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Time gated Fourier transform spectroscopy as a
technigue for disentangling short- and long-lived
luminescence

Mikkel Baldtzer Liisberg® "™ & Tom Vosch@® '*

Overlapping short- and long-lived luminescence signals are often encountered and are not
trivial to disentangle in a single measurement. Here, we demonstrate for a broad range of
emitters that time gated Fourier transform spectroscopy can be used as a technique to
simultaneously capture and temporally disentangle overlapping spectral features of lumi-
nescence signals. This allows us to concurrently measure the fluorescence and phosphor-
escence bands of an organic fluorophore, retrieve the emission of a quantum dot that is
overshadowed by an autofluorescent serum solution, and for removing residual laser scatter
and ambient room light in an optical filter free configuration. Time gated Fourier transform
spectroscopy only requires the introduction of a common-path interferometer to the emis-
sion path of a standard time-correlated single photon counting setup; it can function as a
technique to both discriminate signals as well as characterize properties of new materials.
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inherent sensitivity that can be leveraged to provide both

qualitative and quantitative information. The sensitivity
partially originates from the fact that the signal can be separated
either spectrally! or temporally? from an unwanted background.
Other methods for selectively extracting a signal of interest use
polarization® or frequency modulation®> aspects. Before new
luminescent materials are used in applications, characterization of
their spectral and temporal response is required in order to
determine the best strategy for maximizing the signal to back-
ground ratio. Luminescence can also serve as a readout of the
electronic structure of newly developed materials®’. Hence, tools
for characterizing materials both spectrally and temporally are in
demand not only as experimental readout devices but also to
investigate the fundamental properties of materials.

A classic spectroscopic device that can measure both spectral and
time-resolved information simultaneously is a streak camera where
one dimension of the camera chip acts as the energy resolved axis by
using, for instance, a diffracting element, and the other axis acts as
the temporal axis by deflecting the photons/electrons in time3?.
Streak cameras are, however, usually expensivel’, and a more
common configuration for recording similar 2D temporal-spectral
maps is based on point detectors where the two dimensions are
resolved sequentially rather than simultaneously. Experimentally,
this is commonly realized with a monochromator in front of a point
detector connected to a time-correlated single photon counting
(TCSPC) card, where the spectrally resolved decays are constructed
in a stepwise manner!l12, Another approach is to replace the
monochromator with a birefringent common-path interferometer
for providing the spectral dimension; this has brought the advan-
tages of Fourier transform (FT) spectroscopy to the visible spectral
region!3. In this approach, a luminescence decay is recorded at every
position of the interferometer as it is being scanned over a pre-
defined range. The resulting interferograms are then Fourier trans-
formed, which yields a 2D temporal-spectral map!“.

Here, we demonstrate how the 2D temporal-spectral maps,
generated by the introduction of a common-path interferometer to
a standard TCSPC setup with a point detector, can be especially
useful for characterizing and discriminating luminescence signals
that occur on widely different timescales. By time gating numeri-
cally in a post-acquisition manner, we are able to create time gated
emission spectra, which can disentangle, for example, spectrally
overlapping nanosecond lived fluorescence from microsecond lived
phosphorescence. Hence, we refer to this technique as time gated
Fourier transform spectroscopy (TG-FTS), which combines the
optical methodology developed by Perri et al.l> with the time
gating analysis methodology developed by Liisberg et al'® for a
single useful technique. We present a number of cases to
demonstrate the numerous material characterization and selective
signal recovery applications this method can be used for.

I uminescence is ubiquitously used in various fields due to its

Results and discussion

Principle of TG-FTS. TG-FTS relies on two essential elements,
an interferometer and a TCSPC board, which provide spectral
and temporal information, respectively; the basics of both will
briefly be elaborated upon.

We use a common-path birefringent interferometer (Translat-
ing-Wedge-based Identical pulses eNcoding System; TWINS),
which allows for collecting spectra in the visible and near-infrared
regions with ease!3. In the TWINS interferometer, emission light
is firstly passed through a polarizer (P1 in Fig. la) with its
transmission axis oriented at 45° with respect to the horizontal
axis. Next, it passes through a birefringent block (A), creating two
orthogonally polarized beams with a fixed relative delay. The
relative delay between the two beams can be tuned from a

negative to a positive value by passing through a second
birefringent block (B, with its optical axis orthogonal to A). This
block is comprised of a couple of birefringent wedges with a
variable effective thickness determined by the insertion of one of
the wedges by a length, x. Finally, a second polarizer (P2) projects
the two components to a common polarization to impose
interference at the detector!3. Fourier transforming the recorded
interferogram yields an emission spectrum after a series of
calibrations (see Supplementary Note 1)14.

