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ABSTRACT  We report the development of a fluorescence-
based immunoassay technique relying on the physical phe-
nomena of random number fluctuations and diffusion, which
we review. By determining the autocorrelation of the fluctua-
tions in the fluorescent intensity, this method is able to measure
the amount of labeled antigen or antibody that is bound to mi-
crometer-sized carrier particles in solution. The principal ad-
vantage of this technique is its insensitivity to small, fast-dif-
fusing sources. It also discriminates against weakly fluorescent
contaminants of size comparable to the carrier particles. We
demonstrate these attributes by using two model systems: a
human IgG assay and an idealized system consisting of poly-
styrene fluorescent spheres and rhodamine dye.

Considerable effort has been devoted to the development of
fluorescence-based immunoassay methods "to replace the
technique of radioimmunoassay for some routine clinical tests.
The radioimmunoassay method is very powerful, owing to its
high sensitivity and specificity. Its principal disadvantage is its
reliance on expensive and potentially hazardous reagents that
have a limited shelf life and whose use requires special handling
and disposal procedures and expensive instrumentation.

Several fluorescence-based immunoassay techniques are
currently in use or are undergoing clinical evaluation (1-4). This
paper introduces an approach that relies on the existence of
long-lived correlations of fluorescently labelled complexes in
solution. Our preliminary results, as well as theoretical analysis,
indicate that this correlation technique inherently possesses high
sensitivity.

Our assay is an adaptation of a technique developed by
Weissman et al. (5) to determine the molecular weight of DNA
molecules (108 to 10'1) by using fluorescent dye binding. The
ultimate goal of the technique is to measure the concentration
of complexes Ag-Ab* or Ag*-Ab, which fluoresce due to la-
beled antigen (Ag*) or antibody (Ab*) while remaining in-
sensitive to the presence of unbound fluorescing molecules in
solution (in particular, free Ag* or Ab*). The key to the method
is the requirement that the immunological reaction of interest
occur on the surfaces of large “carrier” particles (e.g., mi-
crometer-sized acrylamide gel, polystyrene latex, etc.).

The technique of Weissman et al. (5) relies on two physical
phenomena: number fluctuations of particles within a pre-
scribed volume in solution due to random Brownian motion,
and diffusion of particles, in which the diffusion coefficient
is inversely related to particle size. To distinguish between large,
slowly diffusing sources of fluorescence (due to Ag*-Ab or
Ab-Ab* attached to carrier particles) and small, rapidly dif-
fusing ones, we simply keep track of the fluctuations in fluo-
rescence intensity that occur for a given small volume element
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in the solution. Clearly, any fluctuation in intensity that occurs
due to a fluctuation in the number of particles present in the
volume will, on average, persist for a time which depends in-
versely on the rate of diffusion of the particles into or out of the
sampling volume. For the large tagged carrier particles these
fluctuations will be very long lived. For any small, freely dif-
fusing fluorescing molecules there will effectively be no
“memory” of a fluctuation having occurred at a finite time
earlier, provided that the sampling volume is made appro-
priately small.

THEORY

Let us assume that the solution contains N identical fluorescing
particles per sampled volume 6V. At any instant the number
of particles in 6V will fluctuate according to Poisson statistics;
the root mean square magnitude of the fluctuations is N1/2, A
convenient way to monitor these fluctuations is to evaluate the
familiar intensity autocorrelation function,

C(t) = (") I(t" —t)) v (1]

in which I(¢’) is the fluorescent intensity originating from 6V
at time ¢’ and the symbol ( - - - )+ indicates an average of the
intensity product over a large number of sampling times ¢'.

