
crust. Continuous observation of gas 
quality at a location geochemically sensi- 
tive to stresses at depth could therefore 
be meaningful for earthquake prediction. 
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and less sensitive to the fluorescence 
free in solution resulting from the un- 
bound tagged molecules and the natural 
fluorescence of the specimen. 

Consider a homogeneous sample with 
two fluorescent species: one consists of 
free molecules, each with one unit of 
fluorescence, and the other suspended 
beads, with n units of fluorescence (n  
tagged molecules bound to the bead). If 
the average fluorescent free molecules 
and beads per sampling volume are N f  
and Nb, respectively, the contribution to 
S from each species (2) is given by 

with 
Homogeneous Fluorescent Immunoassay 

S = S f  + Sb (2)  
Abstract. A fluorescent immunoassay based on the correlation ofjuctuations in and i a constant having the units of 

particle number measures the amount of tagged species bound to micrometer-sized intensity. The average fluorescent inten- 
beads and is insensitive to background Juorescence. Without separation steps, a sities from each of the two species are 
competitive assay can resolve 1 nanogram of gentamicin per milliliter from a total 

If = iNf sample volume of only 10 microliters. 

New trends in instrumentation in clini- 
cal chemistry (I), such as automated 
immunoassays, are simplifying clinical 
procedures. An example is an immuno- 
assay that works with homogeneous 
samples; the technique does not require 
the separation of bound from free un- 
known and is insensitive to background 
sources naturally present in the sample. 
We developed a fluorescent immunoas- 
say (2) and report data that demonstrate 
the sensitivity of this assay without the 
conventional separation steps. 

The fluorescence from a small sam- 
pling volume (-, ml) is detected by 
a photomultiplier. The detected signal 
fluctuates in time because of fluctuations 
in the number of fluorescent particles in 
the sampling volume. A microprocessor 
calculates the temporal autocorrelation 
function of this fluctuating signal. To 
improve the sampling statistics, the sam- 
pling volume is periodically scanned 
through the specimen, and the micro- 
processor computes the correlation func- 
tion at a time equal to the scanning 
period. This ensures that each sampling 
volume is periodically measured with the 
same period for all sampling volumes. 
Fluctuations in the detected signal that 
are not correlated over this scanning 
period contribute only to the baseline of 
the correlation function. However, a 
fluctuation in the signal from a specific 
sampling volume due to a fluctuation in 
fluorescent particle numbers that per- 
sists beyond the scanning period drives 
the correlation function above its base- 
line. The microprocessor determines the 
correlation peak height S above the base- 

line averaged over the number of sam- 
pling intervals. 

In the competitive assay the unknown 
(U) competes with a tagged mimic (U*) 
for a limited number of binding sites (u) 
that are attached to beads suspended in 
the sample. Our technique is not limited 
to such competitive assays. For exam- 
ple, a sandwich assay is possible in 
which the complexes U*-U-U are 
formed on the bead. The usual procedure 
would be to separate out the beads by 
centrifugation and measure the bead flu- 
orescence. To eliminate the separation 
steps requires a measurement highly sen- 
sitive to the fluorescence bound to beads 

Fig. 1. The correlation peak height S in arbi- 
trary units is plotted as a function of Ib/If for 
Dow fluorescent spheres plus rhodamine. If S 
were sensitive to the rhodamine in the mea- 
sured range of I&, S would deviate from the 
45" diagonal and settle to a constant value 
determined by the fixed concentration of rho- 
damine. 

Ib = iNbn (3) 
with 

1 = If + Ib (4) 

In this model we have assumed that the 
fluorescent efficiencies of bound and un- 
bound molecules are equal. 

Under appropriate conditions there 
are two reasons why S is dominated by 
Sb. First, bright fluorescent objects con- 
tribute more strongly to S than they do to 
I. This is seen by forming the following 
ratios from Eqs. 1 and 3, 

From Eq. 5 we see that if n is large 
enough, it is possible for Sb + S f  even 
with If > Ib. For example, suppose the 
bead structure and reagent concentra- 
tions are such that an assay is performed 
with n varying between lo3 and lo4. To 
determine Sb with 1 percent accuracy 
from a measurement of S ,  we want 
Sb/Sf 2 100. From Eq. 5 we see that at 
the low end in the range of n ,  we would 
still be able to tolerate If = 10 Ib. 

The second reason for the relative 
insensitivity of S to the free fluorescence 
is the relative diffusion rates of large and 
small particles. Since the fluorescent in- 
tensity fluctuations are due to particle 
number fluctuations, these fluctuations 
come and go as the particles diffuse in 
and out of the sampling volume. Because 
large particles diffuse slowly, large-parti- 
cle fluctuations will persist longer and 
thus contribute more strongly to the cor- 
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relation function S than small particle 
fluctuations. In other words, in Eqs. 1 
and 2 there should be size-dependent 
multiplicative factors associated with Sf 
and Sb that describe the relative amount 
by which the bead fluorescence corre- 
lates more efficiently than the free fluo- 
rescence. 

The fact that S is dominated by the 
bead fluorescence is the most significant 
feature of this assay because it allows the 
elimination of separation steps. This can 
be illustrated by data from two systems. 

