefore the result of energy transfer from 
tetracYcline to Eu (III). The emission profile in Fig. 2b suggests that a filter in_ 
stmnent would be sufficient for LC detection. 
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Fig. 2. Emission spectrum from 590 to 660 nm of (a) PC-A and (b) a 50:50 (v/v) mixture of meth- 
anol-acetonitrile-0.01 M oxalic acid (pH 2) (1:1.5.5)-tetracycline ( 10m5 M) and PC-A. Excitation 
wavelength, 392 nm. 

Evaluation of mobile phases 
Of the mobile phases considered [7,9-l&27,28] thirteen were found that were 

compatible with sensitized Eu (III) luminescence detection. These are listed in 
Table I. Several were eliminated on the basis that the mobile phase buffer was 
too concentrated to be adjusted to a pH of 9 using the post-column phase. Mobile 

TABLE I 

MOBILE PHASES COMPATIBLE WITH SENSITIZED EUROPIUM (III ) LUMINESCENCE 
DETECTION 

No. Mobile phase Reference 
- 

1 lo-” M Na,EDTA, 0.12 M KNO,-acetonitrile (9O:lO) 1 
2 10m3 M Na,EDTA, 0.12 M KNO,-dimethylformamide (9O:lO) 1 
3 Methanol-acetonitrile-0.01 M oxahc acid (pH 2) (1:1.5:5) 2 
4 Glycine buffer (pH 2.1) -acetonitrile (72:28) 3 
5 0.01 M NaH,PO, (pH 2.4)-acetomtnle (75:25) 6 
6 Methanol-water (40:60) containing 0.1% trifluoroacetic acid 11 
7 Acetonitrile-water (27:73) containing 0.1% trifluoroacetic acid 11 
8 Acetonitrile-water-O.1 M NaH,PO, (pH 2.6) (20:70:10) 12 
9 lop3 M EDTA (pH 6.6))tetrahydrofuran (85:15) 14 

10 lo-? MEDTA (pH 6.6)-methanol (82:18) 15 
11 0.005 M EDTA-methanol (70:30) 16 
12 0.05 M phosphate buffer (pH 2.5)-acetonitrile (9O:lO) 18 
13 0.2 M oxalate-0.1 M Na,EDTA-dimethylformamide (55.20:25) 5 
14 10e4 M Na[Eu(EDTA)], lop3 MEDTA, 0.2 M ammonium chloride - 

(pH 9, ammonia)-methanol (60:40) 
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phases 12 and 13, because of weaker Eu(II1) emission, were judged less suitable 
for use with sensitized Eu (III) luminescence. The ammonia-ammonium chloride 
buffer was chosen for the post-column phase because of its suitable pK, value. 
Ammonia also exhibits weaker complexation with lanthanide ions than water 
[ 291, The concentration of the buffer was selected as a reasonable upper limit to 
employ with LC pumps and mobile phases. Since enhanced Eu (III ) luminescence 
was not observed for all mobile phases, certain buffers apparently interfered with 
the energy transfer. 

A set of chromatograms for a test mixture of tetracyclines using the conditions 
described by Oka et al. [2] is shown in Fig. 3. The concentrations of each of the 
compounds in the mixture was 10m5 M. The chromatogram obtained using ultra- 
violet detection at 280 nm is shown in Fig. 3a. The chromatogram obtained using 
fluorescence detection with a post-column phase containing no Eu (III ) is shown 
in Fig. 3b. Fig. 3c shows the chromatogram obtained using fluorescence detection 
with a post-column phase that contains Eu (III ). 