We now periodically sample the fluorescent intensity at
hundreds of locations within the solution, using in each case a
volume of the same size (§V ~ 1076 cm3). The large number
of samples increases the signal/noise ratio of function C(t).
When time ¢ equals an integral multiple of the repetition period
T, the two intensities that form the product in Eq. 1 refer to the
same volume element, for a given ¢’. The usefulness of the au-
tocorrelation function in our application depends upon the fact
that a number fluctuation in 6V has a finite lifetime, 7. Fig. 1a
is an idealized trace of the intensity I(¢’) showing two fluctua-
tions, each of which repeats after the period T (7 > T). Inre-
ality, the intensity fluctuations do not resemble the regular,
symmetric pattern of Fig. 1a; rather, they appear as “random”
noise (as illustrated in Fig. 2). This idealization was chosen to
permit a simple algebraic computation of C(t) as discussed
below. We assume a mean number of particles N per volume
0V, each particle fluorescing with intensity I, giving a mean
intensity I-N. For simplicity we arbitrarily choose a positive and
a negative fluctuation in intensity, with the size of each fluc-
tuation given by the root mean square value, I:-N/2. Due to the
deliberate physical overlapping of the sampling volumes in
solution, there is a finite perisistence width At’ of the fluctua-
tions in Fig. la.

We now evaluate C(t) for the I(t’) shown in Fig. 1a, aver-
aging the time ¢’ over one period for convenience. Computing
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FI1G. 1. Idealized trace of the intensity in time (a) and the re-
sulting autocorrelation function versus the separation time (b).

C(t) for the special case ¢t = T, the scanning period, clearly
maximizes C(t), yielding

C(T) = ATt [I2(N + NV2)2 4 J2(N — N1/2)2

T—2A ,
=L 1N
/7
= I2N? + 2AT‘12N. (2]

Calculating C(t) for separation times ¢ substantially different
from T (ie,t <T — At’ort > T + At’ but t not near 2T, 3T,
etc.) gives C(t) = I2N2. This is simply the square of the mean
intensity and forms the uncorrelated part of Eq. 2 (i.e., the
baseline). Fig. 1b shows the resulting C(t) computed for all
times t. Thus, when the fluctuation lifetime 7 is much greater
than T, the height P of the correlation peak above the uncor-
related baseline is given by

A
NI (3]

P«

Next we explicitly consider a two-component system: N},
b-type particles, each of intensity I, plus Ny f-type particles
of “unit” intensity, per volume 6V. (I is the number of f-type
intensity units on each bead.) Subscript b denotes fluorescence
bound to large carrier particles, and subscript f denotes the
fluorescence due to free molecules. Assuming statistical inde-
pendence of the two species, we obtain from Eq. 3 the depen-
dence of the correlation peak height on the above parame-
ters,

P = (NpI} + Ny) (4]

in which it is assumed that fluctuation lifetimes 75 and 7 are
both much greater than the period T If NpI£ >> Ny, the cor-
relation peak height is almost entirely due to the fluctuations
of b-type particles, in which case measurement of P then allows
the relative determination of either Nj, or I. Even when the
average fluorescent intensity due to b-type particles is com-
parable to that of the f-type particles (i.e., NpI,, ~ Ny), the b-
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type particles can dominate in the correlation result if they are
bright enough (i.e., if I is large enough).

We can significantly enhance the detection of bright b-type
particles relative to weak f-type sources if the fluctuation
lifetime 75, happens to be much longer than 4. This will be the
case if the b-type particles are much larger than the f-type
particles, provided that diffusion is the dominant effect gov-
erning the motion of these particles. Then the period T can be
chosen such that 7§ & T < 7y, resulting in no “memory” of
f-type fluctuations occurring in a given volume 6V at a time
t = T later, regardless of the relative magnitudes of the two
types of fluctuations. Effectively this means that Ny can be set
equal to zero in Eq. 4.

