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Abstract 

Second derivative synchronous (scanning) fluorescence spectrometty (SDSFS) has been used for the first time as an 
alternative to time-resolved fluorescence for the detection of Tb 3+ chelates. This approach minimixes the back- 
ground signal by taking advantage of the large Stokes shift properties of Th 3+ chelates and offers high sensitivity by 
narrowing the spectral bands. The analytical performance of this detection technique has been evaluated by choosing 
the well-defined enzyme-amplified lanthanide luminescence @ALL) immunoassay of a-fetoprotein (AFP) as a 
model. Monoclonal “capture” antibodies and monoclonal biotin-labelled antibodies in a “sandwich-type” assay 
configuration in a microwell format have been used. Alkaline phosphatase (ALP) conjugated to an antibiotin 
antibody was used as an enxyme label. ALP cleaves phosphate from salicylphosphate to produce salicylic acid which 
forms a highly fluorescent ternary complex with Tb3+ and EDTA, which is monitored by SDSFS. The method allows 
the measurement of AFP with a limit of detection of 2 pg ml-‘, coefficients of variation in the range 4.5-9.9% and 
mean recovery from four pooled serum samples at two concentration levels equal to 94 f 11%. 
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1. INTRODUCTION 

The development of sensitive immunoassays 
based on novel non-isotopic labelling systems is 
of considerable interest [l]. Among the most sen- 
sitive non-isotopic immunoassay methodologies 
available today, time-resolved fluorescence is well 
established [2,3] as an ultrasensitive detection 
technique 141 and is widely and successfully ap- 
plied in immunoassays [5] as well as in DNA 
probe assays [6]. As is well known, time-resolved 
fluorescence takes advantage of the unique long 
fluorescence lifetime properties of rare earth 
metal chelates (Eu3+, Tb3+, Sm3+), to decrease 
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the background signal and thus to achieve an 
important gain in sensitivity. 

In this work an attempt will be made to evalu- 
ate the applicability of another fluorescence de- 
tection technique, second derivative synchronous 
(scanning) fluorescence spectrometry (SDSFS), as 
an alternative to time-resolved fluorimetry for the 
detection of lanthanide chelates. 

Synchronous (scanning) fluorescence spec- 
trometry (SFS), a technique first suggested by 
Lloyd 171, involves the simultaneous scan of the 
excitation and emission monochromators while 
keeping a constant wavelength interval (Ah) be- 
tween them [8]. The synchronous fluorescence 
spectrum obtained in that way is mainly charac- 
terised by narrower spectral bands than by con- 
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ventional luminescence spectrofluorimetry and by 
simplification of emission spectra (by appropriate 
choice of Ah) [9]. The band narrowing effect 
obtained by the synchronous scanning approach if 
combined with the fluorescence derivative tech- 
nique [lo], can be valuable in increasing sensitiv- 
ity as has already been reported [11,12]. 

In this article for the first time the use of SFS 
and SDSFS for the detection of Tbw3 chelates is 
reported, which have already been used as non- 
isotopic labels in time-resolved fluorescence im- 
munoassays [13,14]. This approach minimizes the 
background signal by taking advantage of the 
large Stokes shift properties of Tb3+ chelates and 
offers high sensitivity by narrowing the spectral 
bands. The analytical performance of SDSFS as a 
sensitive detection technique in immunoassays has 
been evaluated by choosing the well-defined en- 
zyme-amplified lanthanide fluorescence im- 
munoassay [13] for a-fetoprotein (AFP) [141 as a 
model. SFS and SDSFS are also described. 

2. EXPERIMENTAL 

2.1. Apparatus 

A Model 512-A double beam fluorescence 
spectrophotometer (Perkin-Elmer, Norwalk, CT) 
equipped with a 150-W xenon arc lamp and a 
magnetic stirrer under the cell holder was used 
for measuring Tb 3+ fluorescence from 96 mi- 
crotiter wells. The instrument was interfaced to 
an Amstrad CPC-6128 microcomputer [15,161. 
Home made software [15] was used for spectral 
acquisition, calculations of the spectrum deriva- 
tives and automatic evaluation and presentation 
of the analytical signals. Smoothed and derivative 
spectra were defined using the Savitzky-Golay 
method [17]. 