First, we synthesized a test system of 
fluorescent latex spheres (Dow; 0.46 pm 
in diameter) and rhodamine dye. We 
made five samples with the same con- 
centration of dye but with serially lower 
concentrations of fluorescent spheres. 
Each dilution reduced the bead concen- 
tration, and hence IhlIf, by one-fifth. 
Figure 1 shows S plotted as a function of 
lbiZf. From Eqs. 1 and 2 we expect S (and 
IblIf where If is constant) to decrease in 
direct proportion to Nb only when 
S =. Sb 9 Sf. From Fig. 1 we see that 
this is true even for ZblIf - 5 x 

For a clinically significant test we used 
the Bio-Rad gentamicin fluorescent kit 
(Bio-Rad Laboratories, Richmond, Cali- 
fornia). This is a competitive assay with 
a fixed concentration of tagged gentami- 
cin [G*] and a variable concentration of 
untagged gentamicin [GI competing for a 
fixed number of antibody sites on beads 
(G + G* in excess). As [GI is increased, 
the fluorescent brightness of the beads 
will decrease; that is, n will decrease. 
From Eqs. 1 and 2 we see that s1l2 n 
as long as S is insensitive to the free 
fluorescence. Samples were made from 
the Bio-Rad kit by mixing the G*, G, and 
bead reagents together and incubating 
For at least 30 minutes. The free fluores- 
cence is due to the unbound G* in addi- 
tion to extra dye that Bio-Rad adds to the 
G* tracer to make that reagent obviously 
yellow. 

Figure 2 shows s1I2 plotted as a func- 
tion of [GI for two concentration ranges. 
The curves are the standard curves for 
gentamicin determination from our cor- 
relation technique with homogeneous 
samples. These curves coincide with the 
standard curve supplied by Bio-Rad, in 
that a given dilution of the standard 
results in the same change in the mea- 
sured signal. Furthermore, the midpoint 
of curve B is translated to higher concen- 
trations by a factor of 10. Finally, the 
assay can resolve gentamicin at 1 ngiml, 
(2.6 x 10-~A4) from a total specimen 
volume of only 10 p1. 

All points in Figs. 1 and 2 are mean 
values from several measurements on 
the same sample. The standard deviation 
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Fig. 2. Relative values of s " ~  are plotted as a 
function of gentamicin concentration without 
separation. The s " ~  was normalized by the 
measured value from a sample with a fixed 
concentration of gentamicin tracer and zero 
concentration of untagged gentamicin. The 
concentrations of gentamicin are those of the 
actual measured samples. (The concentra- 
tions of the gentamicin standards supplied 
with the kit before dilution range from 2 to 16 
~ g l m l ,  comparable to concentrations in se- 
rums.) Curve B gives data for samples with 
ten times the concentrations of G, G*, and 
beads relative to curve A. 

relative to the mean values of S for a 
given sample decreases with the inverse 
of the square root of the total sampling 
time. The scatter of points on curve A 
(Fig. 2) is due to shorter tests than for the 
samples of curve B; a typical time for 

measuring a single mean value on curve 
B was 20 minutes. The settling of the 
beads during the long experiments ad- 
versely affects the deviation. We used 
commercially available bead reagents, 
but our signal-to-noise ratio would im- 
prove if we used a bead with a greater 
number of active sites and a density 
close to that of water to reduce the 
settling. 

Our tests demonstrate the feasibility of 
this fluorescent immunoassay with ho- 
mogeneous samples. This technique may 
simplify the clinical procedures for both 
fluorescent and radioimmunoassays (1). 
There is an additional advantage: with- 
out the separation steps, this technique 
in principle can follow the kinetics of the 
antibody-antigen reaction. 
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Fly Ash-Derived Strontium as an Index to Monitor 
Deposition from Coal-Fired Power Plants 

Abstract. The combustion of western U S .  coals releases signijicant amounts of 
strontium, which is relatively enriched in t h e j n e  particles ofjly ash. Fly ash-derived 
strontium is readily absorbed by agronomic and native plant species when incorpo- 
rated in soil. The strontium-87 to strontium-86 ratios of jly ash and soils were 
signijicantly different, but similar ratios were found in jly ash and plants treated with 
fly ash. A technique for measuring and monitoring deposition from coal-$red power 
plants is inferred from the enhanced plant uptake of jly ash strontium and the 
similarity in the isotopic ratios ofjly ash and treated plants. 

In view of the nation's increasing de- 
mand for coal and the serious concerns 
over associated environmental impacts, 
knowledge of the environmental path- 
ways of coal combustion residues is es- 
sential. Various attempts to monitor the 
deposition of particulate matter emitted 
from coal combustion onto soils and 
vegetation have had only limited suc- 
cess, mainly because of the difficulty of 
distinguishing between deposited and 
natural background materials (1). The 
possibility that strontium uptake in na- 
tive vegetation (2) and soils (3) might be 
used as a monitor of power plant ef- 
fluents has been suggested. 

Coals from the western United States 
contain on the average greater concen- 
trations of strontium than their eastern 

and midwestern counterparts (4). The 
strontium content of western coal ranges 
from 93 to 500 parts per million (ppm), 
averaging about 260 ppm. Lignitic coals, 
which are abundant in the West, have 
the highest average strontium content 
(300 ppm) (5). The average strontium 
content of fly ash from several U.S. 
sources was estimated at 1334 ppm (6) ,  
and it usually increases as the particle 
size decreases (7 ,  8 ) .  Relative to typical 
soils (300 ppm of strontium) (9), emitted 
fly ash is thus highly enriched in stron- 
tium, and, depending upon the recipient 
soil and the amount of fly ash deposited, 
the strontium content of soil will in- 
crease (8). 

Greenhouse experiments have demon- 
strated that fly ash-derived strontium is 
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