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A B S T R A C T

Fluorescence microscopy has become a powerful and important bio-
imaging tool in modern science [1]. It is currently the most commonly
used method for cellular imaging. The high sensitivity of fluorescence
detection together with the high specificity of labelling allows for
studying living and fixed cells both for resolving structure as well
as dynamics. The spatial resolution of a fluorescence microscope is
limited by the diffraction of light, making details smaller than roughly
200 nm unresolvable. However, many cellular structures are much
smaller than this limit, being only a few dozen nanometers in size.
Huge efforts have been invested into overcoming this limit. Eventu-
ally, it was finally broken with the invention of two super-resolution
microscopy techniques: Stimulated Emission Depletion (STED) mi-
croscopy [2], and Single-Molecule Localization Microscopy (SMLM)
[3] [4]. The first one exploits the phenomenon of stimulated emission
of fluorophores, while the second relies on single-molecule imaging
and the on/off switching behavior of fluorophores.

The field of super-resolution is growing rapidly, having made huge
progress over the last decade. However, all methods so far have to
find a compromise between spatial resolution and imaging speed. The
acquisition speed of the method is important for high-throughput
imaging, which aims towards the data collection efficiency optimisa-
tion [5]. Another important aspect of a super-resolution method is its
technical complexity which is characterized by difficulty of alignment
and maintenance required to keep the system in optimal function.
Finally, the required equipment cost is a non-negligible aspect.

An important aspect of many microscopy modalities is their ca-
pability of observing many different structures and molecular species
simultaneously. This so-called multi-target imaging provides a deeper
understanding of the structural organization of cells and the interac-
tion between different molecular species and organelles. There are
many approaches to multi-target imaging, as I will discuss in detail
in the next chapters. This thesis presents several novel techniques for
multiplexed imaging, with the main focus on the super-resolution
technique of DNA-points accumulation for imaging in nanoscale to-
pography (DNA-PAINT) [6]. In Chapter 2, I demonstrate multiplexed
imaging by using three different single-domain antibodies. These
camelid single-domain antibodies are also called nanobodies. They
have a three times smaller size than conventional antibodies, therefore
reducing the distance between the target site and the fluorophore (also
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known as “linkage error”). The used nanobodies have a high and
specific binding affinity against three common fluorescent proteins:
GFP, BFP and RFP. This allows me to use conventional fluorescent pro-
tein fusion for labelling cellular structures of interest, and then to use
fluorescently labelled nanobodies as imager molecules in PAINT. For
being able to image the three fusion-protein targets in the same cellular
sample, I developed and optimized a versatile computer-controlled mi-
crofluidic setup designed particularly for multiplexed DNA-PAINT. As
a proof of principle, I performed multiplexed super-resolution imag-
ing of mitochondria, the Golgi apparatus, and chromatin inside COS-7
cells. In Chapter 3, I introduce a novel wide-field Time-Correlated
Single Photon Counting (TCSPC) camera, that was successfully used
for Fluorescence Lifetime Imaging (FLIM) with single-molecule sensi-
tivity. I performed single-molecule FLIM of fluorophores of different
types but within the same red spectral region, and then used the fluo-
rescence lifetime for successfully distinguishing between them. As an
additional application of Fluorescence-Lifetime Single-Molecule Local-
ization Microscopy (FL-SMLM), I used FL-SMLM for single-molecule
metal-induced energy transfer (smMIET) imaging which is a first step
towards three-dimensional single-molecule localization microscopy
(SMLM) with isotropic nanometer resolution. In Chapter 4, I develop
a new technique for multiplexed DNA-PAINT imaging, based on the
combination of DNA-PAINT with FLIM (FL-PAINT). The lifetime
information allows for lifetime-based disentanglement of different
targets in the same spectral range, completely avoiding the chromatic
aberration, which is usually a big challenge for multi-target super-
resolution microscopy with labels of different colour. Furthermore,
FL-PAINT does not require solution exchange during image acquisi-
tion. I demonstrate FL-PAINT multiplexing with imaging two targets
in COS-7 and HeLa cell. For realizing FL-SMLM, I employed two
different FLIM techniques: wide-field FLIM, and confocal scanning
laser microscopy (CSLM). With these techniques, I expand the toolbox
of multiplexing in fluorescence microscopy and tackle the challenge of
lengthy acquisition time, which is a main drawback of SMLM. Finally,
Chapter 5 summarizes all findings and concludes the thesis.