2.2. Reagents 

The monoclonal antibodies used for the AFP 
immunoassay (for coating and detection), as well 
as alkaline phosphatase labelled streptavidin @A- 
ALP) and human AFP (Scripps Labs., San Diego, 
CA) were kindly donated by Dr. E.P. Diamandis, 
Clin. B&hem. Dept., University of Toronto. The 
antibiotin-alkaline phosphatase conjugate was ob- 

tained from the Abbott IMx/HBsAg assay (hot- 
tle 2). 96-well microtiter plates were obtained 
from Nunc, Denmark. The phosphate ester of 
salicylic acid (SAP) was synthesised and purified 
after continuous recrystallisations according to 
the literature [18]. Terbium oxide was obtained 
from Merck. All other chemicals used were from 
Sigma, St. Louis, MO, unless otherwise stated. 

2.3. Solutions 

All solutions were prepared in deionised, dou- 
bly distilled water (DDW). 

Carbonate buffer, 50 mm01 I-‘, pH 9.60, was 
used for coating. A 6% (w/v) solution of bovine 
serum albumin (BSA) in a 50 mm01 l- ’ Tris 
buffer, pH 7.40, containing 0.5 g 1-l of sodium 
azide was used for blocking, and dilutions of AFP 
standards, serum samples and biotinylated anti- 
bodies. 

AFP standards in the range of O-500 ng ml-’ 
were prepared from human AFP (Scripps) 
(calibrated with the Sorin AFP/RIA assay) by 
appropriate dilutions in 6% BSA. 

The working solution of monoclonal biotiny- 
lated detection antibody for AFP was prepared 
by 1600 fold dilution of the stock solution (0.66 
ng ml-‘) in 6% BSA. 

The wash solution was prepared by dissolving 
87.7 g of NaCl, 5.0 ml of polyoxyethylenesorbitan 
monolaureate (Tween 20) and 9.75 g of sodium 
azide in 1000 ml of 0.100 mol 1-l Tris buffer, pH 
8.00. This solution was diluted 10 fold in DDW 
before use. 

The working solution of the SA-ALP conju- 
gate was prepared by 20000 fold dilution of the 
stock solution (0.75 mg ml-‘) in a 50 mm01 1-l 
Tris buffer, pH 7.40, containing 3% BSA. The 
working solution of the antibiotin-ALP conjugate 
was accordingly prepared by 2 fold dilution of the 
stock solution (0.03 pg ml-‘) in the same buffer. 

Salicylic acid phosphate ester (SAP) stock so- 
lution, 3 x 10e2 mol l-r, was prepared by dissolv- 
ing 25.9 mg of SAP in 4.00 ml of a 0.1 mol I-’ 
NaOH solution and was kept at 4°C. Working 
solutions of SAP were prepared just before use 
by 10 fold dilution of the stock solution in ALPS 
substrate buffer. 

The “developing solution” contained Tb3+- 
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EDTA complex in a final concentration of 1 X 

10m3 mol 1-l and 0.5 mol 1-i Tris buffer, pH 
12.60, and is prepared according to the literature 
n4l. 

2.4. Procedure 

AFP monoclonal antibodies were coated on 
%-well microplates by applying 100 pi/well of 
antibody coating solution (5 mg 1-i) and overnight 
incubation at room temperature without shaking. 
After coating, the wells were washed once with 
wash solution and blocked for 1 h, with 200 
pi/well of BSA 6%. After blocking the wells 
were washed once and were ready for the assay 
procedure. 

Assay procedure 
AFT standards at concentrations of 0, 0.5, 5.0, 

10,40,100,250, and 500 ng ml- ’ as well as serum 
samples were used after 10 fold dilution in 6% 
BSA. 50 ~1 of diluted AFP standards or serum 
samples were pipetted (in triplicate) into the 
monoclonal antibody coated wells, and 50 ~1 of 
working solution of biotinylated monoclonal anti- 
body was added. The plates were incubated at 
37°C with mechanical shaking for 90 min and 
then washed three times. Working solutions of 
SA-ALP or antibiotin-ALP, 100 pi/well, were 
added, the plates were incubated another 30 min 
as above and then washed four times. Working 
SAP substrate solution, 3 X 10e3 mol l-l, 100 
&well, was then added, the plates were further 
incubated for 30 min as above and then Tb-EDTA 
developing solution, 100 pi/well, was added. 