Diffusion causes a number fluctuation An in a cubic volume

of dimension £ to relax exponentially with a diffusional lifetime
given by

1.3n¢2
T Rp. [5]

We have used the Stokes-Einstein equation to relate the dif-
fusion coefficient D to the particle hydrodynamic radius Rp;
7 is the solvent viscosity, k is Boltzmann’s constant, and T is the
absolute temperature. Eq. 5 is an estimate of the diffusional
lifetime of a fluctuation that is centered in the (cubical) sam-
pling volume. Clearly, in general there will be a distribution
of decay lifetimes due to the spatial distribution of fluctuations
within the volume. For geometries other than a cube, a similar
result is obtained, with a different numerical factor. Taking £
to be approximately 100 um, we find that, at room temperature
in water, the diffusional lifetime of number fluctuations for
particles of radius Ry, (in um) is

7p (sec) = 3000 Ry, (6]

Of course, the occurrence of velocity currents in solution may
impose a significantly lower limit on the fluctuation lifetimes
of all species. Nevertheless, a significant result is obtained if
there are two radically different sizes of fluorescing particles
in solution, with the fluctuation lifetime of the smaller species
diffusion limited. In that case, one can design an immunoassay
which is highly sensitive to fluorescence bound to large particles
but quite insensitive to fluorescing molecules that are part of
the fast-diffusing “background.”

Tp = £2/14.D =~

EXPERIMENTAL APPARATUS

A simplified diagram of the fluorescence-fluctuation spec-
trometer is shown in Fig. 2. Pinhole P (diameter, 100 um) is
used to define the beam of light incident on the sample cell S.
It was convenient to use an argon-ion laser, A = 488 nm (blue),
to excite the fluoresein isothiocyanate-labeled molecules. Co-
herence of the light source is not required—any suitably fil-
tered incandescent source would suffice.

Any labeled molecules that lie within the pencil beam volume
defined by P will emit fluorescent light. Lens L projects this
line image onto a photographic slit S at the face of the photo-
multiplier detector PMT. Filter F (Corning no. 3-69) blocks
the 488-nm blue exciting light scattered from particles in so-
lution, leaving the yellow-green fluorescein emission plus any
long wavelengths emitted by fluorescing impurities. The width
of slit S is also 100 um. Thus, an effective illuminated/detected
volume 6V of the order of 1076 cmS3 is defined by these op-
tics.

As described thus far, the approach is identical to that used
successfully by Weissman et al. (5) for DNA size determination.
The significant change in design occurs in the choice of the
means of periodically sampling the intensity as a function of
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F1G. 2. Schematic of the experimental arrangement showing the
sample cell S, vertically translated, in which the volume 6V ~10~6 cm3
is defined by the associated optics.

position within the sample solution. In the original DNA study
a cylindrica] sample cell was uniformly rotated (T = 5 sec) by
a slow-speed synchronous motor and drive belt. Instead, we used
a linear translation scheme. The sample cell is a cylindrical tube
that is uniformly translated in an up/down vertical motion by
using a loudspeaker. Two sizes (outside diameter) of tubes were
used in these experiments: 6-mm disposable culture tubes and
2-mm 100-ul micropipets. These tubes were centered within
a standard 1-cm fluorimeter cuvette filled with water for the
purpose of index-matching the incident light beam to minimize
stray reflections. Sample solution volumes as small as 20 ul are
easily achieved in the small tubes.

The sample tube is translated up to 0.8 cm according to a
triangular waveform, with the period adjustable from 0.2 to 20
sec. The triangular driving waveform in reality consists of a
rising and falling staircase of discrete steps, adjustable in
number from 64 to 1024. Each step corresponds to a discrete
time bin of width 8¢ used to approximate the autocorrelation
function C(t) of Eq. 1. Typical values of ¢ range from 1to 10
msec. An important innovation is the use of a microcomputer
(Motorola 6800) to synchronize the sample position with the
time base used to form C(t). Hence, the sample cell is “locked”
into the autocorrelation time base and performs perfectly pe-
riodic motion. The run time can be arbitrarily long, with no
short-term “jitter” or long-term slippage of position with time,
thereby enhancing the sensitivity of the instrument to very
weak intensity fluctuations.

