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Enzyme Amplification Laser Fluorimetry 
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Laser fluorimetry has been applied to the detection of enzyme 
reaction products at ultralow concenlratlons udng the 325-nm 
line of a He-Cd laser as an excitation source and liquid filters 
to isolate the fluorescence. In one direct enzyme reaction, 
glucose-6-phosphate is converted to 6phosphogluconoiactone 
as NADP is reduced lo NADPH. Measurement of the 
fluorescence from NADPH permits quantitation of giucose- 
6-phosphate with a detection limlt of 2 nM. In another direct 
enzyme reaction, a-ketoglutaric add Is converted to Ldlutamk 
acid as NADPH is oxidized to NADP. Fluorescence from the 
alkaline-treated NADP Is used to quantitate the akelogiutaric 
acid with a detection limit of 4 X lo-'' mol. By combining 
these two enzyme reactions, an enzyme cycle results In whkh 
both enzyme reaction products increase in concentration. 
After a fixed period of lime, the enzyme cycle is stopped and 
the initial concentration of NADP is determined by measuring 
the final concentration of 6-phosphogluconolactone, using yet 
another direct enzyme reaction. thls enzyme amplification 
method allows determination of 1 X lo-'' mol of NADP, which 
Is about 30 times more sensitive than previously reported 
results. 

Most enzyme reactions are monitored by measuring the 
coenzyme concentration of reduced nicotinamide adenine 
dinucleotide, NADH, or reduced nicotinamide adenine di- 
nucleotide phosphate, NADPH (1-3). The low oxidation- 
reduction potential of these compounds (0.32 V) allows the 
enzyme reaction to proceed under moderate conditions. The 
most interesting property of NADPH or NADH might be its 
amplification capacity through enzyme cycles, as shown in 
Figure 1. In the presence of enzymes 1 and 2, NADP is 
reduced to NADPH and then oxidized to NADP repeatedly 
(cycle) as substrates 1 and 2 are transformed to products 1 
and 2 (Figure la). After some fixed period of time, the enzyme 
cycle is stopped by destroying the enzymes. Then the con- 
centration of product 1 or product 2 is measured by another 
enzyme reaction (Figure Ib)  which converts NADP to 
NADPH. In our experiment, product 1 or 2 is quantitated 
by measuring the fluorescence from NADPH. Each enzyme 
cycle transforms one substrate molecule into a product 
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molecule. By letting many cycles occur, the original NADP 
concentration is amplified. 

Absorption measurements at 340 nm ( E  = 6270) provide the 
most common means for determining the concentration of 
NADPH or NADH (2, 3).  However, fluorescence measure- 
ments may be used to advantage especially for low concen- 
tration samples where more than a hundred-fold improvement 
in detection sensitivity is realized ( 4 ,  5 ) .  Since NADPH or 
NADH does not fluoresce strongly, use of a conventional 
fluorescence spectrophotometer suffers from low sensitivity 
at reasonable spectral resolution. At the lowest concentrations 
it is recommended that the fluorescence spectrophotometer 
should be replaced by a tungsten lamp and filters. In this case, 
the detection limit is determined by the background signal, 
which is composed of the scattered light from the excitation 
source, slight fluorescence from the filters and impurities in 
the sample, and the Raman signal from water (2, 3 ) .  

The technique of laser fluorimetry can provide high sen- 
sitivity in the analysis of trace species (6-9). The detection 
of 0.02 parts-per-trillion of fluorescein dye is readily dem- 
onstrated using dye laser excitation and pulse-gated photon 
counting (10). Laser fluorimetry is so sensitive that the 
detectable concentration is limited by the background signals 
from the Raman spectrum of water and contaminant 
fluorescence in the solvent, even under good spectral reso- 
lution. For the detection of still lower concentrations, some 
"amplification procedure" becomes attractive, in which the 
concentration of the trace species is amplified without 
changing the background level (11). An example is the de- 
tection of l X mol of ornithine &aminotransferase by 
enzyme amplification (12). 