In TCSPC, each detected photon gets assigned an arrival time,
known as the ‘micro-time’, which is the time between a detection
event and the next synchronization pulse. Collecting all the
detected photons into a histogram yields a decay curve on the
nanosecond timescale (Fig. 1b). If long-lived luminescence
(micro- to milliseconds) is also present, it will appear as an
increased background, as the time-to-amplitude converter (TAC)
window will usually be too short for the luminescence to decay
appreciably. Accordingly, it is possible to gate the collected
photons numerically (post-acquisition) based on whether they are
in or out of the fluorescence decay window (Fig. 1b; see
Supplementary Fig. 3 for gating procedure) and separate the
photons based on whether they originate from a short- or long-
lived state!®.

For demonstrating TG-FTS, we use a microscope-based setup
where we introduced the TWINS interferometer in the emission
path and record the micro-time of emitted photons with a TCSPC
board (Fig. 1a, see Methods section for a detailed description of
the setup). To illustrate the working principle of TG-FTS, we will
here consider the hypothetical case of a dual-emissive species
with a spectrally overlapping short- and long-lived component.
With the setup, a two-dimensional ungated intensity map,
Iyg(t, x), is produced by recording a decay at every wedge
position of the TWINS (Fig. 1¢); we will subsequently refer to this
as a time-resolved interferometric map (TRIM). Performing a FT
along the position axis and applying a series of calibrations (see
Supplementary Note 1), leads to a 2D temporal-spectral map,
Iyg(t, A), that reveals two spectrally overlapping components,
which are, however, temporally distinct (Fig. 1c); this is referred
to as a time-resolved emission map (TREM). Since the two
contributions are distinct in time, it possible to time gate Iyg(t, x)
numerically, and prepare two new TRIMs (Fig. 1d, e), one which
only contains short-lived fluorescence, It rg(t, x), and another
which only consist of long-lived luminescence, I, tg(t, x). It is
necessary to correct both I 1g(f, x) and Iy, 1g(t, x) since some
luminescence will be present in the time gating window. This is
rather straightforward because the luminescence response can be
considered as a flat background over the entire TAC window.
Fourier transforming these time gated TRIMs (TG-TRIMs),
yields time gated TREMs (TG-TREMs) that disentangled the
short-lived fluorescence, Iy rg(t A), and long-lived luminescence,
Iy 1g(t A), from one another.

Disentangling dual emission from a DNA-AgNC. To demon-
strate the applicability of TG-FTS, we first examine a DNA-
stabilized silver nanocluster (referred to as DNA-Ag;(NC), which
we have previously shown exhibits dual emission with a short-
(intensity averaged decay time of 2.2 ns) and long-lived (intensity
averaged decay time of 76 ps) component when dissolved in
D,01617. When measuring the steady-state emission spectrum at
room temperature (RT), the two components are seemingly
overlapping, while they become more spectrally distinct when
frozen at 77 K. In Fig. 2, we show that we can completely disen-
tangle the emission at 77 K upon 520 nm excitation; similar results
at RT are presented in Supplementary Fig. 5, where the con-
tribution of the long-lived component is, however, much lower.
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Fig. 1 Principle of TG-FTS. a Schematic of the experimental setup used to demonstrate TG-FTS on a microscope setup. b lllustration of time gating
procedure to temporally disentangle short- (Fl, ns) and long-lived (Lu, pus-ms) contributions. ¢ lllustration of how the ungated TRIM (lys(t, x)) and TREM
(lug(t, 1)) of a dual-emissive species might be spectrally overlapping but temporally distinct. d, e Time gating lyg(t, x) yields TG-TRIMs, which by FT, and a
series of calibrations, in turn gives disentangled TG-TREMs of the fluorescence (/g 15(t, 1)) and luminescence (I, 76(t, 4)). Abbreviations used in a CL
supercontinuum laser, AOTF acousto-optic tunable filter, BP band pass filter, BS beam splitter, LP long pass filter, Obj. objective, APD avalanche photodiode.

