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ARTICLE INFO ABSTRACT

Keywords: Biosensor applications often require the simultaneous detection of multiple analytes, with a clear need to go
Fluorescence lifetime correlation spectroscopy beyond the traditional multiplexing relying on distinct fluorescent dyes across the visible spectrum. Fluorescence
FLCS

lifetime correlation spectroscopy (FLCS) is a powerful approach taking advantage of the fluorescence lifetime
information to separate the contributions of different fluorescent species with overlapping emission spectra.
However, so far FLCS detection has been demonstrated only on binary mixtures of two fluorescent dyes, limiting
its multiplexing capabilities. Here, we report the first quantitative FLCS measurements within a ternary mixture
composed of three different fluorescent emitters with near-identical emission spectra. Two organic fluorescent
dyes, Alexa Fluor 647 and CF640R, are combined with water-soluble Au;g(SG)14 gold nanoclusters. Our
experimental data establish that FLCS allows to accurately determine individual concentrations within intricate
ternary mixtures. Another major aspect of interest concerns the assessment of the suitability of gold nanoclusters
for FLCS multiplexing applications. With their microsecond lifetime and stable emission characteristics, gold
nanoclusters add a valuable new aspect to the array of FLCS probes. Extending FLCS multiplexing beyond binary
mixtures paves the way for further progress in the simultaneous highly parallel biosensing of multiple species.

Gold nanoclusters
Fluorescence multiplexing
Fluorescence sensing

1. Introduction

Single molecule sensors and related techniques have garnered
increasing attention in the biological study of nucleic acids and proteins
[1,2]. Among the different fluorescence-based single molecule tech-
niques, fluorescence correlation spectroscopy (FCS) stands out as a well-
established and versatile tool, allowing for the precise measurement of
local concentrations, diffusion coefficients, and biochemical reaction
rates [3-5]. For biosensors, the simultaneous detection and analysis of
multiple analytes in parallel is a highly coveted capability [6], as it al-
lows to gain in specificity, selectivity, read-out time and overall accu-
racy. The majority of multiplexing applications in fluorescence sensing
have traditionally relied on distinct organic fluorescent dyes spanning
the blue, green, orange, and red regions of the electromagnetic spectrum
[7,8]. In the context of FCS, the use of spectrally different fluorescent
dyes has given rise to fluorescence cross-correlation spectroscopy
(FCCS) [9,10] enabling the simultaneous monitoring of up to four
distinct species and colors [11]. However, for advanced applications it is
often necessary to go beyond the typical 4 colors combination [12,13].
For instance, 22 different aminoacids need to be distinguished in protein
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sequencing, requiring multiple optical readouts that transcend the
standard fluorescence spectrum [14,15].

The introduction of the fluorescence lifetime is a major supplemen-
tary parameter to distinguish between different fluorophores based on
their emission dynamics in the time domain rather than in the spectral
domain [16-19]. Within the realm of FCS, the use of the supplementary
lifetime information has paved the way for the development of fluo-
rescence lifetime correlation spectroscopy (FLCS) [20-23]. In FLCS, the
fluorescence lifetime information serve to filter the raw detected fluo-
rescence intensity time trace and compute lifetime-specific correlation
functions. FLCS is an extension and a generalization of time-gated FCS
[24], and has proven particularly invaluable in distinguishing two spe-
cies within a mixture [20,21,25,26], correcting for a non-correlating
background [21,27] or removing afterpulsing artefacts in the correla-
tion data [28]. However, while the ability of FLCS to distinguish two
species has been well characterized [20,21,25,26], the extension of FLCS
for multiplexing involving three species or more has not been docu-
mented yet.

Achieving multiplexing in FLCS necessitates the use of fluorescent
labels with substantial differences in their emission lifetimes. With their

0304-4165/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:jerome.wenger@fresnel.fr
www.sciencedirect.com/science/journal/03044165
https://www.elsevier.com/locate/bbagen
https://doi.org/10.1016/j.bbagen.2024.130611
https://doi.org/10.1016/j.bbagen.2024.130611
https://doi.org/10.1016/j.bbagen.2024.130611
http://creativecommons.org/licenses/by/4.0/