Our strategy for the measurement of NADP (NADPH) is 
the use of a He-Cd laser (325-nm line) to induce fluorescence, 
nonfluorescent inorganic liquid filters to  reduce the back- 
ground signal, and enzyme amplification to increase the signal 
intensity from the sample under study. We show here that 
laser fluorimetry is able to detect NADP (NADPH) at  lower 
concentrations than previously reported, and that this 
technique may be applied to the sensitive detection of glu- 
cose-6-phosphate and a-ketoglutaric acid. Through the use 
of an enzyme cycle, the concentration of NADP (NADPH) 
is measured a t  levels of 1 X 

EXPERIMENTAL 
Figure 2 presents a 

schematic drawing of the experimental apparatus. The 325-nm 
output of a heliun-cadmiun laser (L iconix model 405 W) passes 

M. 

Fluorescence Detection System. 
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Flgure 1. Enzyme amplification. In  (a) enzymes 1 and 2 convert 
substrates 1 and 2 into products 1 and 2 while the coenzyme NADP 
is repeatedly reduced and reoxidized. After a set incubation time, 
enzymes 1 and 2 are destroyed stopping the reaction cycle. Then 
enzyme 3 is added which converts product 1 or 2 into product 3 while 
NADP is reduced to NADPH. After completion of reaction (b) the 
fluorescence from NADPH is measured 
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Figure 2. Laser fluorimeter 

through a diaphragm and a CoSO, (300 g/L, 1.0-cm path length) 
liquid filter before entering a quartz cell (1 cm2 in cross section) 
that contains the sample under study. The diaphragm and liquid 
filter combination reduces to a negligible level the visible 
background light from the laser discharge tube, particularly the 
442-nm Cd emission line. Fluorescence from the sample is 
collected by an optical system that focuses an image of the 
fluorescent line onto the face of a photomuliplier (Centronic model 
64249 BA). The optical train consists of an f / l  lens, a NaN02 
filter (133 g/L, 1.0-cm path length), a CuSO, filter (saturated 
solution, 1.8-cm path length), and an f /3  lens. The NaN02 filter 
removes the scattered light from the H e C d  laser and the Raman 
bands of water; the CuSO, fdter reduces contaminant fluorescence 
at wavelengths longer than 530 nm. The filter combination is 
quite effective in isolating the NADPH fluorescence since the 
latter has a 7800 cm-' Stokes shift. The output power (4 mW) 
of the He-Cd laser is well regulated (-0.5% rms noise). The 
experiment is limited by the background signal from the sample 
when no NADPH is present. The dark current from the pho- 
tomultiplier is less than 1% of this signal. The dc output of the 
photomultiplier is displayed on a stripchart recorder using a 1-9 
time constant. 

Figure 3a illustrates the transmission curves of the excitation 
filter (Corning 5840) and the fluorescence filter (Corning 4303 
and 3387) typically used in conventional detection systems for 
NADPH. Also shown in this figure is the spectral profile of the 
Raman bands of water excited by light passing through the 
broadband excitation filter. There are three major problems with 
this excitation-detection system: (1) the Raman signal is only 
poorly suppressed; (2) the maximum transmission of the emission 
filter does not coincide with the fluorescence maximum of NADPH 
(460 nm); and (3) the Corning 3387 filter is fluorescent when 
irradiated by light passing through the excitation filter. Figure 
3b illustrates the location of the laser line, the transmission curve 

-1 ~ ~ ~~~ ~ 
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Figure 3. Transmission curves: (a) for a conventional fluorimeter; and 
(b) for the laser fluorimeter. The excitation and fluorescence spectra 
of NADPH are shown in (b). The Raman signal for each setup is also 
presented 

of the detection filters used in this study, and the excitation and 
fluorescence spectra of NADPH. Note that the nonfluorescent 
liquid filter combination completely blocks the scattered light 
of the laser and the Raman signal from water. Moreover, this 
filter system has high transmission a t  the fluorescence maximum 
of NADPH. 