The PMT photocurrent is converted to a voltage, with ad-
justable gain, dc offset, and filter time constant. This allows the
signal to be optimally matched to the input range of a 4-bit
analog-to-digital converter. In the instrument, successive 4-bit
X 4-bit multiples are used by the microcomputer to form the
autocorrelation function.

In addition to displaying the contents of the correlation
channels on an oscilloscope, the microcomputer determines the
baseline and the correlation peak height. These values are
normalized by the number of sample intervals in the elapsed
run time. In practice one scans the solution until the normalized
peak height settles to a constant value—i.e., when C(t) is well
determined.
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RESULTS

Human IgG Model System. For this series of experiments
we utilized the Immunofluor reagents supplied by Bio-Rad
Laboratories. These consist of human IgG molecules, which we
refer to as the antigen, Ag; rabbit antibody to human IgG (i.e.,
anti-immunoglobulin) which has been tagged with fluorescein
isothiocyanate, Ab*; and 3- to 5-um-diameter acrylamide gel
beads to which antibody molecules, Ab, are covalently bound.
We denote the latter by the symbol Aby, b denoting binding
to the carrier particle.

To perform this particular assay, known amounts of the an-
tigen, IgG, were added to solutions of carrier particles (107-108
beads per cm3). During incubation the antigen binds to the
acrylamide particles. Each solution was then flooded with an
excess of tagged antibody, n Ab*, resulting in the reaction

nAb* + Ab, + Ag-Ab, = (n — 1)Ab* + Ab,
+ Ab*-Ag-Ab,. [7]

At this point the standard fluorimetric intensity assay consists
of spinning down the acrylamide particles (to which are bound
the complexes Ab*-Ag-Aby), discarding the supernatant, and
measuring the mean fluorescent intensity, which should be
proportional to the initial IgG concentration.

Our first test was to compare the results-based on the corre-
lation measurement with those of fluorimetry. For both
methods the fluorescent “signal” is plotted in arbitrary units
versus IgG concentration (ug/ml) (from dilutions of an IgG
standard, 3200 mg/dl) (Fig. 3). For the fluorimetric assay (curve
B) that signal is simply the mean intensity. For the correlation
assay (curve A) the signal is the square root of the peak height
(Eq. 4); Ny is the mean number of carrier particles in 6V and
I, equals the number of fluorescing complexes, Ab*~Ag-Aby,
per particle. N}, should be fixed; I} is the unknown to be mea-
sured. Because we discard the free Ab* in solution, Ny should
be zero. The correlation result closely parallels the simple
measurement of total intensity. Both methods saturate at
moderately high IgG concentrations, where a substantial
fraction of the active antibody sites Ab,, have become occupied
by IgG. Furthermore, at very high IgG levels both methods

display a curious reverse behavior, in which presumably the
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FI1G. 3. Measured signal (in arbitrary units) versus the IgG con-
centration. Curve A gives the correlation result (P2 « N}2 I); curve
B gives the fluorimetry result (average intensity « Nplp).
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number of available Aby, sites on the carrier particles has been
reduced due to substantial aggregation of the gel particles,
promoted by the divalent IgG molecules.

Unlike fluorimetry, our assay is particularly sensitive to the
formation of aggregates of the carrier particles. These aggre-
gates occur because the divalent IgG crosslinks two Abj, mole-
cules belonging to two different carrier particles: Ab,-Ag-Absy,.
The formation of aggregates increases the fluorescent intensity
per carrier (I in Eq. 4) while proportionately decreasing the
number of carriers per volume 6V (N3). Because the correlation
peak height scales like NI, the formation of aggregates will
enhance the signal. This is probably the cause of the “bowed-
ness” of the correlation assay data shown in Fig. 3. (Computer
simulations support this conclusion.)

The ability of the correlation assay to determine the amount
of IgG bound to the carrier particles in the presence of varying
amounts of free Ab* was also investigated. From Eq. 6 we es-
timate the diffusional lifetime of the 4-um-diameter acrylamide
beads to be roughly 6000 sec. The corresponding lifetime for
the Ab* molecules was deduced from dynamic light scattering#
to be approximately 25 sec.