M. Kayyil Veedu et al.

photoluminescence lifetimes in the tens of nanosecond range, quantum
dots might initially seem like a natural choice, yet their complex
blinking dynamics [29,30] and their multi-exponential lifetime decays
[31-33] may complicate the FLCS analysis. As an alternative to colloidal
semiconductor quantum dots, gold nanoclusters are gaining attention,
despite the limited knowledge available regarding their application in
FCS [27,34]. Gold nanoclusters (AuNCs) are metal nanoparticles
composed of metal core with surface stabilized with ligands, usually
thiols. Atomically precise AuNCs are characterized by a exact number of
gold atoms and ligand molecules and a diameter below 2 nm [35-38].
They constitute a bridge between plasmonic metal nanoparticles and
simple molecules, which results in discrete electronic structures and
distinctive optical properties, notably size and structure-dependent
visible to near-infrared photoluminescence and long photo-
luminescence lifetimes in the microsecond range [39-41]. While AuNCs
have found utility in a range of applications spanning catalysis [42,43],
optical devices [44-46], biosensing [47], and bioimaging [48-50], their
application in the domain of FLCS multiplexing remains an uncharted
territory.

Here, we report the first quantitative FLCS measurements within a
ternary mixture composed of three different fluorescent emitters with
near-identical emission spectra. Specifically, we combine two organic
fluorescent dyes, Alexa Fluor 647 and CF640R, with water-soluble
Au;8(SG)14 nanoclusters (where SG denotes L-glutathione) in varying
proportions. Our experimental findings unequivocally demonstrate that
FLCS filtering enables the precise determination of individual concen-
trations and diffusion times for each of the three constituent species.
This demonstration not only marks a pivotal advancement toward future
developments in FLCS multiplexing for biosensing applications, but also
serves as a critical assessment of the utility and applicability of AuNCs in
FLCS investigations. In stark contrast to spectral multiplexing employed
in FCCS, which necessitates the use of complex instrumentation
featuring various laser lines and detection channels [10,11], our 3-spe-
cies lifetime multiplexing relies solely on a single laser line and a single
pinhole detection. This results in a significant simplification of the mi-
croscope setup, underscoring the practical advantages of FLCS
multiplexing.

2. Materials and methods
2.1. Sample preparation

Alexa Fluor 647 and CF640R dyes are purchased from Thermofisher
and Sigma-Aldrich respectively and used as received. Gold nanoclusters
are synthesized using the protocol detailed in Ref. [51]. 100 mg of L-
glutathione (GSH), 0.4 mL of methanol and 0.4 mL of water are mixed in
25 mL round flask. HAuCl4*3H30 is added (200 pL, 0.6362 M) after a
few minutes and mixed for 10 min. The solution is then diluted with
methanol to 10 mL and a slow reduction is performed using methanolic
solution of NaBH3CN (1.5 mL, 220 mM) for 1 h. The reaction mixture
was centrifuged (10 min/12000 rpm). Supernate is collected and
precipitated by MeOH through centrifugal precipitation (10 min/12000
rpm). The collected sediment is dissolved in water and washed three
times with methanol/ethanol, each time centrifuged (10 min/12000
rpm) to remove the remaining reaction precursors. All used reagents for
synthesis for AuNC were purchased from Sigma-Aldrich. All the di-
lutions for the FLCS experiments are done in D50, purchased from
Sigma-Aldrich.

2.2. FLCS setup

The sample solution is excited at 557 nm by a pulsed laser (iChrome-
TVIS laser, Toptica GmbH, pulse duration ~3 ps) with a repetition rate
of 40 MHz and a power of 20 pW. A multiband dichroic mirror (ZT 405/
488/561/640rpc, Chroma) and a Zeiss C-Apochromat 63x, 1.2 NA
water immersion objective lens are used to reflect laser toward the
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microscope and focus the excitation light respectively. The emission is
collected by the same objective lens in the epifluorescence configura-
tion. An emission filter (ZET405/488/565/640mv2, Chroma) is used to
block the laser back reflection. The fluorescence signal is focused onto
an 80 pm pinhole. The emitted photons in the 650-750 nm spectral
range are recorded by two avalanche photodiodes APDs (Perkin Elmer
SPCM-AQR-13) separated by a 50/50 beam-splitter in a Hanbury-
Brown-Twiss configuration. A time-correlated single photon counting
(TCSPC) module (HydraHarp 400, Picoquant) records the arrival time of
each fluorescence photon in a time-tagged time-resolved (TTTR) mode.
The integration time for each FLCS experiment is 20 min.