Fluorescence measurement 
180 ~1 of the SA-Tb-EDTA complex fluo- 

rescing solution, developed finally in each well, 
and 700 ,ul of developing solution were brought 
into a l.OO-ml cuvette and mixed thoroughly. The 
synchronous fluorescence spectra were obtained 
by scanning both monochromators simultaneously 
at a constant wavelength difference AA = 226 nm 
(A_ = 280-380 run). Hereafter all wavelengths 
referring to synchronous spectra are taken to be 
equal to those of the corresponding excitation 
wavelengths. The SFS signal at Aeu: = 320 nm and 
the second derivative signal within the spectral 
range of 316-344 nm were recorded. 

2.5. Calculations of the results 

Data expressed as SFS or SDSFS analytical 
signals and the corresponding concentrations of 
AFP standards were entered in a PC for process- 
ing. All data were transformed to log values and 
a statistical program (Statgraphics) was used to 
create a calibration curve based on a cubic spline 
algorithm. Unknown concentrations of serum 
samples were automatically calculated by a spe- 
cial program from the constructed calibration 
curves. 

3. RESULTS AND DISCUSSION 

The analytical performance of SDSFS as a 
sensitive detection technique in immunoassays has 
been evaluated by choosing the well defined en- 
zyme amplified lanthanide luminescence (EALL) 
immunoassay for AFP [13,14] as a model. For 
that purpose only slight modifications in the pro- 
posed procedure [14] were made, so that the 
determined detection limits by SDSFS could be 
compared with the ones reported for time re- 
solved fluorimetry. 

3.1. Selection of AA 

In SDSFS the choice of the appropriate scan- 
ning interval (AA) is mainly dictated by require- 
ments of resolution and sensitivity. For selection 
of the appropriate AA value various synchronous 
spectra at different AA have been recorded. The 
best results have been obtained for AA = 226 run 
(Stokes shift). This can be easily explained by 
taking under consideration that terbium chelates 
are characterised by a strong excitation spectral 
band, characteristic of the chromophore (320 mu 
for SA in that case), and by a major emission 
spectral band of Tb, typically at about 546 nm. A 
AA of 226 nm was chosen for this study, so as to 
obtain the maximum signal. 

3.2. Other instrumental parameters 

Selection of the other instrumental parameters 
is not critical because the differentiation is at- 
tained numerically. A scan speed of 4 mn s-l and 
a “fast” response time were selected. The sam- 
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pling rate was defined to be 1 point every 4 nm. 
For the calculation of the second derivatives of 
the synchronous spectra by the Savitzky-Golay 
method a filter size of 11 points was selected. 

3.3. Comparison of spectra 

The synchronous fluorescence spectrum (SFS) 
of the SA-Tb-EDTA complex and its corre- 
sponding conventional fluorescence spectrum 
(CFS) (A, = 320 nm) are shown in Fig. la. As 

Fig. 1. (a) Synchronous (scanning) fluorescence spectrum (SF.9 
(AA = 226 nm) and conventional emission fluorescence spec- 
trum (CFS) (A,, = 320 nm) of the SA-Tb-EDTA complex, 
(b) second derivative synchronous (scanning) fluorescence 
spectrum (SDSFS) and second derivative conventional fluo- 
rescence spectrum (SDCFS) of the SA-Tb-EDTA complex. 
SA, IX 10e7 mol 1-l; Tb-EDTA, 1~10~~ mol i-’ (final 
concentrations in Tris buffer, 0.50 mol l-l, pH 12.60). 

can be seen, the emission spectrum of the com- 
plex shows three maxima corresponding to the 
emission of SA (A,, = 400 run) and to the charac- 
teristic emission of ‘Ib3+ ion (A,, = 491 and 546 
nm). The synchronous spectrum of the complex is 
much simpler and consists of one very narrow 
band with A,,,, = 320/546 nm which corre- 
sponds to the predominant radiative transition of 
excited Tb3+. The second derivative of the syn- 
chronous spectrum, as shown in Fig. lb, results in 
a higher signal compared with the second deriva- 
tive of the conventional spectrum due to the 
narrower spectral band of the SFS spectrum. 