The ungated TRIM and TG-TRIMs of DNA-Ag;(NC (Fig. 2a)
are similar to the theoretical example in Fig. 1c-e. The ungated
TRIM of DNA-Ag;NC (Iyg(t, x)) shows a short fluorescence
decay on top of a significant background. This can be seen from
the map itself and the decay on top (shown on a log scale), which
is obtained by integrating along the displacement axis, x. The TG-
TRIMs were constructed from Iyg(f, x), using a time gate that
encompasses the entire fluorescence decay (31-50ns). The
resulting second map (Iprg(t, X)) represents the short-lived
fluorescence contribution, which has been corrected for residual
long-lived emission in the time gate (-<I>, see Supplementary
Note 2 for a more detailed description of the correction
procedure). The third map (I, rG(t, X)), on the other hand, only
contains long-lived luminescence, as it is constructed from the
photons that are detected outside the defined time gate. As there
is no interferometric/spectral difference between luminescence
photons detected at different times (e.g., at 15ns or 60 ns), it is
possible to represent the luminescence contribution within the
fluorescence time gate as the mean of the luminescence photons
outside that time gate ( <I>, in Fig. 2). That the short- and long-
lived components exhibit different frequencies in Iyg(t, x), can
more clearly be seen from the overlaid integrated interferograms
I rG(x) and I, 1(x) in Fig. 2b, which also shows that the short-
lived component has a greater amplitude.

From each of the TRIMs, it is possible to calculate
corresponding TREMs by FT (Fig. 2c); a series of calibrations
are performed to ensure that the wavelength and intensity values
of the TREMs are accurate (see Supplementary Note 3). The

results are similar to the schematic in Fig. 1c-e, and the TREM of
DNA-Ag;sNC (Iyg(t, A)) reveals a short- and long-lived
component centered at 677 nm and 825nm, respectively. The
TG-TREMs disentangle the spectra of the short- (Igrg(t, 1))
from the long-lived (I, 1g(t, A)) states. The disentanglement of
the two from the ungated spectrum is best appreciated by
overlaying them (Fig. 2d).

Retrieving quantum dot emission in autofluorescent serum.
Biological matrices are notorious for containing endogenous
molecules that display autofluorescence, which can bury the
luminescence of interest in an undesired background!8. Two
popular ways of separating autofluorescence from the signal of
interested is either by using probes with anti-Stokes emission
(e.g., upconversion nanoparticles'?) or by time gating?0. For time
gating purposes, a probe with a fairly long luminescence decay is
required, since the decay time of autofluorescence is usually a few
nanoseconds?!. Any emitter with an excited state lifetime that is a
factor of ten or more larger than the autofluorescence, can easily
be disentangled. To this end, we use semiconductor quantum dots
(QDs)?2 and demonstrate how to retrieve the emission spectrum
of CdTe-QDs from the dominating autofluorescence of fetal
bovine serum (FBS) by TG-FTS.

The CdTe-QDs (dissolved in MQ water) and FBS yield Stokes-
shifted emission with decay times of 41 ns and 5 ns, respectively,
when excited at 450 nm (Supplementary Fig. 6, 7). Upon examining
the decays of the unmixed constituents, a time gate is defined that
encompasses the autofluorescence of FBS (Fig. 3b); emission
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Fig. 2 TG-FTS disentangles short- and long-lived dual emission from DNA-Ag;sNC in D0 at 77 K. a Ungated (/yg(t, x)), fluorescence-gated (/g 1(t, X)),
and luminescence-gated (I, 16(t, X)) TRIMs. b Overlay of the integrated TRIMs. ¢ Ungated (lys(t, 4)), fluorescence-gated (Ig 16(t, 4)), and luminescence-
gated (I, 16(t, 1)) TREMs normalized to the maximum of I,g(t, 4). Note that different limits are used for each of the TREMs to highlight the different

contributions. d Resulting spectra of the interferograms in b.

