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Direct three-colour fluorescence cross-correlation spectroscopy
can reveal interactions between three fluorescently labelled
biomolecules, giving insight toward the complex events that
constitute signal transduction pathways. Here we provide the
optical and theoretical basis for this technology and demonstrate
its ability to detect specific biological associations between
nanoparticle-labelled DNA molecules.

With the completion of the Human Genome Project, current
focus has shifted to proteomics, with proteins being at the
forefront of cellular and physiological activity. Although
expression analysis can suggest likely activities in which
a protein is involved, to truly understand their individual
functions, one must recognize that they act in concert, with
an individual protein being a single player in a complex
string of events. "> It is thus necessary to have techniques that
detect how and when they interact. Currently, fluorescence-
based techniques are available that report association
between fluorescently labelled biological molecules. These
are Forster Resonance Energy Transfer (FRET), as well as
dual-colour fluorescence cross-correlation spectroscopy
(FCCS).*® The first achieves this by tracking changes in
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fluorescence intensity of donor or acceptor molecule due
to nonradiative energy transfer, the second, due to a time
correlation between the diffusion patterns of linked fluorescent
species.

Both FRET and two-colour FCCS (2CFCCS) can only
accurately and easily reveal the association between two
differently labelled molecules. However, there are many
pathways where at least three different molecules interact
simultaneously, often, due to one molecule exchanging a
molecular partner for another.” To capture these complex
dynamics, a technique is needed that can detect and quantify
the association between three fluorescent species—something
that would be very challenging to achieve accurately with
FRET.® Nevertheless, there is great potential for the develop-
ment of three-colour FCCS (3CFCCS). As with 2CFCCS,
this technique would be based on the fluctuating fluores-
cence intensities that result from molecules passing in and
out of an interrogation volume. If the three different fluores-
cent species become linked, there would be a mathematical
correlation between the intensity fluctuations in each colour
channel.

Over the past decade, a model for 3CFCCS has been
derived, and the technique has been tested in principle.”'°
However, these tests have always been based on triple-
coincidence analysis.” That is, direct real-time triple cross-
correlations are not measured and displayed to the user. The
reliance on coincidence analysis has likely resulted from the
unavailability of an experimental set-up that can cross-
correlate more than two fluorescence signals. Here we describe
the construction of an apparatus that can achieve direct
3CFCCS and we document the first direct measurement of a
3CFCCS decay. Our technique can provide rapid, real-time
analysis of associations between three-species, while simulta-
neously also providing 2CFCCS and autocorrelation analysis.
3CFCCS remains the only way to confirm directly the exis-
tence of species with three colour labels. Moreover, because we
are able to calculate and display the two-dimensional 3CFCCS
decay (see eqn (1) below), insight is gained into fluctuation
dynamics that lead to a 3CFCCS signal. We envision that this
technique can be used to track the kinetics of molecular
exchanges in signal transduction pathways.
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The triple cross-correlation function has been previously
defined by Schwille and co-workers.’

(OF,(t) OFy(t 4 1) OF:(1 + 12))
<Fa><Fb><Fc>

where the F’s are the fluorescence intensities in channels a, b
and c. The OF’s are the instantaneous differences from the
time average (F)’s; the t’s are the lagtimes between the
channels. At short lagtimes, the cross-correlation becomes
constant, and its amplitude can be related to the average
number of triply labelled species in the detection volume.’

Since the G(0)’s are related to the average number of species
occupying the interrogation volume, N, the amplitude of the
3CFCCS function was shown to be:’

(OF,0F,0F,)
<Fa><Fb><FC>

<N abC> 1 (2)
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where the summations are over all species, ik, that carry the
colour label a, b, or c. One can see that a large background of
species with one or two colours will lower the 3CFCCS
amplitude. The second equality holds true if all the species in
solution are trios of a=b=c.

When the fluctuation dynamics are dominated by diffusion
through the interrogation volume, the triple-cross correlation
matrix is expected to decay to zero with some characteristic
time, tp.!' However, the functional form of that decay has not
been derived for triple fluorescence correlations. If the beha-
vior is similar to that for quasi elastic light scattering,'? then
the decay of the triple correlation is the product of the
dynamics of two pair-wise decays:

G3(t1,72) = G3(0,0)M (1) Mie(72) 3)

Where the decay terms are:
M) = (1 + 1/p) ' + rjjowg /) (@)
My(t) = (1 + /tp) '(1 + rg/og 1)) 2 5)

where 7p is the average residence time in the interrogation
volume and ry and w. are the volume depth and waist,
respectively. A plot of the cross-correlation matrix (eqn (3))
should show that the variables 7, and 7, are independent and
produce rectangular or square contours. This suggests that the
diagonal component of eqn (3) simplifies to:

G311 = 12) = G3.(0,0)M3(7) (6)

Gix(t1,12) =

(1)

G3,(0,0) =

This result would be supported by comparing fits of the decay
using eqn (6) to that using the standard correlation decay, the
latter of which would have My, to the first power. We will
address both of the above decay issues shortly.