3.4. Stability of the jluorescence of the SA-Tb- 
EDTA complex 

The stability of the fluorescence of the SA- 
Tb-EDTA complex solutions with time was stud- 
ied. The wells were tightly covered with a nylon 
membrane during this study, so that a gradual 
drop in pH which is due to CO, absorption and 
results in a significant decrease in fluorescence 
[14] would be avoided. As shown in Fig. 2, after 
an initial decrease of about 20% in the first 60 
min, the fluorescent signal remained almost con- 
stant for at least 24 h. It was decided that the 
plates should be tightly covered during the mea- 
surements and that the fluorescence spectra 
should be taken after stabilisation of the fluores- 
cence signal. 

3.5. SAP concentration study 

Kinetic parameters for SAP as an alkaline 
phosphatase substrate were determined. Kinetic 
measurements were taken at 25 f 1°C for 1 U 
ml-’ ALP, in ALP’s substrate buffer. K, and 
V,, values for SAP were determined to be 0.469 
x 10T3 mol 1-l and 0.615 pmol min-’ U-i re- 
spectively. As is well known, the substrate con- 
centration must be significantly higher than its 
K, value (S B- K,) so that the signal taken would 
be proportional to the catalytic activity of the 
enzyme to be determined [193. For this reason, 
four different SAP concentrations were studied 
(1 x 10e3 mol I-‘, 3 X 10V3 mol I-‘, 6 X 10m3 
mol l-‘, and 8 X 10m3 mol I-‘), corresponding to 
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2, 6, 12, and 17 K, values, respectively. The 
whole procedure for the AFP-EALL immunoas- 
say was followed and the optimum concentration 
for SAP was found to be 3 x lop3 mol 1-l while 
SAP concentrations greater than this showed a 
significantly higher background leading to a 
tremendous decrease in the analytical signal. The 
optimum concentration found for SAP is quite 
different from the one proposed in the literature 
[13,14] for fluorosalicylic acid phosphate ester 
(FSAP) as ALP substrate. This can be easily 
explained by the different K, values reported 
for FSAP under the same experimental condi- 
tions [ 131. 

3.6. SAP hydrolysis study 

The spontaneous hydrolysis of SAP was stud- 
ied by incubation at room temperature of the 
working substrate solution for 0, 30, 60 and 90 
min, followed by addition of lb-EDTA develop- 
ing solution and measurement of the fluorescence 
intensity. A 30 min incubation time for SAP 
substrate was chosen so that its spontaneous hy- 
drolysis (26%) would not be significant. 

3.7. Selection of alkaline-phosphatase conjugate 

The performances of an antibiotin-ALP and a 
SA-ALP conjugate (proposed in the AFP-EALL 
immunoassay [14]) were compared. Roth conju- 
gates were used at their optimum dilutions found 

Time, min 

Fig. 2. Stability of the fluorescence of SA-Tb-EDTA solu- 
tions vs. time (SA concentration = 1 X 1O-6 mol I-‘). 

to be 1: 20 000 (37.5 ng ml-‘) for SA-ALP and 
1: 1 (15 ng ml-‘) for antibiotin-ALP. The results 
are shown in Fig. 3. The antibiotin-ALP conju- 
gate at a final concentration of 15 ng ml-’ was 
chosen to be used for all subsequent assays. 

3.8. Recovery 

AFP-supplemented serum samples were pre- 
pared by adding known concentrations of exoge- 
nous AFP to four pooled serum samples. Analyti- 
cal recovery was assessed by analysing serum 
samples before and after the additions (Table 1). 
The mean f S.D.% analytical recoveries were 92 
f 11% and 94 f 11% for SFS and SDSFS re- 
spectively. 