collected outside this time gate is accordingly entirely from the
CdTe-QDs. Preparing a solution of CdTe-QDs in FBS (125 pg L],
87.5% FBS and 125 % QD in MQ water, Fig. 3a) yields a
luminescence decay dominated by FBS within the time gate, with
some contribution of the long-lived tail from the CdTe-QDs
(Fig. 3b). The TRIM of the CdTe-QD + FBS mixture shows
modulation within and outside the time gate (Fig. 3¢); this is even
more clearly seen from the integrated interferograms overlaid in
Fig. 3d. The resulting TREM shows a broad short-lived feature (FBS
contribution) and a long-lived band at around 605 nm (CdTe-QD
contribution, Fig. 3e). The resulting ungated spectrum is dominated
by the FBS emission, and even though it only amounts to small
fraction of the overall signal, the spectrum constructed from the
region outside the time gate clearly reveals the Gaussian-shaped QD
band at 605nm (Fig. 3f). To confirm that we can quantitatively
extract the QD emission in such a high autofluorescence
background, we measured a dilution series and find that the
emission intensity exhibits a linear response and that the emission
maximum and full width at half max display negligible spectral
deviations at the different concentrations (Supplementary Fig. 8).

Note that for emitters with luminescence decay times on vastly
different time scales (e.g., for ligand-lanthanide pairs with nano-
and millisecond decay times, respectively), it is straightforward to
correct the amplitude of the luminescence contribution for
luminescence falling within the fluorescence time gate (Supple-
mentary Note 2). However, in the case of CdTe-QD and FBS with
decay times that are relatively close (41 ns and 5 ns, respectively),
it becomes more cumbersome to correct for, since the long-lived
emission no longer appear as a flat background. For the data
presented in Fig. 3 we opted to omit this amplitude-correction,
but in Supplementary Note 4 we propose a procedure to correct
the QD contribution for a better estimate of its actual amplitude.
Note that knowledge about the individual decay components and
the assumption that the decays are unaltered in the mixture is
only required in case an amplitude correction is desired.

Discriminating phosphorescence from the fluorescence of an
organic dye. Organic dyes with a high yield of intersystem

crossing are often used as photosensitizers in photodynamic
therapy, as they are able to generate singlet oxygen or other
reactive oxygen species?3. A prerequisite for the ability of the dyes
to generate singlet oxygen is that the energy difference of the
triplet to ground state is sufficient to reach the first or second
singlet state of molecular oxygen (around 1275nm and
765 nm)24, This energy difference of the triplet state to ground
state can be experimentally assessed by measuring the phos-
phorescence of the photosensitizer. Because phosphorescence is
often outcompeted by non-radiative processes at RT, it is com-
monly measured at 77 K. Here we demonstrate how TG-FTS can
aid in determining the triplet to ground state energy for an
organic dye (rose bengal) known for its ability to create high
yields of singlet oxygen2>20,

Rose bengal (RB, Fig. 4a) belongs to the class of xanthene dyes
derived from fluorescein, but with the addition of heavy atoms
(ie., iodines) for an increased triplet formation yield?’. Exciting
an aqueous solution of RB at RT at 520nm results in a
dominating short instrument response function (IRF)-limited
fluorescence response (Supplementary Fig. 10). From the
recorded TRIM, a time gate capturing the entire fluorescence
signal is defined (31-38ns), and TG-TREMs are prepared
accordingly (Supplementary Fig. 10). While two orders of
magnitude lower in intensity, we are still able to detect a low
intensity long-lived phosphorescence signal (Supplementary
Fig. 10c, d). Given the low phosphorescence count rate at RT,
we decided to measure the emission of RB at 77 K (Supplemen-
tary Fig. 11). From the overlaid TG-TREMs (Fig. 4b), it can be
seen that the fluorescence response remains IRF-limited and that
the phosphorescence contribution increased significantly with an
emission maximum at 737nm (Fig. 4c). We note that the
fluorescence spectrum red shifted upon freezing, which we
attribute to concentration effects due to water freezing hetero-
geneously and the fact that we observe similar red shifts at room
temperature for increasingly concentrated solutions of RB
(Supplementary Fig. 12). Nonetheless, the results with TG-FTS
are in line with previous findings and show that it is possible to
disentangle the phosphorescence signal from the fluorescence?8.
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Fig. 3 TG-FTS disentangles CdTe-QD emission from FBS autofluorescence. a Cartoon illustrating the experiment where CdTe-QDs and FBS are both
excited at 450 nm and emit with intensity averaged decay times of 41 ns and 5 ns, respectively. b Normalized luminescence decays of CdTe-QD (dissolved
in MQ water), FBS, and a solution of CdTe-QD in FBS. A time gate for the CdTe-QDs is defined outside 180-230 ns (colored area). ¢ UG-TRIM of the FBS+
CdTe-QD mixture with the time gate shown in red. d Resulting ungated (I g(x)) and CdTe-QD time gated (Igp 16(x)) interferograms with a full (top) and
zoomed-in (bottom) view. @ UG-TREM of FBS+CdTe-QD mixture. f Resulting spectra of the interferograms in d with a full (top) and zoomed-in (bottom)