In order to use diffusion to discriminate against the free Ab*,
one should use a scanning period T of the order of 100 sec.
However, we found that the fluctuation lifetimes of all species,
large and small, were limited to about 10 sec, presumably due
to velocity currents in the sample. These currents may be par-
tially a consequence of the accelerations set up due to the up/
down motion of the sample cell and partially due to thermal
gradients. Hence, for the IgG experiments a short repetition
period T was required (we used 1.2 sec); consequently, the
contribution of the free Ab* to the correlated peak height could
not be avoided.

Curve A in Fig. 4 is a plot of the correlation result (expressed
in relative units) as a function of the amount of free tagged
antibody Ab*, normalized to the bound intensity. The units of
the x axis thus are Ny/ NI}, obtained by measuring mean flu-
orescent intensities (i.e., Ny + Nplp and Nplp). In this test we
kept the IgG concentration and the carrier particle density
fixed. From curve A we see that, when the background free
fluorescence is 10 times the carrier particle fluorescence, there
is virtually no change in the correlation result for bound fluo-
rescence. Thus, we have confirmed experimentally that the
correlation assay does achieve a level of selectivity even when
both fluorescing species are large and have long enough life-
times to contribute to the correlation. The fact that the corre-
lated signal increases at high Ab* concentrations demonstrates
that the fluctuations of Ab* are indeed being correlated.

It is instructive to use the results of curve A to estimate the
mean number of fluorescent complexes bound to a carrier
particle. Eq. 4 shows that the correlation result, P1/2, will in-
crease by 21/2 when NI = Ny. Because the x axis is given by
N¢/Nply, the corresponding x axis value is I. From Fig. 4 we
estimate that I, # 31. The IgG concentration used in estab-
lishing curve A was 3.2 ug/ml. According to Fig. 3, this IgG
level corresponds to approximately 33% saturation. Hence, we
estimate a maximum of ~100 fluorescent complexes per carrier
particle (Bio-Rad Laboratories estimated 1000 antibodies per
bead, of which 12-15% are active).

Finally, it should be mentioned that curve A does not strictly
follow the response predicted by Eq. 4, if I, is to remain con-
stant at all Ab* concentrations. We believe that the discrepancy

¥ We filtered the scattered light (incident, A = 488 nm) with a blue
filter to remove the fluorescent light. A 4-bit autocorrelator was used
to determine the mean diffusion coefficient (see ref. 6). Given an
estimated molecular weight of 150,000 for Ab*, we conclude that
Ab aggregates are common.
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FIG. 4. Relative correlation signal, P1/2 « (NI} + Ny)1/2, versus
the ratio free fluorescence/bound fluorescence (equal to Ny/Npl).
Curve A, system acrylamide bead—Ab,-Ag-Ab* + Ab*; curves B and
C, polystyrene fluorescent spheres + rhodamine, at T = 1.2 sec and
T = 10.2 sec, respectively.

is explained by a decreasing I, perhaps due to the increasing
likelihood of the reaction

Abp-Ag-Ab* + Ab* = Ab, + Ab*-Ag-Ab* (8]

as the concentration of Ab* increases.

Idealized Model System. We next devised an experiment
in which the fluctuation lifetime of the smaller (“free”) fluo-
rescing species is diffusionally limited. To achieve this we used
commercially available fluorescent spheres (Duke Scientific,
no. 267 diameter, 4.3 um) for the large species and the dye
rhodamine 6G for the fast-diffusing species. The latter has a
molecular weight of 530 with an estimated hydrodynamic ra-
dius of 6.7 A (based on a globular molecule of protein-like
density). For this series of experiments we attempted to reduce
flow currents due to sample motion plus thermal gradients by
drastically reducing the sample cell diameter. For the cell we
used a portion of a standard 100-ul micropipet (1.3 mm inside
diameter), resulting in an active solution volume of less than
20 ul. This was centered in a fluorimeter cuvette filled with
water for index matching as well as thermal sinking. From an
analysis of the resulting fluctuating signals, we concluded that
use of the small-diameter tube coincidentally reduced the
volume 6V by a factor of 3, due to the focusing lens effect of
the glass tube. The resulting diffusional relaxation times out of
this reduced volume for the polystyrene spheres and the rho-
damine 6G are estimated, from Eq. 5, to be about 3000 and 1.0
sec, respectively. Thus, we expect that scanning periods T on
the order of 10 sec should allow us to discriminate effectively
against the background fluctuations of the rhodamine 6G,
whereas at T = 1 sec we expect only marginal discrimina-
tion.