2.3. FLCS analysis

The FLCS analysis is implemented using the software Symphotime64
(Picoquant). For a 3-component mixture, the fluorescence lifetime decay
curve of the mixture, D(i) can be expressed as a linear combination as
given by Eq. (1)

where o is the photon count amplitude (in number of photons) and d is
the normalized TCSPC decay pattern of each species [20,21]. Here the
index i is the channel number for the photons detected within the TCSPC
channel. Then a statistical filter function, f(i) is introduced that can
satisfy the following requirements

> fi) xD(i) = 2

P =1 ®

Based on the TCSPC histogram, these filter functions can be calcu-
lated numerically. The filter functions corresponding to the different
species are obtained experimentally by fitting the TCSPC pattern of the
mixture (Fig. 2a,b), taking into account the instrument response func-
tion (IRF) computed by the Symphotime64 software from the rise time
on the TCSPC histogram. For the TCSPC fitting, we set the fluorescence
lifetime to 1.3 and 4.2 ns, which correspond to the lifetimes recorded for
pure Alexa647 and CF640R solutions (Fig. 1d). The contribution for the
AuNCs is retrieved from the flat contribution (so-called “background” in
the software, which also includes the scattering peak) as the fluores-
cence lifetime of gold nanoclusters is on the order of a microsecond [34].
Examples of filter functions are shown on Fig. 2b with their corre-
sponding TCSPC histogram in Fig. 2a.

The correlation functions are then obtained using [20,21].

Ofili(t) x Yfili(t + 1))

=Sy @

This correlation is fitted using the dark state blinking model [3]
given by

G(r):l(ul) . <1+i> . <1+Lexp(i>> ®)
N Tp TDK2 1-T Tps
where G(r) is the cross-correlation function at time 7, N is the total
number of molecules in the observation volume, 7p is the mean diffusion
time, T is the fraction of molecules in the dark state, 7pg is the dark state
blinking time and « denotes the aspect ratio of the axial to the transversal
dimension of the detection volume. Here « is taken as 5 based on our past
confocal results and fits well with our experimental correlation data.
The lifetimes for the Alexa647 and CF640R dyes differ significantly
from the background, and as a result of the FLCS treatment, the scat-
tering background does not influence the FLCS data for these dyes.
However, the long photoluminescence lifetime of the AuNC cannot be
distinguished from the flat background contribution in the TCSPC his-
togram. To estimate the number of molecules for the AuNC, we correct
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Fig. 1. (a) Concept of the experiment: three different fluorescent dyes of similar spectra but different lifetimes are mixed with varying ratios. Time-resolved confocal
measurements followed by FLCS data analysis allow to recover the concentration and diffusion time of each individual species. (b) Fluorescence excitation (dashed
line) and emission (solid line) spectra for the three different dyes. The shadow area indicates the 650-750 nm spectral range used for detection. (c) FCS correlation
data and fit results for the pure species taken individually in a 10 nM solution. (d) Fluorescence decay traces and single exponential fit result taking into account the
convolution with the instrument response function (IRF). The peak seen at 1 ns on the AuNC data corresponds to the background contribution of laser backscattering

and Raman scattering.

52
E) to Eq.
(5) as commonly done in regular FCS [3,26]. B is the background in-
tensity level measured to be 515 counts/s for pure D20 (corresponding
essentially to the sum of the dark counts of the two avalanche photo-

diodes). Inc is the total fluorescence intensity attributed to the AuNC and
__ Cxn
T T

counts per TCSPC channel recorded for each mixture, n = 395 is the
number of TCSPC channels in our experiments and Ty, is the total
integration time for each experiment.

for the background by adding an extra correction term (1 -

background component, calculated as Iyc where C is the baseline

3. Results

We start by characterizing each species individually. All our exper-
iments are performed in deuterated water D2O to maximize the fluo-
rescence brightness and avoid fluorescence quenching by the residual
absorption of water molecules, as demonstrated in Ref. [52,53].
Alexa647, CF640R and AuNC have nearly overlapping fluorescence
emission spectra (Fig. 1b), making these emitters spectrally quasi-
undistinguishable. Standard FCS struggles to distinguish these emitters
(Fig. 1c), as their respective diffusion times are close to each other. On
the contrary, the TCSPC histograms show a remarkable difference be-
tween the species (Fig. 1d): Alexa647 has a 1.3 ns lifetime while CF640R

lifetime is 4.2 ns and the AuNCs have a long photoluminescence lifetime
of 1.3 ps, appearing nearly as a flat line within the 25 ns (=1/40 MHz,
inverse of the laser repetition rate) window of our TCSPC instrument.
We have recently published a study investigating the emission photo-
physics of AuNCs probed by FCS [34]. It was found that the gold
nanoclusters exhibited minimal blinking, with blinking amplitudes T
well below 0.2, in stark contrast to DNA-encapsulated silver nano-
clusters. The observation of photon antibunching in the FCS correlation
at lag times below 1 ps showcased the quantum nature of the emission
process [34], establishing each AuNC as an individual quantum source.
Altogether, these preliminary FCS investigations of AuNCs indicate a
good potential of AuNCs for new fluorescence probes in FCS
applications.