view.
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Fig. 4 TG-FTS disentangles phosphorescence and fluorescence from RB
at 77 K. a Experimental configuration, where a frozen (77 K) aqueous
solution of RB is excited at 520 nm, which emits short- and long-lived
fluorescence and phosphorescence, respectively. b Overlaid TG-TREMs
showing the short-lived fluorescence (/g r(t, 1), time gate from 31 to
38ns) in red and long-lived phosphorescence (Ip, 16(t, 4), time gate outside
31-38 ns) in blue. ¢ Time gated spectra of RB showing a fluorescence peak
at 579 nm (top) and a phosphorescence band at 737 nm (bottom).

Separating lanthanide from ligand emission. Lanthanide-based
emitters have found applications in many areas, partly due to
their key features which include narrow emission lines and long-
lived excited state lifetimes in the micro- to milliseconds range?®.
While long lifetimes are beneficial for time gated signal collection

or imaging, they also imply small transition probabilities which
makes direct excitation challenging. This issue is often bypassed
by using an antenna (made out of an organic chromophore) with
a high excitation cross-section that can sensitize the lanthanide
luminescence3. Unless complete energy transfer is achieved, the
antenna fluorescence can cover the lanthanide luminescence.
Here we show for a commonly used lanthanide complex (Lumi4-
Tb)3132, how TG-FTS can be used to untangle the contributions
from both ligand and lanthanide.

Upon excitation in the UV, the ligand sensitizes the emission of
Tb3+, which emits on the millisecond timescale33. Due to
incomplete sensitization, residual fluorescence from the ligand is
also observed on the nanosecond timescale (Fig. 5a). A time gate
encompassing the ligand fluorescence (65-90 ns) is defined from
the measured TRIM (Supplementary Fig. 13) and is used for
preparing TG-TREMs (Fig. 5b). From the overlaid TG-TREMs,
the tailing short-lived fluorescence from the ligand can be
observed alongside the narrow emission bands of Tb3+, which are
constant in the entire detection window. The resulting spectra
(Fig. 5¢) of the integrated interferograms (Supplementary
Fig. 13d) clearly reveal the characteristic emission bands of
TH3* (Ippsy16(A)), which are otherwise entangled with the
contribution of the ligand emission (Ipigand,rG(A)) when measured
ungated (Iyg(A)). With TG-FTS, we can disentangle the Th3+
luminescence from the ligand fluorescence and unambiguously
assign the transitions of Tb3>* to °D, — 7F; (for J = 3-6)3%.

Measuring emission spectra without optical filters under
ambient light. As a final demonstration of TG-FTS, we measure
the emission spectrum of indocyanine green (ICG) under ambi-
ent room light (from fluorescent light bulbs) without excitation or
emission filters (Fig. 6a); a situation that might prove valuable for
fluorescence guided surgery purposes®>3¢. This poses as a very
challenging setting with many overlapping signals, which is even
further complicated by the IRF-limited decay of ICG (Supple-
mentary Fig. 14). Nonetheless, TG-FTS allows for disentangling
all three contributions, as will be demonstrated here.
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From the recorded TRIM, a time gate encompassing the room
light, which appears as a long-lived signal, is defined (TGgy,
Fig. 6b). In the microscope setting we used, focusing into the
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Fig. 5 TG-FTS disentangles lanthanide from ligand emission. a Cartoon of
the experiment, where UV light excites the ligand, which fluoresces on the
nanosecond timescale and sensitizes the Tb3+, which emits on the
milisecond timescale. b Overlaid TG-TREMs showing the fluorescence of
the ligand (I\igang Tc(t, 4), time gate from 65 to 90 ns) in red and
luminescence of Tb3* (Irps4 16(t A), time gate from 10 to 65 ns) in blue.
¢ Spectra of the ungated (lyg()), ligand gated (ligang 76(A)), and Tb3+
gated (Itp3, 76(A)) integrated interferograms. The 5D4 — 7F, transitions of
Tb3* for J=3-6 have been assigned based on previous reports34,

