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Super-Resolved FRET Imaging by Confocal
Fluorescence-Lifetime Single-Molecule Localization
Microscopy

Cecilia Zaza, Germán Chiarelli, Ludovit P. Zweifel, Mauricio Pilo-Pais,
Evangelos Sisamakis, Fabio Barachati, Fernando D. Stefani,* and Guillermo P. Acuna*

Fluorescence Resonance Energy Transfer (FRET)-based approaches are unique
tools for sensing the immediate surroundings and interactions of
(bio)molecules. FRET imaging and Fluorescence Lifetime Imaging Microscopy
(FLIM) enable the visualization of the spatial distribution of molecular
interactions and functional states. However, conventional FLIM and FRET
imaging provide average information over an ensemble of molecules within a
diffraction-limited volume, which limits the spatial information, accuracy, and
dynamic range of the observed signals. Here, an approach to obtain
super-resolved FRET imaging based on single-molecule localization
microscopy using an early prototype of a commercial time-resolved confocal
microscope is demonstrated. DNA Points Accumulation for Imaging in
Nanoscale Topography with fluorogenic probes provides a suitable
combination of background reduction and binding kinetics compatible with
the scanning speed of usual confocal microscopes. A single laser is used to
excite the donor, a broad detection band is employed to retrieve both donor
and acceptor emission, and FRET events are detected from lifetime
information.

1. Introduction

Fluorescence Resonance Energy Transfer (FRET) from a fluo-
rophore in the excited state (donor, D) to a fluorophore in the
ground state (acceptor, A) provides a signal sensitive to the D–A
separation distance in the 2 −10 nm range, the local refractive
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index, and the spectral overlap between
D emission and A absorption, which in
turn depends on various environmen-
tal parameters. Based on this, a vast
library of imaging protocols and sen-
sors based on FRET have been devel-
oped and successfully applied to reveal
the spatial distribution, states of associ-
ation and function of biomolecules in
the cellular context.[1,2] Fluorescence Life-
time Imaging (FLIM) also provides in-
formation about local molecular environ-
ment through specific probes, for exam-
ple sensitive to pH or polarity.[3–7] Also,
lifetime measurements provide informa-
tion about energy transfer processes to
other fluorophores (FRET),[8,9] metallic
nanoparticles (NSET),[10,11] metallic films
(MIET),[12] or graphene (GIET).[13–15] A
limitation of conventional FLIM or FRET
imaging lies in the fact that they pro-
vide average information for an ensemble
of molecules or nanostructures included
within a diffraction-limited volume.

On the other hand, super-resolution microscopy, also known
as far-field fluorescence nanoscopy, has revolutionized biolog-
ical imaging because it maintains the low invasiveness and
specificity of fluorescence imaging and at the same time deliv-
ers deep sub-diffraction resolution,[16] reaching the sub-10 nm
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resolution regime.[17] Therefore, the combination of super-
resolution imaging with FLIM/FRET holds unique advantages.
For example, it could be applied to monitor biomolecular pro-
cesses taking place in separate but adjacent sub-diffraction bi-
ological structures, as recently shown through intensity-based
STED-FRET measurements,[18] or to visualize the nanoscale dis-
tribution of energy transfer or exciton diffusion events in other
material systems such as light-emitting devices,[19] conducting
polymers,[20] or nanostructured semiconductors.[21] In addition,
the spatial averaging of the FLIM/FRET signal would be signif-
icantly reduced, thereby increasing the accuracy and dynamic
range of the local functional measurement. Remarkably, while
these benefits were clear upon the onset of super-resolution
microscopes,[22] and although FRET has been used to enhance or
supplement super-resolution methods,[23–27] developing super-
resolution FLIM/FRET methods has been challenging.[28]

Conventional Single Molecule Localization Microscopy
(SMLM)[29] relies on highly sensitive multi-pixel detectors (e.g.,
sCMOS or EM-CCD) whose time resolution is not suitable for
fluorescence lifetime measurements, although recent techno-
logical developments look promising for the near future.[30]