Reagents. The enzymes (glucose-6-phosphate dehydrogenase, 
glutamate dehydrogenase, and 6-phosphogluconate dehydrogen- 
ase), coenzymes (NADP and NADPH), and substrates (glu- 
cose-6-phosphate and a-ketoglutaric acid) are obtained from 
Boehringer and are used without further purification. The 
imidazole is nonfluorescent grade (Sigma). Doubly-distilled water 
and 6 M sodium hydroxide are used after exposure to sunlight 
(1 day). This photobleaching procedure reduces the background 
fluorescence significantly (by a factor of about five). 

Procedure. The experimental procedures described in ref. 
2 and 3 are followed closely. Because the coenzyme and the buffer 
solution have fluorescent contaminants, care is taken to use as 
little of either as is needed. The sample volume is adjusted to 
1 mL for comparison with conventional fluorescence measure- 
ments. Because of photobleaching effects caused by the 325-nm 
output of the He-Cd laser, the fluorescence intensity from the 
sample is recorded only for several seconds. The sample recovers 
in the dark after about 30 s. Typically the fluorescence intensity 
is measured twice. 

The detection limit is calculated from the results of several 
(usually four) measurements of samples having identical con- 
centrations. The signal-to-noise ratio, SIN ,  is calculated from 
the expression: 

n S  - n N  

= d- 
where ns and n N  are signal and background intensities, us and 
UN are their standard deviations. The detection limit is defined 
as S I N  = 2 in this study. 

RESULTS 
Background  Signal. The  performance of the present 

instrument was determined by measuring the fluorescence 
from NADPH solutions at different concentrations (Figure 
4). The high sensitivity of the instrument and the excellent 
rejection of the Raman bands from water and unwanted 
fluorescence and scattered light in this laser fluorescence 
system allow the detection of NADPH at concentrations in 
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Figure 4. Analytical curve for the quantitation of NADPH 

the nanomolar range. Most of the background signal comes 
from distilled water. The background signal, corresponding 
to 2 nM of NADPH, slightly varies from day to day and 
depends on the water container and the extent of photo- 
bleaching. This fact shows that the contribution from Raman 
bands of the water is much less important than that from 
impurities in the distilled waters. The low background signal 
of the laser fluorimeter implies that laser fluorescence analysis 
may be quite promising for the measurement of enzyme 
reactions at  low concentrations. 

Glucose-6-phosphate. The concentration of glucose-6- 
phosphate is determined using the enzyme reaction 

glucose -6-phosphate 6-phosphogluconolactone 

glucose -6-phosphate dehydrogenase 

(1) 
the fluorescence intensity from NADPH is used to quantitate 
the glucose-6-phosphate, The analytical curve is linear over 
the range 0-80 nM. The detection limit is 2 nM, corre- 
sponding to 2 X mol of glucose-6-phosphate in the 1-mL 
sample volume. The detection limit is set by fluctuations in 
the background signal from distilled water and NADP. 
Reactions are quite reproducible; the scatter in the data is 
about 5%.  

Alkaline Development of NADP. The NADP is itself 
nonfluorescent, but i t  may be converted to a strongly 
fluorescent molecule by adding concentrated alkaline solution 
(2,  3 , 5 ) .  The spectral properties of alkaline-treated NADP 
are similar to NADPH, and the same detection system is used 
in conventional fluorimetry. The analytical curve using our 
detection system is linear over the range 0-25 nM with a 
detection limit of 4 nM, corresponding to 4 X lo-'' mol. The 
long incubation time (10 min) at elevated temperature (60 "C) 
with concentrated alkaline solution (6 M NaOH) damaged the 
quartz cell through repeated use. Consequently, disposable 
Pyrex test tubes were used instead for incubation. However, 
the background fluorescence from contaminants then could 
not be subtracted for the individual samples. The background 
signal corresponds to 1 X lo-" mol of NADP. Although 
alkaline-treated NADP can be detected with high sensitivity 
by this method, the detection limit is not so low as expected. 
The reason appears to be that maximum in the excitation 
spectrum shifts from 350 nm for NADPH to 375 nm for 
alkaline-treated NADP. Consequently, the 325-nm line of the 
He-Cd laser is more than ten times less effective in exciting 
fluorescence. 