700

solution led to the detection of scattered excitation light before
the onset of ICG emission. Hence, it is possible to define two time
gates; one which has scattered excitation light (TGgy) and another
with a combination of scattered excitation light and ICG emission
(TGgxr1cas Fig. 6¢). The ungated integrated interferogram and
the corresponding spectrum (Fig. 6d) reveals a complex structure
with many spectral features. By only considering photons falling
within TGgy, it is possible to construct an interferogram of the
room light and by FT obtain the resulting spectrum (Fig. 6e),
which shows relatively sharp lines in the visible range,
characteristic of fluorescent light bulbs containing rare earth
phosphors. Removing the room light contribution from the
ungated interferogram vyields an interferogram which has
contributions from the excitation light and ICG (Igyi1cg(%),
Supplementary Figs. 15, 16).

Since there is no ICG signal within TGg,, it is possible to use
photons within this time gate to obtain an interferogram and
spectrum of the excitation light, which shows a single peak at
790 nm (Fig. 6f). We note that a similar approach was recently
presented by Ksantini et al. to improve the signal to noise ratio of
the Raman signal with respect to the fluorescence background by
time gating the signal of interest close to the IRF limited response
of a pulsed laser?”. By subtracting a scaled amount of Ig,(x) from
Igxi1ca(x), it is possible to retrieve the interferogram and
emission spectrum of ICG revealing an emission maximum at
808 nm and a vibronic shoulder around 900 nm (Fig. 6g, see
Supplementary Note 5 for details on disentanglement procedure).
In case there is no laser specific signal that is temporally separated
from the fluorescence response (i.e., if the ICG signal is present in
the entire excitation window), it would be possible to deliberately
introduce a part of the excitation light in the detection path,
bypassing the sample. This could ensure a region in the TAC
window with excitation light only to be used for TGg,
Alternatively, it is also possible to first record an interferogram
from the laser alone and subtract a scaled amount of I, (x) from
Igxr1c(x) to retrieve Iicg(x). A final option to retrieve Ijcg(x)
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Fig. 6 TG-FTS can disentangle the emission spectrum of ICG from excitation light and room light without excitation or emission filters. a Cartoon
illustrating the experiment, where ICG is excited at 790 nm under room light illumination. b TRIM with the room light time gate (TGg,) shown. ¢ Zoom-in
of the same TRIM to highlight the time gates used for excitation light (TGg,) and the combined excitation and ICG signal (TGgy,cg). d Ungated integrated
interferogram and the corresponding normalized spectrum. e, f, g Disentangled interferograms and the corresponding spectra (normalized to lyg(4)) of

room light (RL), excitation light (Ex), and ICG, respectively.
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from Iy 1cG(x), would be to use the fact that the interferogram of
a spectrally narrow excitation source is expected to have a single
sinusoidal frequency feature, which could be fitted and
subtracted.

Conclusions

In summary, we have demonstrated TG-FTS, a technique for
simultaneously measuring and disentangling overlapping spectral
features of short- (ns) and long-lived (us-ms) luminescence sig-
nals. The technique is based on combining interferometry with
TCSPC, which provide spectral and temporal information,
respectively. In TG-FTS, spectral disentanglement is ensured by
temporally gating photons that originate from short- or long-
lived states or species. We demonstrated the applicability of TG-
FTS for some of the most commonly used luminophore classes,
including organic dyes, semiconductor QDs, lanthanide com-
plexes, and metal nanoclusters. TG-FTS, for instance, proved
capable of retrieving the spectral features of a QD from the
dominating FBS autofluorescence, discriminating lanthanide
emission from that of the ligand, and retrieving the NIR emission
spectrum of an organic dye in an experimental setting compli-
cated by the presence of ambient room light and scatter from the
excitation source as a result of using neither excitation nor
emission filters.