Coordinate-targeted (scanning) super-resolution methods can
be implemented using pulsed lasers and fast detectors (such
as avalanche photodiodes (APDs) and photomultiplier tubes ),
compatible with FLIM. However, these methods usually rely
on modulating the emitting fluorescent state, like in STED,
which complicates a reliable determination of fluorescence
lifetimes. Despite these obstacles, there have been different
implementations of simultaneous lifetime measurements and
super-resolution imaging. The group of Krachmalnicoff has
synchronized an EM-CCD and APDs in a custom-built config-
uration to obtain both super-resolved positioning and lifetime
determinations of single molecules.[31,32] This approach implies
a compromise between spatial and temporal resolutions since
the limited fluorescence photons detectable from the single
molecules must be divided into the two types of detectors.
Furthermore, each APD has an associated reduced imaging area
in order to avoid the crosstalk in the lifetime determination
of each individual fluorophore. Thiele et al. have recently per-
formed FLIM measurements on a custom-built fast scanning
confocal microscope.[33] A galvo-scanner enabled the acquisition
of 10 × 10 μm images at a scan rate of 27 Hz. DNA-PAINT
and d-STORM were employed to super-resolve cell samples.
For the DNA-PAINT experiments, the background signal from
the imager strands in solution was strongly reduced by using
a low concentration (under 1 nm) in combination with highly
labeled samples. The authors used the lifetime information ex-
clusively to identify different fluorophores (Alexa 647 and ATTO
655) operating in similar spectral ranges. Also recently, new
techniques such as pulsed interleaved MINFLUX (p-MINFLUX)
and RASTMIN allow for super-resolution imaging with clean
lifetime information at the expense of a reduced field of view
and lower throughput.[34,35]

Here, we show that super-resolved FRET images can be ob-
tained by performing SMLM with an early prototype of a com-
mercial single photon counting confocal microscope (Luminosa,
PicoQuant GmbH) using a single laser. For the proof-of-concept
demonstration, we exploit the unique advantages of the DNA
origami technique in terms of nanometer positioning and sto-

ichiometric control. We show that FRET events separated by
sub-diffraction distances can be distinguished based on life-
time modifications.[36] We discuss how the different acquisition
parameters affect the final resolution and show that measure-
ments on sparsely labeled samples can be performed using a
self-quenched imager at high concentration.[37] Since this ap-
proach is based on hardware widely available in numerous labs,
it should facilitate the widespread application of super-resolved
FLIM/FRET.

2. Results and Discussion

Super-resolved FLIM was achieved by performing SMLM mea-
surements with a commercial time-resolved, laser-scanning con-
focal microscope (early prototype of Luminosa microscope, Pico-
Quant) as schematized in Figure 1a. Excitation was done with
a pulsed diode laser emitting at 532 nm with pulse width of
76 ps and repetition rate of 40 MHz (LDH-D-FA-530L). The exci-
tation light was spatially filtered with a polarization-maintaining
single-mode fiber. A 𝜆/4 wave-plate was used to create circular
polarization. Images were acquired with a laser scanner based
on oscillating mirrors (FLIMBee, PicoQuant). A single-photon
avalanche diode (SPAD; Excelitas AQRH-14) and suitable opti-
cal filters were used to detect fluorescence photons in the spec-
tral range between 545 and 728 nm. Photon detection events
were time-correlated to excitation pulses using a time-correlated
single-photon counting (TCSPC) device (MultiHarp 150 8P, Pi-
coQuant).

A sketch of the DNA origami employed to demonstrate super-
resolved FRET imaging is shown in Figure 1b (further details can
be found in Table S1 and Figure S1, Supporting Information).[38]

With a length of 180 nm, the origami includes three sites for
DNA-PAINT, separated by 65 nm. Sites 1 and 2 have 12 and 10
docking strands for DNA-PAINT, respectively. Site 3 features 5
docking strands for DNA-PAINT and 4 fixed ATTO 647N flu-
orophores designed to act as acceptors. Each of the 5 docking
strands of site 3 is located within FRET range to two different
ATTO 647N fluorophores (see zoom of site 3 in Figure 1b, D–A
separation distances range from 5 to 6.3 nm). The DNA origami
design also includes 6 biotinylated ssDNA staples on the under-
side of the structure for sample immobilization onto glass cover-
slips functionalized with neutravidin.