Curves B and C in Fig. 4 are plots of the relative correlated
signal as a function of the ratio of free to bound fluorescence
for T = 1.2 and 10.2 sec, respectively. In both cases, the insen-
sitivity to the “free” fluorescence is better than in curve A. This
result could be explained by assuming that the fluorescent
polystyrene spheres are more fluorescent relative to the free
species (i.e., that Ij is a larger number) than are the Ab*-
Ag-Aby, complex-coated particles of curve A. However, rho-
damine 6G molecules do correlate less efficiently at longer
repetition periods than do the free Ab* molecules, owing to the
fact that the former diffuse faster than the latter by 1 order of
magnitude. The significance of this difference is seen by
comparing curves B and C. The latter curve is essentially flat
all the way out to a free fluorescence intensity 200 times larger
than the bound value. This is our principal result. It clearly
demonstrates the high level of insensitivity of this technique
to fast-diffusing sources of fluorescence.
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DISCUSSION

Detailed comparison of this fluorescence correlation assay with
the radioimmunoassay (as well as other fluorescence techniques)
requires further testing on systems of clinical significance. In
order to evaluate the practical sensitivity of the proposed
method it is necessary to consider the level of fluorescent con-
tamination. For the case in which there is negligible background
contamination, the correlation technique is no more sensitive
than a simple measurement of total intensity. For example, in
our IgG model assay we are able to detect approximately 1
fluorescent complex per carrier particle, which corresponds to
a concentration of 107-108 labeled molecules per cm®. How-
ever, the correlation method retains sensitivity in situations in
which there is a background of fluorescent sources. We have
demonstrated (curve C of Fig. 4) that this new method is highly
insensitive to fast-diffusing background fluorescence. In
straightforward intensity assays, unwanted small sources must
be removed by a separation step (e.g., filtering, centrifugation,
etc.). The correlation assay inherently provides a filter against
small sources. We have also demonstrated a level of insensitivity
to relatively large unwanted sources. In curve A of Fig. 4, both
the labeled antibody molecules and the carrier beads contrib-
uted to the signal. The selectivity in favor of the carrier particles
resulted from their relative brightness (i.e., their large I).
Hence, in situations in which contaminants are individually
much dimmer than, but of the same size as, the primary par-
ticles (i.e., size-based separation techniques would not work),
this immunoassay technique would still be insensitive to the
contaminants. From curve A and Fig. 4, we see that this in-
sensitivity persists to somewhat beyond the point where the net
fluorescent intensity of the contaminants is 10 times larger than
that of the carrier particles (for I, — 30).

A number of technological details influence the overall
performance of this method. One of these is the bit resolution
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of the analog-to-digital converter; another is the scheme used
for scanning the sample volume. We experimented with a
scanning scheme in which the sample cell was kept stationary,
but we encountered troublesome artifacts in the signal due to
optical limitations. Although the overall performance of the
assay method may be improved by further attention to these
details, we believe that sample-related factors will provide the
ultimate limitation. For example, in our IgG experiments we
experienced difficulties associated with carrier particle
aggregation. In other assay systems one may encounter large-
particle fluorescent contamination. In summary, we have al-
ready demonstrated the potentially high sensitivity of this new
technique. It remains to be determined whether this method
offers a fundamental improvement for fluorescence-based
immunoassays.
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