The signals for oxycycline and tetracycline using fluorescence detection were 
significantly enhanced when Eu (III) was added to the post-column phase. In the 
case of minocycline, no peak, indicative of no energy transfer, was noted with 
Eu(II1). The other three compounds exhibited small peaks with Eu(II1). For 
tetracycline, the detection limit, measured as that amount of sample that gave a 

0 20 40 60 80 mln 

Fig. 3. Chromatograms of a test mixture of oxycycline (1 ), tetracycline (Z), demeclocycline (3), 
minocychne (4)) chlortetracychne~ (5)) and doxycycline (6) obtained using: (a) ultraviolet detection 
at 280 nm, mobile phase 3 in Table I, flow-rate 1 ml/min; (b) fluorescence detection (excitation 
wavelength, 392 nm, emission wavelength, 616 nm), mobile phase 3 m Table I, flow-rate 1 ml/min; 
post-column phase: 0.2 M ammonium chloride (pH 9.0), flow-rate 1 ml/min; (c) fluorescence detec- 
tion (excitation wavelength, 392 nm, emission wavelength, 616 nm), mobile phase 3 in Table I, flow- 
rate 1 ml/min, post-column phase; PC-A, flow-rate 1 ml/min. Column: C, (see Experimental section 
for description). 
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signal three times the peak-to-peak noise of the baseline, obtained using sensi- 
tized Eu (III ) luminescence was 5 - 10 ~ 7 M (4.8 ng of injected sample ) . The de- 
tection limits under these conditions, which are not optimized, are comparable 
to those with ultraviolet detection (4-5 ng) [ 2,6,8]. The response for tetracycline 
using sensitized Eu (III) luminescence was linear over the range from the detec- 
tion limit to 10m5 M. 

The retention times we observed for the tetracyclines are longer than those 
reported by Oka et al. [2]. In part, this can be attributed to the smaller particle 
diameter of our stationary phase (5 versus 10 pm). Another reason, however, is 
that our stationary phase probably had less surface coverage of hydroxysilane 
groups. During the course of our study the retention times of the tetracyclines 
gradually increased. We believe the mobile phase caused a gradual decomposition 
of the solid support leading to removal of the surface Cs groups. Minocycline was 
particularly susceptible to the surface decomposition as its retention time changed 
from 20 to 34 min. This change was large enough to cause an alteration in the 
elution order of minocycline. While we have not compared commercial columns, 
we would recommend that high-quality analytical columns be purchased for tet- 
racycline analyses. Were we able to duplicate the retention times of Oka et al. 
[ 21, we believe that the detection limit for tetracycline using sensitized Eu (III ) 
luminescence would be lower than 4.8 ng. 

Investigations of three other LC mobile phases were undertaken. The first (No. 
4 in Table I) was used with a C, column. Under these conditions tetracycline 
eluted at approximately 6.6 min with severe tailing. The sensitivity with this 
mobile phase was not as great as that with the phase of Oka et al, [ 21. The other 
two phases (Nos. 1 and 2 in Table I) were used with a C, column. Employing 
acetonitrile as the organic modifier and adjusting the pH of the mobile phase to 
2.6 through the addition of nitric acid, tetracycline exhibited tailing. A detection 
limit of 5~10-~ M (4.8 ng) was obtained with a post-column phase at pH 10. 
Employing dimethylformamide as the organic modifier, tetracycline exhibited a 
symmetrical peak. A detection limit of 1. 10m7 M (1 ng) was obtained with a 
post-column phase at pH 10. 

The use of CAPS as the buffer for the post-column phase was also investigated. 
The higher pK, value of the CAPS buffer (10.4) compared to the ammonia buffer 
(9.25 ) allows a more alkaline pH. The response obtained for tetracycline ( lop5 
M) using a 50:50 (v/v) mixture of a mobile phase (No. 1, Table I) with PC-C 
was essentially the same at pH 10 and 11. The sensitivity with CAPS buffer at 
pH 10 was better by a factor of 5, however, than that with ammonia buffer at pH 
10. The use of CAPS buffer at pH 10 is therefore recommended for the detection 
of tetracycline by sensitized Eu (III) luminescence. 