In the following, we focus on FLCS demultiplexing within ternary
mixtures composed of Alexa647, CF640R and AuNCs in different pro-
portions. The mixtures are characterized by a set of three numbers A:B:C
where the first number A denotes the relative fraction of Alexa647, the
second number B indicates the fraction of CF640R and the last number C
is for the gold nanoclusters AuNC. Each initial solution of the pure
compound has a concentration of 10 nM, as characterized by standard
FCS in Fig. 1c.

Fig. 2 shows typical experimental results for a 4:3:3 mixture
composed of 40% Alexa647, 30% CF640R and 30% AuNCs. The TCSPC
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Fig. 2. Example of FLCS demultiplexing for a mixture consisting of 40% Alexa647, 30% CF640R and 30% Aul8NC solutions, each species being diluted at a 10 nM
concentration. (a) Fluorescence lifetime decay of the mixture, which the contribution of each species being highlighted in a different color. (b) FLCS filter functions
calculated from the TCSPC histogram in (a) for each species. (c) Standard FCS correlation of the mixture. (d) FLCS filtered correlations of the same data as in (c)

allowing to recover the contributions of each species.

histogram recorded with the mixture (Fig. 2a) can be decomposed as a
sum of the contributions of each species, as highlighted by the colored
regions. Fitting this TCPSC histogram with the known lifetimes of
Alexa647 and CF640R (from Fig. 1d) and a flat baseline (for the AuNC
contribution) provides the FLCS filter functions displayed in Fig. 2b.
Fig. 2c shows the correlation data obtained using standard FCS on this
4:3:3 mixture, together with a numerical fit considering three distinct
species. For standard FCS performed on a mixture, the correlation
contribution of each species is weighted by the square of its respective
fluorescence brightness [3]. Here our emitters have significantly
different brightness: a single Alexa647 molecule emits 2 kcounts/s,
CF640R 3.6 kcounts/s and AuNCs 0.3 kcounts/s. Therefore, retrieving
the different contributions is very challenging for standard FCS. Here a
total number of 5.3 molecules is determined from standard FCS, yet this
number is quite unrelated to the real number of molecules for each in-
dividual species. FLCS filtering is a better approach to recover the
respective contributions for each species (Fig. 2d) and assess quantita-
tively their respective numbers of molecules and diffusion times.

While FLCS has been already reported to distinguish two species of
overlapping spectra [20,21,25,26] or one species from the background
[21,27], here it is the first time that FLCS is employed for demultiplexing
the data in a 3-species mixture and with AuNCs. To assess the perfor-
mance of the technique and the relevance of AuNCs in this context, we
have prepared a series of mixtures with different relative fractions of
Alexa647, CF640R and AuNCs (Fig. 3a,b). The respective proportions of
each species is varied by up to 6 times between different mixtures to
explore a broad range of conditions. As each species has been calibrated
separately (Fig. 1c) and as we know the respective dilutions to form the
ternary mixtures, we can predict for each case the expected numbers of
molecules seen by FLCS for each species and each complex mixture
(empty markers in Fig. 3a). This number is then compared to the
experimental numbers of molecules measured for each species after
FLCS demultiplexing (solid markers in Fig. 3a).

For all the different mixtures and different range of concentrations,
we find a good agreement with the measured and expected values for the
numbers of molecules of each species (Fig. 3a). The comparison can also
be expressed as a function of the respective molecular fraction of each
species (Fig. 3b). For a given ternary mixture, the molecular fraction is

defined as the number of molecules seen for one species divided by the
sum of the numbers of molecules seen for all species:

__ N
p/'_ ZNk

k=AB,C

(6)

Fig. 3b compares the molecular fractions measured by FLCS with the
expected values from the dilutions. Again, we find a good agreement for
all the different mixtures and species, validating the FLCS approach to
recover the respective concentration of each species.

For each measurement of the number of molecules or molecular
fraction, the relative error is defined as the difference between the
measured value M and the expected value E, divided by the expected
value:

) M—E
Relative Error =

)

The relative errors for the FLCS measurements of the numbers of
molecules N and the molecular fractions p are represented in Fig. 3c,
d respectively. For Alexa647 and CF640R, the average relative errors are

+7% for measurements of the numbers of molecules, and + 5% for the

molecular fractions. For the gold nanoclusters AuNCs, the relative errors
are slightly bigger because of the lower fluorescence brightness and
longer lifetime. We find an average relative error of +22% for the
numbers of molecules, and + 13% for the molecular fractions in the case
of AuNCs. Improving the AuNC luminescence brightness by ligand ex-
change [34,54], reducing the background intensity and/or increasing
the total integration time will further promote the accuracies as in
regular FCS.