Our current implementation of TG-FTS can resolve the decay
time of short-lived (ns) species, but it is currently unable to
capture the decay time of long-lived species (us—ms). We recently
demonstrated how a burst mode approach could be useful for
simultaneously determining short- and long-lived decay times
and we hope to implement this in the near future for TG-FTS!®.
While the examples presented here were implementations of TG-
FTS on a microscope setup, it could equally well be implemented
in a cuvette based configuration!41>38, Additionally, while we
demonstrated an emission-based implementation of TG-FTS, it is
equally applicable for measuring time gated excitation spectral®.

Methods

Materials. COOH functionalized CdTe quantum dots, rose bengal, indocyanine
green, AgNO;, ammonium acetate, and NaBH, were acquired from Sigma Aldrich.
Lumi4-Tb conjugated to streptavidin was purchased from PerkinElmer. DNA was
purchased from Integrated DNA Technologies and D,O was purchased from
Eurisotop. FBS was purchased from ThermoFisher. All chemicals were used as
received without further purification.

TG-FTS experimental setup. All TG-FTS measurements were performed on a
home-built microscope setup. A fiber coupled (FD7-PM, NKT Photonics) con-
tinuum white-light laser (SuperK EXTREME EXB-6, NKT Photonics) was used as
an excitation source delivering wavelengths in the range of 415-1100 nm by
sending the continuum output through an acousto-optic tunable filter (SuperK
SELECT, NKT Photonics). The excitation light was in most cases cleaned up by a
band-pass filter before being expanded (BEO5M-A, Thorlabs). The excitation light
was then reflected by a 30:70 beam splitter (XF122, Omega Optical) and sent
through an objective (see below), which focused the laser onto the sample.
Luminescence was collected from the same objective, and residual excitation light
was usually removed with a long pass filter. The emission light was directed
through the TWINS device (GEMINI, NIREOS) and finally detected on an ava-
lanche photodiode (SPCM-AQRH-14-TR, Excelitas Technologies) connected to a
single photon counting module (SPC-830, Becker & Hickl). Count rates were
adjusted to be significantly below the repetition rate in order to avoid pile-up
effects. The time axis in the TRIMs and TREMs is used as it is obtained from the
experiment, though it could be arbitrarily shifted to have the fluorescence decay
start at t= 0 ns. Official LabVIEW routines from NIREOS and Becker & Hickl
were modified and combined to allow for measuring TRIMs.

Note that an oil immersion objective was used (UPlanSAPO 100x NA = 1.3,
Olympus) for experiments conducted at room temperature, and an air objective
(CPlanFLN 10x, NA = 0.3, Olympus) was used for low temperature (77 K)
experiments. A temperature-controlled stage (LTS 350 and LNP, Linkam) was used
to ensure cryogenic temperatures. Furthermore, for experiments with the Lumi4-
Tb sample, a 375 nm excitation laser diode (LDH-P-C-375, PicoQuant) was instead
used in addition to a change of the beam splitter with a 442 nm dichroic mirror
(Di02-R442, Semrock). Details about excitation wavelength, repetition rate,

excitation and emission filters, and interferometer scans settings used for each
presented experiment can be found in Supplementary Note 7.

TG-FTS data analysis. The measured TRIMs were subsequently analyzed in
MATLAB with home-written routines for the preparation of TREMs and TG-
TRIMs/TG-TREMs. A detailed description of the workflow for preparing TREMs
from recorded TRIMs can be found in Supplementary Note 1. Meanwhile, Sup-
plementary Note 2 describes the procedure of time gating data in detail.

DNA-Ag;¢NC synthesis. DNA-Ag,(NC was synthesized according to the protocol
described in Cerretani et al.1”, and is described in detail in Supplementary Note 6.

Data availability
The data that support the findings of this work are available at https://doi.org/10.17894/
ucph.bac6f468-c961-4e62-8bcb-d4al5212e215.

Code availability
The code used in this paper is available at https://doi.org/10.17894/ucph.bac6{468-c961-
4e62-8bcb-d4al5212e25.
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