3.9. Precision 

Samples at three concentrations of AFP were 
analysed ten times. The results obtained by SFS 
and SDSFS are shown in Table 2. It is curious 
that the relative standard deviations (R.S.D.) are 
higher for higher concentrations of AFP, because 
the opposite was expected. As can be seen from 
Table 2, the R.S.D. values for both detection 
techniques are almost the same. Precision is good, 
when taken into account that the whole proce- 
dure, as even the measuring step was completely 
manual. 

3.10. Sensitivity 

A typical calibration curve used for the deter- 
mination of AFP by the one-step EALL im- 
munoassay (modified as above) with SDSFS de- 
tection is shown in Fig. 4. The detection limit, 
defined as the analyte concentration that pro- 
duces a signal twice the standard deviation of the 
background signal [4], was expressed as the final 
concentration of AFP in the reaction mixture 
after taking into account all the dilutions carried 
out before measurement. The detection limit was 
found to be of the same order for the two deter 
tion techniques, being 1.4 pg ml-’ for SDSFS 
and 1.7 pg ml-’ for SFS respectively. These 
detection limits are nearly comparable with the 
ones reported (1 pg ml-‘) for a similar AFP 
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2000 Table 2 

3 
Within-run precision of the APP assay 

3 1500 - 

L 

SA-ALP 

5 10 15 20 2.5 

AFP. q/ml 

Fig. 3. APP calibration curves with: (a) SA-ALP (38 ng ml-‘), 
(b) antibiotin-ALP conjugate (15 ng ml-‘). For details see 
Procedure 

0 5.4 5.1 
0.90 1.4 4.5 
5.00 7.0 7.0 

100 9.7 9.9 

a n = 10. 

3.11. Correlation studies 

one-step EALL immunoassay with time-resolved 
detection [14]. These detection limits correspond 
to an initial concentration of AFP in serum sam- 
ple of 0.14 ng ml-’ and 0.17 ng ml-’ for SDSFS 
and SFS respectively while for time-resolved the 
corresponding detection limit is only 0.02 ng ml- ’ 
1141. This difference can be explained by the 
different sample dilutions carried out before 
measurement in that case. As can be seen from 
Fig. 4 the dynamic range extends to 250 ng ml-’ 
(initial concentration of AFP in serum sample). 

The accuracy of the method was assessed by 
analysing 10 serum samples with AFP concentra- 
tions in the range of 1.0-16 ng ml-‘, by this and 
another widely used AFP procedure (SORIN, 
AFP-RIA immunoassay). Although the number 
of samples was too small and the range was very 
narrow (limited to the normal range for AFP), 
the linear regression equation was satisfactory: 
y(proposed method) = 0.894 + l.l30n(RIA) with 
a correlation coefficient r = 0.918. 

1oq , I I I I , I I I 8, I I 88, 8 0 9, 

Table 1 
Analytical recovery of a-fetoprotein added to serum samples 

Pool a-Fetoprotein (ng ml- ‘1 

added found s 

SFS Recovery SDSPS Recovery 2 

f%) (%I ? 10.0 - 

1 - 3.8 3.9 
5.0 8.9 102 9.3 108 

E 

10.0 14.8 110 15.1 112 ;; 
2 - 2.2 2.1 E 

5.0 6.4 84 6.4 86 il 
10.0 12.1 99 12.3 102 

3 E - 2.0 1.9 
1.0 - 

5.0 6.4 88 6.3 89 1 
10.0 11.5 95 11.7 98 

4 - 1.8 1.7 
5.0 5.8 80 5.9 84 

10.0 10.0 80 10.4 88 1.0 10.0 100 1000 
Mean recovery 92 f 11 94*11 *mP cox-.o~lltr~tlon. ,,.,I;- 
(o/o f S.D.) Fig. 4. Typical calibration curve for AFP with SDSPS detec- 

tion. 
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4. CONCLUSIONS 

This technique is suitable for measuring lan- 
thanide chelates at very low concentrations. How- 
ever many steps still have to be taken in order to 
improve the sensitivity, steps like using high en- 
ergy xenon flash lamps as an excitation source 
and automated direct fluorescence measurement 
into the wells, so that the final sample dilution 
step would be avoided. 
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