1
I N T R O D U C T I O N

In this section, I provide the theoretical background for my thesis. I
start with a general introduction into the basics of fluorescence and
then explain the physics behind it. In Chapter 1.2, I introduce fluo-
rescence lifetime imaging and present the two main approaches how
to experimentally realize this: frequency-domain and time-domain
Fluorescence Lifetime Imaging Microscopy (FLIM). Following this, I
will discuss the resolution limit of classical optical microscope and
will present an overview on super-resolution microscopy which over-
comes this resolution limit. In the Chapter 1.3, I will specifically
focus on Single-Molecule Localisation Microscopy (SMLM), and espe-
cially on DNA points accumulation for imaging in nanoscale topog-
raphy (DNA-PAINT). In Chapter 1.4, I take a detailed look at different
multiplexing approaches based for SMLM imaging. Finally, I provide
an overview of SMLM methods for imaging in three dimensions and
will introduce Metal-Induced Energy Transfer (MIET) imaging.

1.1 fluorescence microscopy

Fluorescence is the process of light emission from the substance that
have absorbed light. Light is transmitted only in quantized energy
units called photons. From a quantum mechanical point-of-view, a flu-
orescent emitter can be in three dimensions as an energetic multi-state
system. Starting from its energetic ground state, such a system can
be excited into a state of higher energy by the absorption of a photon.
After a short time (typically a few nanoseconds), the system returns
into its ground state, while the energy difference between excited and
ground states is released in form of a fluorescent photon (radiative
transition). Alternatively, the energy can dissipate into heat or can be
transferred into another excited state without photon emission (non-
radiative transition). This process can be visualized using a Jablonski
diagram, see Figure 1.1.

The transition from the singlet ground state S0 to the excited state
requires the absorption of a photon with an energy equal to the energy
difference between these two states. However, the electronic states have
additional vibrational sub-states, which allow for multiple transitions
with slightly different energies. A fluorophore is excited to a higher
vibrational level of either S1 or S2. Following this, molecules rapidly re-
lax to the lowest vibrational level of S1. This process is called “internal
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2 introduction

Figure 1.1: Jablonski diagram illustrating the energy levels of a typical flu-
orophore and the transitions between them. Additionally, the
time-scales of these transitions are depicted.

conversion” and usually is completed prior to the emission. Because of
this rapid relaxation, fluorescence emission generally results from the
lowest energy vibrational state of S1. The consequence of this is that
emission spectra are usually independent of the excitation wavelength,
known as Kasha’s rule.

Fluorescence emission typically occurs to a higher vibrational ground
state, which is the reason for the vibrational structure (extra peaks) in
the emission spectrum of some fluorophores. Interestingly, the emis-
sion spectra are typically a mirror image of the absorption spectra, see
Figure 1.2. This occurs because electronic excitation does not alter the
nuclear geometry and the spacing of excited state vibrational levels is
similar to the ground state.

Rapid decay to the lowest vibrational level of S1 and further fluores-
cence emission to higher vibrational levels of S0 result in significant
excitation energy dissipation. This means that fluorescence emission
energy is typically lower than excitation energy. Hence, fluorescence
occurs at lower energies or longer wavelength, see Figure 1.2. The shift
between the two spectra is known as the Stokes shift.

Another possible scenario is a spin conversion to the first triplet
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state, which is highly relevant for fluorescence microscopy. This conver-
sion of S1 to T1 is called “intersystem crossing”. The low probability of
this process arises from the fact that this transition is forbidden. In this
state, the molecule does not fluoresce and is thus not detectable. The
transition into and out of the triplet state leads to a visible blinking
of a fluorophore, a phenomenon that is exploited in certain super-
resolution microscopy methods (see Chapter 1.3). The slow radiative
relaxation of the triplet state back to the ground state can be also
connected with the emission of a photon, which is then called phos-
phorescence. This is also a very slow, forbidden transition. Another
possibility is “delayed fluorescence”, the transition back to the first
excited singlet level.

Other non-radiative transitions from excited state to ground state
exist and account for the majority of molecules not exhibiting fluo-
rescence or phosphorescence behavior. One process is a quenching,
which can occur by different mechanisms. Collisional quenching oc-
curs when the fluorophore in excited state is deactivated through a
contact with some other molecule, which is called the quencher. In this
process molecules are not chemically altered. Examples of quencher
molecules include oxygen, halogens, and amines.