A C,, reversed-phase column utilizing a styrene-divinylbenzene copolymer has 
recently been developed. The styrene-divinylbenzene support is stable at all pH 
values. Retention of tetracyclines on this column was found to depend on the 
concentration of EDTA, concentration of Eu (III), pH, and percentage organic 
modifier in the mobile phase. At pH 9 or greater, however, the number of theo- 
retical plates achieved for tetracycline was only about 200. The column was there- 
fore judged unsuitable for our purposes. 
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Applications 
Sensitized Eu (III) luminescence detection was applied to the LC separation of 

tetracycline in urine, blood, serum, and gingival crevice fluid. The chromatogram 
obtained for urine using ultraviolet detection at 280 nm is shown in Fig. 4a. The 
chromatogram obtained using fluorescence detection with post-column addition 
of Eu(II1) is shown in Fig. 4b. The selectivity of detection based on sensitized 
Eu (III) luminescence results in considerably fewer peaks in the chromatogram. 
The likelihood that a coeluting peak would have the requirements for energy 
transfer to Eu(II1) and interfere with the detection of tetracycline are reduced. 
Similar findings were noted with blood serum. 

Tetracycline was the only compound detected in gingival crevice fluid using 
Eu (III) luminescence. Therefore, FIA coupled with sensitized Eu( III) lumines- 
cence detection was suitable for measuring tetracycline, Fig. 5a shows the re- 
sponse for a sample of gingival crevice fluid obtained from a person who had 
received tetracycline orally. Fig, 5b shows the response for a sample obtained 
from a dog that had not been given tetracycline. The instrument sensitivity in 
Fig. 5b is an order of magnitude higher than that in Fig. 5a. The essential absence 

0 3 6 4 1’2 I’5 lb ir 2’4 min 

Fig. 4. Chromatogram of a sample of urine spiked with tetracycline (TC) obtained using: (a) ultra- 
violet detection at 280 nm, mobile phase 3 in Table I, flow-rate 1 ml/min; (b) fluorescence detection 
(excitation wavelength, 392 nm; emission wavelength, 616 nm), mobile phase 3 in Table I, flow-rate 
1 ml/min; post-column phase: PC-A, flow-rate 1 ml/min Column. C, (see Experimental section for 
description). 

Fig. 5. Analysis of gingival crevice fluid using FIA. Pre-injection phase, No. 1 in Table I; post-injection 
phase, PC-B (pH 10); excitation wavelength, 392 nm, emission wavelength, 616 nm. (a) Subject 
given tetracycline orally; (b) subject not given tetracycline. Sensitivity in (b) 10 X greater than in 
(a). 
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of signal in Fig. 5b indicates that there were no compounds in this sample that 
either fluoresced at the conditions employed or transferred energy to Eu( III). 
The relative standard deviation of the three injections shown in Fig. 5a was 2.1%. 
This is typical of the precision attainable with the method. The detection limit, 
assessed as that concentration of tetracycline that gave a signal-to-noise ratio of 
3, was measured to be 5.10-s M (480 pg injected). The response was linear from 
5.10-‘to 1*1O-5 M. 

Fluorescent impurities in samples will pose a problem with FIA. Any signal 
obtained using a post-injection phase without Eu (III) can be attributed to fluo- 
rescence from impurities. Eu (III) has a longer excited-state lifetime than most 
fluorescent organic compounds. Fluorescence from impurities can therefore be 
eliminated by time-resolved methods. In analyses of tetracycline in saliva, coffee 
was found to contain fluorescent impurities that interfered with the analysis. The 
fluorescence from these impurities was eliminated by incorporating a 30-ps delay 
time between the pulse of the excitation lamp and the acquisition of data. Con- 
siderable luminescence from Eu (III ) was still observed at this delay time. 

The detection limit measured for tetracycline using a delay time of 30 ,us was 
2.5. low7 M (2.4 ng of injected sample). The higher detection limit obtained in 
the time-resolved mode contrasts with previous observations of species with long 
excited-state lifetimes [ 21,301. In these reports, it was found that the reduction 
in background scatter and fluorescence from impurities that occurred with the 
delay time more than offset the reduction in signal from the long-lived excited- 
state species [ 21,301. Our results suggest that background scatter and fluores- 
cence was not significant at the conditions employed. 
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