To experimentally realize 3CFCCS, we built an optical
setup that simultaneously collects and correlates fluorescence
from three colour channels. This set-up is shown in Fig. la.
Two-photon excitation of fluorophores is achieved using
25 mW (expanded beam to fill the back aperture of the
objective lens) 780 nm light pulses of 100 fs duration and

82 MHz repetition rate from a Ti:sapphire laser (Spectra
Physics Tsunami pumped by a Spectra Physics Verdi).
Although it is possible to do this experiment with one photon
excitation,'” TPE has the advantage of more easily exciting
multiple chromophores simultaneously. The light is focused
through a c-apochromat (63x, NA 1.2) objective lens mounted
on an Axiovert 40 (both from Zeiss, Toronto, Canada).
Epifluorescence is collected and directed through a tube lens
to an in-house fabricated filter-mounting cube. The fluores-
cence is spectrally separated by 2 dichroic beamsplitters
(565dcxr and Q635lp, Chroma) and directed through notch
filters (D500/40, D600/40 and D655/40, Chroma, Bellows Fall,
VT) onto optical fibers, which couple the light onto Si
avalanche photodiode detectors working in single photon
counting mode (Perkin-Elmer, SPCQ-200, Freemont, CA).
The signal is directed to an event counter (P7888 multiple
event time digitizer, FastComTech, Oberhaching, Germany),
which synchronously logs the arrival times of the photons in
each of the three channels. We have developed software
(C++/CLI) to bin the spectrally separated counts at arbitrary
time resolution and simultaneously calculate autocorrelation
decays, 2CFCCS decays, and 3CFCCS decays. These are then
plotted and outputted as ASCII files.

As test particles to verify the direct measurement of a three-
colour FCCS signal, we chose 330 nm diameter polystyrene
beads loaded with quantum dots (QDs) of emission wave-
lengths of 525, 600 and 665 nm. The excellent spectral
separation of QDs (shown in Fig. 1b) has the advantage of
minimizing spectral cross-talk, which would obfuscate cross-
correlation analysis. Since each bead has an average of one of
all three colours of QD, they should all deliver a 3CFCCS
signal.'*> We note that it is possible to use organic dyes
for 3CFCCS.”!° Since these dyes have significant spectral
tails to longer wavelength, the effect of cross-talk on the
cross-correlation must be calculated, as has been previously
shown.>'°

A schematic representation of the beads is shown in the inset
of Fig. lc. They were prepared as follows. 2.5 x 10'' beads
(Bangs Laboratories, Cat. # PCO2N, avg. diameter of 330 nm)
were mixed with 5 mL of 50% isopropanol with gentle stirring.
30 uL of ZnS/CdS/CdSeS QDs (Aey = 665 nm, 22 uM in
chloroform, from Cytodiagnostics, Cat. # FN-665-A) were
then added and incubated for 1 h at room temperature. 5 pL of
ZnS/CdSe QD (Jem = 600 nm, 22 uM in chloroform) and
25 uL of QD (e, = 525 nm, 55 uM in chloroform) were then
added, and the mixture was incubated for another hour at
room temperature. These ZnS/CdSe QDs were synthesized
according to methods previously described.!* After incuba-
tion, the beads were centrifuged at 1000 x g for 30 min. The
pellet was washed with water using repeated centrifugation
cycles.