Figure 1.2: The absorption and fluorescence emission spectra of the common
organic fluorophore Atto 655. The absorption spectrum is shown
in green and the emission spectrum in red. The wavelength differ-
ence between absorption and emission maxima is called Stokes
shift, as depicted in the plot. Data provided by the manufacturer
ATTO-TEC.

Besides the fluorescence spectrum, other important parameters such
as the fluorescence quantum yield or the fluorescence lifetime are
important for selecting the optimum dye for microscopic and spectro-
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scopic applications. The fluorescence quantum yield Φ of a fluorescent
molecule is defined as the ratio of the number of emitted fluorescence
photons to the number of absorbed photons. Mathematically, it is
defined by:

Φ =
kr

kr + knr
(1.1)

where kr and knr are the radiative and non-radiative decay rate con-
stants, respectively. Non-radiative processes include internal conver-
sion, quenching, or intersystem crossing. Ideally, one would like to
work with fluorophores having a quantum yield value of Φ = 1, but
most fluorophores show values between 0.2 and 1.0. A second impor-
tant parameter is the fluorescence lifetime τ of a fluorophore which is
defined as the average time a fluorophore spends in its excited singlet
state S1, and which is given by:

τ =
1

kr + knr
(1.2)

The fluorescent lifetime can be measured by exciting the molecule with
a short laser pulse. This results in initial population n0 of fluorophores
in the excited state. The population n(t) in the excited state decays
with rate kr + knr, described by the equation:

dn(t)
dt

= −(kr + knr)n(t) (1.3)

The solution of this equation is given by an exponential decay of the
excited state population:

n(t) = n0e−
t
τ (1.4)

Since the momentous fluorescence intensity I(t) is proportional to
the number of excited fluorophores n(t), this leads also to a mono-
exponential decay of the observable fluorescence intensity with decay
time τ, similar to a radioactive decay:

I(t) = I0e−
t
τ (1.5)

where I0 is the intensity at time 0.

The lifetime of a fluorescent molecule can be sensitive to the local
environment such as local electric charge, solvent pH, or viscosity.
Hence, the fluorescence lifetime can serve as a sensor for studying
local properties in various chemical and biochemical systems.
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The two most commonly used types of fluorophores are organic
dyes and fluorescent proteins. Organic dyes have a size of about 1
nm and are in general attached to the target of interest via immuno-
labeling. In this method, the fluorophore is covalently bound to an
antibody that specifically binds to a target antigen with high affinity,
or to another primary antibody introduced during the labelling pro-
cedure. Fluorescent proteins are incorporated via transfection, where
the genome of a cell is altered by introducing a plasmid encoding
for the fluorescent protein, leading to the expression of the protein
fused to a structure of interest. Fluorescent proteins are larger than
organic dyes, with a size of about 3 nm to 5 nm. In the last 20 years,
semiconductor quantum dots have been introduced as alternative
markers (luminescent emitters) for bio-imaging. Quantum dots are
comparatively large, with sizes varying between 10 nm and 30 nm,
but are significantly brighter and more photostable than conventional
dyes or fluorescent proteins. Like organic dyes, they are attached to
target structures via immunolabeling. Many types of quantum dots
exhibit pronounced blinking, which is however not related to triplet
state dynamics, but to different mechanisms of electron charge transfer.

The two major imaging methods in fluorescence microscopy are
wide-field and confocal microscopies. In a wide-field epi-fluorescence
microscope (Figure 1.3 A), emission is collected by the same objec-
tive that is used for the excitation light. This requires the usage of
a so-called dichroic mirror that transmits fluorescence to the detec-
tor, while reflecting the excitation light towards the sample. These
microscopes are widely used in bio-imaging. The main advantages
of this type of microscopes are high speed of image acquisition, ease
of use, cost-efficiency, and easy maintenance. The major drawback of
wide-field fluorescence microscopy is relatively high background level,
due to the fact that the microscope collects the light from all optical
planes, leading to a significant contribution of out-of-focus emission
to an image. Moreover, a wide-field microscope does not easily allow
for recording three-dimensional images of a sample.