NADP NADPH 

3 c 20 3c 40 5c 
V A C 2  213+ 1 [ femtomolesl 

Figure 5. Analytical curve for the quantitation of NADP (NADPH) by 
enzyme amplification laser fluorimetry. The cycling volume is 100 FL. 
The detection limit is 10 fmol (0.1 nM)  

a-Ketoglutaric Acid. The application of the alkaline 
development of NADP is demonstrated by the quantitation 
of a-ketoglutaric acid using the enzyme reaction 

a - ketoglutar ic acid  g glutamic acid 

glutamate dehydrogenase 

n 
NADPH NADP (2)  

After the enzyme reaction proceeds at  room temperature for 
20 min, 0.3 M HC1 is added to decompose the fluorescent 
NADPH that remains. Following alkaline development, a 
linear analytical curve is obtained over the range G20 X 
mol with a detection limit of 4 x mol. One third of the 
background signal originates from the distilled water, while 
the rest comes from the alkaline development. 

Detection of NADP by Enzyme Amplification. By 
combining reactions 1 and 2, an enzyme cycle is obtained (see 
Figure l a ,  where substrate 1 = glucose-6-phosphate, enzyme 
1 = glucose-6-phosphate dehydrogenase, product 1 = 6- 
phosphogluconolactone, substrate 2 = a-ketoglutaric acid, 
enzyme 2 = glutamate dehydrogenase, and product 2 = L- 
glutamic acid). The sample is incubated for 2 h at  38 "C. 
During this period several thousand cycles are expected to 
occur if the enzymes have full activity ( 2 , 3 ) .  The sample is 
then heated to 85-90 "C for 3 min to destroy the enzymes. 
Next 6-phosphogluconate dehydrogenase is added which 
reduces NADP to NADPH a t  the same time that  6- 
phosphogluconolactone is converted to ribulose-5-phosphate 
(see Figure Ib).  

In this enzyme amplification procedure, the concentration 
of NADP and NADPH is determined unspecificdy, and thus 
both are measured to the same sensitivity. If it is desired to 
measure only one of them, then the other must be decomposed 
before measurement by the addition of acid or alkaline so- 
lution (2,  3 ) .  Figure 5 shows the analytical curve for the 
detection of NADP (NADPH) by enzyme amplification laser 
fluorimetry. The detection limit of 1 X lo-'* mol is set by the 
fluctuations in the enzyme reaction rates occurring in the 
individual incubation tubes. This fluctuation is found to be 
very sensitive to the cleanliness of the glassware. 

DISCUSSION 
The use of enzyme reactions combined with laser fluorim- 

etry offers many advantages for trace analysis of biomedical 
species. Table I summarizes the detection limits obtained in 
this study and compares them to previous literature values. 
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structure (15). For the detection part, the use of a flowing 
droplet might provide high sensitivity since cell wall 
fluorescence is avoided (16). 

When fluorescence from contaminants in the sample be- 
comes too strong, some separation procedure may be nec- 
essary, such as centrifugation or chromatography. High- 
pressure liquid chromatography (HPLC) is increasingly being 
used in biomedical applications. For example, a reverse phase 
pBondapak CIS column separates NADH from contaminants 
on the basis of polarity (17, 18). The application of laser 
fluorimetry as a detection system for HPLC (19) may offer 
advantage in this case. However, while alkaline development 
is useful for conventional fluorescence analysis, in HPLC this 
procedure may not be practical because the proper pH level 
is difficult to maintain. For example, the fluorescence from 
alkaline treated NADP decreases to 50% of its value a t  pH 
9.6 and falls to zero a t  pH 6 ( 5 ,  20). 