For 3CFCCS analysis, the beads were dispersed in ultra-
pure, deionized water to ~0.1 nM. Such a low concentration
was adequate for the experiments, because of the particle’s
high brightness. A typical three-colour count rate trajectory is
displayed in Fig. 1c. 3CFCCS decays were calculated, binning
at 0.1 ms time resolution. The 3CFCCS decays for five
different dilutions of beads are shown in Fig. 1d. These
dilutions were chosen to examine the validity of eqn (2), which
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Fig. 1 Three-colour fluorescence cross-correlation spectroscopy of quantum dot barcoded nanobeads. (a) Schematic diagram of the instrumental

set-up for 3CFCCS. Included are neutral density filter (NDF), beam expander (BE), dichroic mirror (DM), bandpass barrier filters (BBF), dichroic
beamspliters (DB), Si:avalanche photodiode detectors (D) and event counter (EC). (b) Optical spectra of the barcoded nanobead with the spectra
of the dichroic beamsplitters (dashed lines) and bandpass barrier filters (solid lines). (¢) Fluorescence count rate trajectories for nanobeads under
two-photon excitation at 780 nm. Inset is a schematic representation of the nanobead. (d) Various plots of the 3CFCCS decays for the nanobeads.
(e) Plot of the predicted (using eqn (2)) versus measured amplitudes of the triple cross-correlation. Error bars represent the standard deviation of
the fit with eqn (6). The red line represents the best slope (~1). (f) Contour plot of the full 3CFCCS matrix. The plateau amplitude is
approximately 150 and the contour lines are 10 units. (g) Fits to the diagonal 3CFCCS decay using eqn (6) (green) or the decay function for the

2CFCCS decay (red). See text for details.

predicts the relationship between particle concentration and
correlation amplitude.

In Fig. le, a comparison between the measured and pre-
dicted values of G3.(0,0), based on eqn (2), is shown. Briefly,
the measured fluorescence count rates are used as independent
relative measures of N,p,.. The relative N2y, values were used to
generate predicted relative G3,(0,0) values. These G3,(0,0)
values were plotted against the measured values in Fig. le.
The correlation has an R* of 0.98. This suggests that eqn (2) is
a valid interpretation of the 3CFCCS amplitude. Moreover,
this demonstrates that the relative intensities of the count rate
trajectories do not significantly affect the correlation ampli-
tudes. In fact, it is the signal-to-noise ratio (S/N) of each
trajectory that is most important.

Fig. 1f shows a plot of the full 3CFCCS matrix for the three-
colour beads. The square shape of the contour plot indicates
that 7; and 7, are independent. This indicates that the decays
of the correlation with respect to 7; and 7, can be modeled as a
product of the two individual decays as was shown in
eqn (3)-(6). Interestingly, this plot is symmetric about the
diagonal as one would expect if the decay is dominated by
Brownian motion.

As further verification of the independence of 7; and 15,
Fig. 1g shows a fit of the data using eqn (6) (green) versus that
for the standard decay used in 2CFCCS (red). Inspection by eye
and chi-squared values suggest that eqn (6) better represents the
data. The better fit returns a residence time of 60 ms, which
can be used to calculate the diffusion coefficient, D = ;’%/4‘513.15
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With an ry value of 0.2 um, the diffusion coefficient is 0.16 x
1072 m? s~!. Using the Stokes—Einstein relation, this suggests
a hydrodynamic radius of 120 nm, which is close to the value
derived using dynamic light scattering (DLS) (165 nm).
Confident that our 3CFCCS instrument was returning
reasonable data, we endeavored to measure a more biologi-
cally relevant system. It has been demonstrated that multimers
of QDs can be assembled using DNA oligonucleotides.'¢ '8
For the present study, formation of QD-DNA trimers was a
two-stage process, involving the conjugation of QDs to single
DNA strands via biotin-streptavidin biochemistry and then
the hybridization of these QD-DNA conjugates to form
trimers. To achieve conjugation, each individual colour of
streptavidin-coated QD (525 nm, 605 nm, 655 nm) was added
to a specific strand of biotinylated ssDNA in a 1:1 ratio in
NEBuffer4 1 x (50 mM potassium acetate, 20 mM Tris acetate,
10 mM magnesium acetate, | mM DTT, pH 7.9 @ 25 °C), with
the QDs and DNA at a concentration of 100 nM in a final
total reaction volume of 100 pL. Naturally, the middle QD
(525 nm) was mixed with two different (non-complementary)
single strands, to allow it to bind to both the outer two QDs
(see inset Fig. 2a). The single strand versions of the two DNA
sequences used are shown below:
Sequence 1: 5'-Biotin-ACA CAC GAC GGA TCC AGC-3’
Sequence 2: 5'-Biotin-GCA TTA AAG AAT TCA AAA-3’
Sequence 1 and its complement were used to link the 655 nm
and 525 nm QDs, and Sequence 2/complement were used to
link the 525 nm and 605 nm QDs. Upon adding the DNA and
QDs together, the solutions were vortexed for 1 h on a low

setting to promote mixing. To then make the trimer assemblies,
the full contents of all three QD-DNA reaction tubes were
mixed and allowed to vortex for another hour. This created a
trimer mixture with a concentration of 33 nM for each QD,
which could be diluted to the desired final concentration
(~10 nM) using NEBuffer.