A fluorogenic probe, based on the previous work of Chung
et al.,[37] was used to reduce the typical background signal of
DNA-PAINT measurements (Figure 1c). These imager strands
differ from those frequently used for DNA-PAINT in that, be-
sides a fluorophore in one end (Cy3B at the 3´end), a quencher is
added at the other end (BHQ2 at the 5´end). Also, these imager
strands are longer than most implementations of DNA-PAINT
with a total of 15 nucleotides. The reason for this is twofold. First,
the strands need to be sufficiently long to enable their folding, de-
creasing the fluorophore-quencher separation. Second, upon hy-
bridization of the imager strand with the complimentary docking
strand, the high number of nucleotides also guarantees that the
fluorophore-quencher separation will be increased and the fluo-
rescence signal recovered due to a reduced interaction with the
quencher. To accelerate the unbinding kinetics, 3 mismatched
bases are included to the imager strands as shown in red in Fig-
ure 1c. Details of the sequence used for the fluorogenic imager
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Figure 1. Experimental set-up and DNA origami sample. a) Scheme of the experimental set-up. 532 nm, pulsed laser: 𝜆/4: quarter lambda retardation
plate; DM: dichroic mirror; Obj: objective lens; PH: pinhole; F: long-pass filter; L: lens; SPAD: single photon avalanche photodiode; TCSPC: time-
correlated single-photon counting device. b) Schematic of the DNA origami used for the experiments with three sites with docking strands for DNA-
PAINT (1, 2, and 3). Site 3 includes 4 ATTO 647N fixed fluorophores (red dots) that can act as FRET acceptors when a ssDNA imager with a Cy3B dye
binds to any docking strand of site 3. c) Schematic of the fluorogenic imager probe used in solution (left) and when hybridized to the docking strand
(right). At site 3, FRET is expected to occur to the nearby acceptors. Mismatches in the binding sequence are represented as unconnected red lines in
the dsDNA schematic. d) Spectral design of the FRET experiment showing the emission and absorption of the donor (D, Cy3B) and acceptor (A, ATTO
647N), their spectral overlap for FRET, the excitation laser line and the detection window.

and docking sites can be found in Table S2 (Supporting Informa-
tion). Figure 1d shows the spectral design of FRET experiments
using Cy3b and ATTO 647N as D and A, respectively.

Samples also included 60 nm gold nanoparticles as fiducial
markers to monitor and correct for sample drift. A full descrip-
tion of the sample preparation can be found in the Supporting
Information (Figure S2, Supporting Information in particular for
more details on drift correction with gold nanoparticles).

The proper folding and functionality of the DNA origami
was verified by performing conventional two-color DNA-PAINT
super-resolution measurements in a wide-field microscope (de-
scribed in Figure S3, Supporting Information). The parameters
used for video acquisition were: 10k frames, 100 ms per frame,
130 nm pixel size, a field of view of 30 μm2 and 15 nm of flu-
orogenic imager in Trolox Glox oxygen scavenger buffer was
employed.[39] Excitation was done at 532 nm, and two detection
channels were set-up on the same camera chip to detect D and
A fluorescence. In Figure 2a, a superposition of both channels
is presented color-coded: localizations detected in the D channel
are shown in green, whereas localizations detected in the A chan-
nel are shown in red. As expected, in the D channel each DNA
origami exhibits 3 sites, whereas in the A channel only one site
is detected at one end of the origami, in agreement with our de-
sign (see Figure 1b). At 532 nm, direct excitation of the A (ATTO

647N) is negligible and thus the A localizations are generated by
FRET.

The occurrence of FRET at site 3 was further verified by study-
ing the detected photon counts in the D channel for the single
molecule binding events on each one of the three sites, as shown
in Figure 2b. For each DNA origami structure analyzed, we de-
fined site 3 as the one showing A emission (see inset in Fig-
ure 2a). The average photon counts detected in the D emission
channel for site 3 was found to be consistently lower than for
the other two sites, revealing the incidence of FRET (Figure 2b
lower panel). Also, when measurement times were long enough
to allow for significant photobleaching of the A molecules, site 3
presents a bimodal distribution of D photon counts, with a sec-
ond peak with the same higher average as sites 1 and 2 (Figure 2b
upper panel). The FRET efficiency can be estimated by compar-
ing the photon counts of the D in the presence and absence of
A.[40,41] A value of 0.6 ± 0.1 was obtained, in fair agreement with
calculations based on the estimated Förster radius and the D − A
distances extracted from the DNA origami design (further details
on the Supporting Information).