An alternative for overcoming the fluorescence interference 
from contaminants is to use enzyme amplification since the 
latter technique has the potential for dramatically increasing 
the signal-to-noise because typically several thousand enzyme 
cycles occur per hour. Recently many researchers have re- 
ported the use of enzyme-linked immunoassay as a re- 
placement for radioimmunoassay in biomedical studies (21, 
22). In enzyme-linked immunoassay, each enzyme produces 
typically several thousand NADPH (NADH) coenzyme 
molecules. The concentration of NADPH (NADH) can then 
be amplified by use of an enzyme cycle, as described in this 
study. Thus by using enzyme-linked immunoassay together 
with enzyme amplification laser fluorimetry, it may be possible 
to detect and quantitate hormones at  very low concentrations. 
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Table I. Comparison of Detection Limits 

literature 
substance present work value ref. 

glucose-6-phosphate 2 nM 200 nM 2, 3 
a-ketoglutaric acid 4 pmol 20 pmol 2, 3 
NADP 0.1 nM 1nM 2 

10 fmol 300 fmol 3 

The background signal of our laser fluorimeter corresponds 
to a 2 nM concentration of NADPH. This value is 50 times 
lower than that obtained using a conventional fluorescence 
detection system ( 2 , 3 ) .  Thus the laser excitation source and 
nonfluorescent filter system provides a very effective means 
of reducing the background signal. The present excita- 
tion-detection system allows the quantitation of glucose-6- 
phosphate by a direct enzyme reaction to concentrations of 
2 nM. This detection limit is 100 times better than that 
measured by the usual fluorescence detection system. I t  is 
noteworthy that the sensitivity of the direct measurement of 
NADPH in this study almost equals that  of the enzyme 
amplification technique in a conventional system (1 nM). The 
present method using direct enzyme reaction is quite simple 
and requires only 10 min incubation time while the use of 
enzyme amplification is not so straightforward and requires 
long incubation times. However, when enzyme amplification 
is combined with laser fluorimetry, it is possible to measure 
as little as 10 femtomoles of NADP. This amount is 30 times 
smaller than previously reported results. 

Only a small improvement is obtained by using the alkaline 
treatment of NADP for the quantitation of the latter. The 
detection limit in the present study is equal to or slightly 
better than the literature values. The use of the 364-nm line 
of the argon ion laser, for example, might enhance the 
fluorescence intensity of the alkaline-treated NADP by more 
than an order of magnitude compared to that of the 325-nm 
line of the helium-cadmium laser, since the 364-nm line nearly 
coincides with the absorption maximum of the alkaline-treated 
NADP. 

The  present detection system is versatile because it may 
be applied not only to the quantitation of NADPH but also 
to NADH, since the spectral properties of NADH are almost 
identical to those of NADPH. The detection of NADPH and 
NADH is quite general for monitoring enzyme reactions. Even 
if the enzyme reaction is not a redox reaction, the reaction 
products may undergo a subsequent redox reaction so that 
NADPH or NADH can be used (13). The quantitation of 
NADPH (NADH) may also be used in the analysis for in- 
organic substances, such as for phosphate (2 ,3)  or nitrate (14)  
by using appropriate enzyme reaction systems. 

In this study the sample volume is adjusted to 1 mL so that 
the results can be readily compared to other studies. However, 
because laser light can be focused easily to a small spot size 
without loss of intensity, microanalysis may be possible. This 
would permit the measurement of microliter samples, for 
example, without the need for dilution. Care should be taken 
to avoid or minimize photodecomposition of the sample. With 
the use of a quartz cell, this problem can become severe. 
However, i t  may be possible to use flow injection and im- 
mobilized enzymes, in which the sample is continuously passed 
over the enzymes which are bound to some solid support 
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