The inset of Fig. 2a displays the count rate trajectories for
putative trimers. Note that the red channel is considerably
brighter than the orange and green, consistent with the bright-
nesses of the individual QDs. Fig. 2a shows the 3CFCCS
decay of the trimer solution. The value of G3,(0,0) was used to
calculate the average concentration of triply labeled DNA
associates. An average concentration of 12 nM was found for
the three-coloured species. We expect some heterogeneity in
the sample solution because the three-colour assembly will be
a statistical distribution, i.e. some assemblies willnotbe 1:1:1
(QD500: QD605 : QD655). Unfortunately, it is not possible to
extract the distribution from the correlation amplitudes mathe-
matically. Nevertheless, a fit to the data (Fig. 2a) delivers a
residence time of 0.020 ms, which converts to a hydrodynamic
diameter of 80 nm. This is consistent with the size of a linear
trimer (DLS sizing: QDs 20 nm diameter, DNA ~6 nm).

A full 2-D contour plot of the 3CFCCS data is presented in
Fig. 2b. The contours are perpendicular (within the noise limit
of the data) with respect to the two lagtimes. This suggests,
again, that the lagtimes are independent of each other.
However, unlike the contour plot for the nanobeads, the plot
is not symmetrical about the equal lagtime diagonal. This is
an interesting result, because it cannot be explained using
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Fig. 2 3CFCCS of DNA assembled three-colour QD trimers. (a) 3CFCCS decay of ~ 10 nM solution of trimers. The green line is a fit to the data
using eqn (6) whereas the red line is a fit using the 2CFCCS decay. Insets show the fluorescence count rate trajectories and schematic diagram of the
trimer. (b) Contour plot of the full 3CFCCS matrix for the solution described in above. The amplitude is 0.5 and the contour lines are 0.065 units
apart. (c) and (e) are the 3CFCC and 2CFCC decays, respectively of a solution of the three QDs used in the trimer. Note that no correlation was
observed. (d) and (f) are the 3CFCC and 2CFCC decays, respectively of a solution of the trimer assembly with one DNA strand missing (see text).
Note that there is substantial amplitude only for the expected dimer cross-correlation. (g) A time series from the solution examined in panel a).
These plots represent the 3CFCCS decay calculated after 10, 60, 120 and 300 s collection time. Good signal to noise is apparent after 60 s.
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diffusion dynamics. The rectangular shape may result from
photophysical interactions between the QDs on msec timescale
and is the subject of a future study.

To verify that the trimer QD-DNA assemblies are specifi-
cally created through DNA linkage rather than nonspecific
adherence of QDs to each other, control experiments were
performed. In the first, an equivalent trimer mixture of QDs
was generated in the absence of DNA. The resulting solutions
produced no cross-correlations (Fig. 2¢ and e). In a second
control, QDs were incubated with DNA as above, but with the
complementary strand for the red-green connection missing.
The resulting cross-correlation decays are shown in Fig. 2d
and f. Significant amplitude was only observed for the
expected 2CFCCS decay for orange-green assemblies. No
evidence of FRET was observed in these experiments.

Finally, we examined the utility of the 3CFCCS instrument
for dynamics measurements by determining the S/N of the
3CFCCS decay as a function of collection time (Fig. 2g). After
only 10 s of data collection, there is sufficient S/N to estimate
the G5,(0,0) value. The S/N becomes greater than 4 at 60 s,
which is usually sufficient time resolution to measure cellular
reaction kinetics at low concentrations. Future studies will
examine the sensitivity of TCFCCS to detect trimers with a
large background of free quantum dots, but such experiments
are beyond the scope of this proof-of-principle correspondence.

Conclusions

We have demonstrated the development and implementation
of a fluorescence correlation instrument that directly measures
three-colour fluorescence cross-correlation signals. The instru-
ment was tested on barcoded nanobeads containing three
different QDs and on trimeric QD assemblies using DNA as
linkers. A 3CFCCS decay of the QD-DNA trimer can be
measured with good S/N in less than 1 min. This indicates that
complex, multipartner biochemical processes can be observed
directly, in real time, using 3CFCCS.
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