Once confirmed that the DNA origami samples exhibit DNA-
PAINT spots with and without FRET separated by sub-diffraction
distances, we set out to perform super-resolved FRET imaging
based on FLIM using a single-color, time-resolved scanning
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Figure 2. Sample characterization through wide-field measurements. a) Two-color super-resolution image of the origami sample. Scale bar: 500 nm.
The three different binding sites are identified using the acceptor emission in the red channel (highlighted in the zoom). b) Photon histograms on the
D channel for each localization for a single DNA origami, classified by binding site.

confocal microscope (Figure 1a). For this type of measurements,
the scanning area, number of pixels and the pixel dwell time,
define the measuring time per image. These parameters need to
be adjusted to the binding and unbinding kinetics of the imager
strands mostly defined by the imager concentration and number
of complimentary nucleotides, respectively. In particular, the
time needed to acquire an image must be significantly smaller
than the average duration of the imager’s binding time, which
is mainly determined by the hybridization kinetics but could be
reduced due to photobleaching of the fluorophores depending
on the laser power and other experimental conditions. We
employed a 15 nm concentration of imager strands, with 12
complimentary bases to the docking strands. This configuration
resulted in an imager’s binding time with a typical duration of 1
− 2 s. The scanning parameters were set to image a field of view
(FoV) of 7 × 7 μm2, using 60 × 60 pixels with a pixel dwell time
of 10 μs. Data were acquired only in one scanning direction and
with a dead-time of 0.8 − 1.5 ms between images. Under these
conditions, the average collection time per image was 73 ms,
so that the raw data consisted of a series of confocal images
(video) acquired at 13.6 Hz. Prior to further analysis, the raw
data was binned by combining 10 successive confocal images to
create what will be hereafter referred to as “frames for SMLM.”
This binning was implemented in order to increase the signal to
background ratio and to minimize distortion effects associated
with blinking of single molecules during scans. Then, each
frame corresponds to an acquisition time of roughly 700 ms,
which approximately matches the imager’s binding time. Finally,
the binned video was analyzed as it is commonly performed in
SMLM measurements using Picasso.[42]

Figure 3a shows a confocal SMLM image reconstructed from
a series of 10k frames for SMLM. The three DNA-PAINT sites of
the DNA origami are clearly resolved. Figure 3b shows the local-
ization histogram of 4 origamis extracted from Figure 3a (left)
aligned using Picasso Average module, along with a compari-
son obtained using widefield microscopy (right) in a similar area

and comparable number of localizations per origami. These find-
ings demonstrate that super-resolution imaging based on SMLM
DNA-PAINT can be performed using commercial scanning con-
focal microscopes. The achieved resolution of 20 nm was lower
than the 10 nm achieved with widefield camera-based SMLM
measurements. This can be attributed to the larger drift experi-
enced during image acquisition as the overall measurement time
for widefield camera-based SMLM was ×7 times shorter which
makes drift correction for confocal SMLM in the post-processing
analysis more challenging particularly considering that the mi-
croscope employed was not yet optimized to minimize drift.