Lastly, the FLCS filters allow us to investigate the cross-talk between
different channels and species. In Fig. 3e, we again consider the 4:3:3
mixture analyzed in Fig. 2, and we represent the cross-correlation am-
plitudes obtained while computing FLCS correlations with different fil-
ters. The diagonal terms in Fig. 3e represent the FLCS correlation
amplitude while correlating the FLCS filter of the same species (as used
in Fig. 2d). The off-diagonal terms in Fig. 3e are the FLCS correlation
amplitudes obtained while correlating the filter for one species with the
filter of another species (e.g. correlating Alexa647 filtered intensity with
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Fig. 3. FLCS demultiplexing of the mixtures allows to quantitatively assess the numbers of molecules of each species. (a) Numbers of molecules measured by FLCS for
each species (solid markers). The empty markers indicate the expected result knowing the respective concentrations and mixture ratios. (b) Comparison of the
respective fractions for each species measured by FLCS (bright colorbars) and expected from the dilutions (dull pastel colorbars) for the different mixture ratios. (c)
Relative error on the measured numbers of molecules in (a) as compared to the expected values. (d) same as (c) for the molecular fractions displayed in (b). (e) Cross-
correlation amplitude of the FLCS data for the different filters showing good specificity for the diagonal terms and minimum crosstalk between different components.

For this data, we have again considered the 4:3:3 mixture as used in Fig. 2.

AuNC filter intensity). These terms represent the crosstalk between the
detection channels. For Alexa647 and CF640R, and for Alexa647 and
AuNC, we find negative correlation amplitudes between —0.003 and —
0.03, which are dominated by noise and have no physical meaning.
These results indicate that the short lifetime of Alexa 647 in the nano-
second range allows for an efficient discrimination of this species with
the two others. For CF640R and AuNC, there is a higher cross-correlation
amplitude between the species, about 25% of the correlation amplitude
found for each species individually. This stems from the longer lifetimes
of CF640R and AuNC and the partial overlap of their respective FLCS
filters. Despite this partial overlap, the significantly 4x higher correla-
tion amplitude for the diagonal terms in Fig. 3e illustrate the discrimi-
nation performance of FLCS in distinguishing different fluorescent

species.
4. Discussion

We have detailed the first quantitative FLCS measurements within a
ternary mixture composed of three different fluorescent emitters with
near-identical emission spectra. Using the lifetime information to filter
the fluorescence intensity is a robust and simple approach to parallel
detection of multiple species and a significant step forward as compared
to conventional FCS or FCCS. Our experimental data clearly establish
that FLCS filtering enables the precise determination of individual
concentrations within complex ternary mixtures. This demonstration
advances FLCS multiplexing for biosensing applications, going well
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beyond the usual binary mixtures [20,21,25,26]. The application
described here is not restricted to gold nanoclusters, any emitter with
significantly long lifetime could be used as well. This includes quantum
dots with lifetimes in the tens of nanosecond range [29,31] or nano-
particles doped with lanthanides [55-57].

Furthermore, this study critically assesses the utility and applica-
bility of AuNCs in FLCS investigations. With their long luminescence
lifetime in the microsecond range and stable emission properties, gold
nanoclusters introduce a valuable dimension to the repertoire of FCS
probes. A precise knowledge of their microsecond photoluminescence
lifetime is not necessary, as their TCSPC contribution can be reasonably
approximated by a flat baseline. While employing AuNCs in FLCS, it
becomes necessary to correct for the background contribution, which is
not automatically addressed, as is the case with FLCS involving organic
dyes with nanosecond lifetimes. The method outlined here, based on the
conventional approach to background correction in standard FCS,
demonstrates the continued feasibility of accurate concentration mea-
surements using AuNCs, even in complex ternary mixtures with organic
fluorescent dyes of overlapping spectra.

From an instrumentation point of view, only a single laser line and a
single channel detection are needed. While it should be reminded that
FLCS puts more demand on the FLCS electronics, this remains well
within reach of modern current electronics. Avoiding the need to
overlap different detection volumes as in dual-color FCCS or circum-
venting the need for two-photon excitation using ultrashort laser pulses
are additional advantages of the FLCS multiplexing approach.

In summary, our study represents a significant advancement in the
field of FLCS multiplexing for biosensing applications, extending the
method beyond binary mixtures. The utility of AuNCs has been critically
assessed, and the simplicity of our approach in terms of instrumentation
is a noteworthy advantage. As such, this research lays the foundation for
further progress in the simultaneous parallel FLCS detection of multiple
species.
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