Next, we analyzed the data to retrieve the photon arrival times
of each single-molecule emission event used to reconstruct the
super-resolution SMLM image, as schematically shown in Fig-
ure 3c. The software used to analyze SMLM data and obtain the
lifetime information was custom-built in Python. The fluores-
cence lifetime of each single-molecule emission event was de-
termined by fitting the histogram of all photon detection times
associated with that event with a single-exponential, similarly
to the work by Thiele et al.[33] A common approach to detect
FRET is through a reduction of D lifetime. Measuring only D
emission is not a good solution for combining it with SMLM
because D emission is reduced as FRET increases. Therefore,
single molecule FRET events measured only through D emis-
sion become increasingly imprecise, both in terms of lifetime
and localization, as FRET efficiency increases. A possible solu-
tion for this is performing two-color measurements to register
D and A emissions. Here, we used a different approach that
is compatible with a single-color time-resolved confocal micro-
scope. Our measurements were done with D excitation only but
using a detection spectral window that includes both D and A
emissions (Figure 1d). Thus, we expect to detect two kinds of
single-molecule emission events: events where no FRET takes
place showing D lifetime, and FRET events with a mixed lifetime
of A and partly reduced D lifetime. Figure 3d shows the distri-
bution of single-molecule lifetimes for a measurement of 7000
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Figure 3. Super-resolution FRET measurements based on FLIM. a) Examples of super-resolution imaging of DNA origami samples obtained through
DNA-PAINT measurements on a confocal microscope. b) Histogram plot of the localizations obtained with the confocal (left) and the widefield (right)
microscopes. For the comparison, the same area size and number of localizations were employed. c) Schematic of the measurement pipeline for super-
resolved FLIM. Raw confocal images are binned to obtain a frame for SMLM. Next, for each single molecule emission event used for a localization, photon
arrival times are analysed to obtain the excited state lifetime. d) Distribution of lifetimes of all localizations in a particular FoV. The total distributions
of lifetimes is well represented by a sum of two Gaussian distributions (black line), one ascribed to the D in the absence of FRET (magenta) and the
other to A and D undergoing FRET (cyan). A threshold of 3.2 ns was used to differentiate single-molecule emission presenting FRET (lifetime > 3.2 ns)
or no FRET (lifetime < 3.2 ns). e) Super-resolved FLIM of a selection of DNA origami, using a binary lifetime color code according to (d), and with the
intensity proportional to the number of localizations. Scale bars 200 nm.

localizations, which spans from 2.2 to 4 ns. The total distribution
of lifetimes is well described by a sum of two Gaussians popu-
lations (black full line). The population with shorter lifetime is
centered at 2.7 ns and ascribed to D molecules that do not un-
dergo FRET (magenta dotted line).[43] The longer lifetime popu-
lation (cyan dotted line) represents the weighted average lifetime
of the A (3.85 ns for ATTO 647N)[26] and the D lifetimes, consid-
ering the average FRET efficiency of 0.6. Then, a lifetime thresh-

old can be used to discriminate single-molecule emission events
involving FRET from events not showing FRET. Setting for ex-
ample, a lifetime threshold of 3.2 ns (Figure 3d), classifies 83%
of the events above the threshold with FRET. Figure 3e shows
the FLIM super-resolution images of 15 DNA origamis, where
lifetimes above and below a threshold value of 3.2 ns are color-
coded as in Figure 3d. The occurrence of FRET at site 3 was super-
resolved for each DNA origami.
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3. Conclusion

In conclusion, super-resolution FRET imaging can be performed
with a commercial time-resolved confocal microscope, using a
single laser excitation tuned to the donor absorption, and a sin-
gle detection channel covering both donor and acceptor emis-
sion. The method introduced in this work enables the combi-
nation of SMLM with lifetime measurements. Scanning speed
and acquisition must be adapted to the duration of the single
molecule emission events, which in the case of DNA-PAINT is
mainly determined by the binding kinetics. We found that a fast
scanning and a subsequent binning of (≈10) images is conve-
nient to obtain complete images of the blinking single molecules,
necessary to perform precise localizations. The experiment de-
sign must meet some key conditions. First, the excitation wave-
length should produce negligible acceptor excitation. Second, the
acceptor lifetime should be significantly different, preferentially
longer than the donor lifetime. In this way, FRET events are de-
tected through acceptor emission, which in turn is discerned
from donor emission based on lifetime measurements. In our
experiments, SMLM was achieved by DNA-PAINT using fluoro-
genic imager strands which were advantageous to reduce back-
ground. Fiducial nanoparticles were used to correct for sample
drift during post-processing analysis, which becomes relevant
due to the relatively longer measurement times. We foresee that
the presented methodology may be useful for numerous groups
as it enables super-resolution FLIM and FRET imaging using
conventional equipment, and to inspire new investigations com-
bining SMLM and lifetime measurements.[44] Further, improv-
ing confocal microscopes with active correction for lateral and
axial sample drift would lead to FLIM and FRET imaging with
spatial resolutions equivalent to camera-based SMLM.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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