In a confocal microscope (see Figure 1.3 B), the laser excitation
light is tightly focused into a diffraction-limited spot in the focal plane,
in contrast to the homogeneous wide-field illumination of the sample
in a wide-field microscope. The emitted and collected light passes
through the dichroic mirror and is focused through a circular pinhole
for blocking out-of-focus light. After the pinhole, the light is re-focused
onto an avalanche photo-diode. Confocal microscopy rejects out-of-
focus light, thereby improving the signal-to-noise ratio of the images.
By scanning the sample with the focused laser beam in three dimen-
sions, a 3D image of a sample can be obtained. The scanning procedure



6 introduction

can be done by moving the sample using a piezo-mechanical trans-
lational stage while keeping the position of the excitation fixed, or
by using a galvo scanner for rapidly moving the laser focus. Thus,
confocal microscopy improves the signal-to-noise ratio and enables
the recording three-dimensional images of specimens. However, due
to its sequential scanning character, it is rather slow (as compared to
wide-field microscopy), and it is technically far more complex than
wide-field microscope.

Figure 1.3: Schematics of two types of fluorescence microscopes. Left panel
shows a wide-field epi-fluorescence microscope. Excitation light
is shown in green and fluorescence emission in red. The right
panel depicts a confocal microscope.
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1.2 fluorescence lifetime imaging

Fluorescence microscopy has revolutionised our way to investigate
biological processes. One of its extensions is Fluorescence Lifetime
Imaging Microscopy (FLIM) which has become an important mi-
croscopy technique in medicine and biology [7][8]. In addition to a
conventional intensity image, it provides additional lifetime informa-
tion. The two most important applications of FLIM are distinguishing
between different fluorophores with similar emission spectra based on
their fluorescence lifetime [9], and Förster Resonance Energy Transfer
imaging [10] [11]. One of the biggest technical challenges of FLIM is
to achieve high image acquisition speed without compromising sen-
sitivity. There are two fundamentally different technical approaches
to FLIM. The first technique is Time-Correlated Single-Photon Count-
ing (TCSPC) [12]. Mostly, it is used in tandem with Confocal Laser-
Scanning Microscopy (CLSM), where one scans a field of view to create
an image. During the scan, both intensity and fluorescence lifetime are
measured. This assures high sensitivity, but for the prize of reduced
image acquisition speed. The second approach to do FLIM is based on
camera-based phase-fluorometry, which allows fast image acquisition,
but for the prize of tremendously reduced sensitivity [13][14]. For ex-
ample, wide-field phase-fluorometry is much too insensitive for being
capable for single-molecule detection. Other available FLIM techniques
are based on electro-optical modulators [15], electron Micro-Channel
Plates (MCPs) [16], or wide-field time-gated Single-Photon Avalanche
Diode (SPAD) arrays [17]. However, these methods are usually too
insensitive for actual single-molecule applications or have very small
field of view, with few exceptions like a recent application of Pockels
cells for lifetime imaging [15]

1.2.1 Time correlated single photon counting

The direct recording of the fast fluorescence decay is very challenging,
due to the fact that fast processes on the order of nanoseconds require
detectors and electronics with high temporal resolution. A resolution
in the order of picoseconds is not reachable with traditional photodi-
odes and amplifiers. The solution to this problem is Time-Correlated
Single-Photon Counting (TCSPC), which is based on the ability of
detecting and counting single photons. In TCSPC, the sample is il-
luminated with a high-repetition short-pulse laser, and the excited
fluorescence is measured via single-photon counting [12]. This extends
the observation over multiple excitation and emission cycles and the
decay can be reconstructed from all single photon events collected over
many cycles (see Figure 1.4). The detector registers the arrival times of
single photons with respect to the exciting laser pulses (red dots in
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Figure 1.4). By recording a large number of these single photon events
and histogramming the arrival times, a fluorescence decay histogram
is built up (bottom of Figure 1.4). The exponential decay of this his-
togram over time then yields the characteristic fluorescence decay time.

A typical TCSPC setup consists of a pulsed laser and a single-
photon detector which both are interfaced to a fast electronics. The
excitation source provides the reference times given by the light pulses.
The detector generates an electrical pulse for each photon that it de-
tects. In the TCSPC electronics, both signals are processed and photon
arrival times are eventually stored in a computer. The photon flux on
the detector has to be orders of magnitude smaller than the repeti-
tion rate of the laser for preventing any so-called pile-up effects [18].
The details of TCSPC instrumentation and operation can be found in
Chapters 3 and 4, as well as in ref. [19].
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Figure 1.4: TCSPC principle. A pulsed laser excites fluorescence (blue). Less
than one photon is detected in one excitation cycle on average. The
detected photons (red dots) are collected and their arrival times
with respect to the last laser pulse are histogrammed (bottom row).
After many excitation cycles, the resulting histogram provides the
lifetime decay curve, shown in orange.
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1.2.2 Frequency-domain lifetime imaging

An alternative to TCSPC is Frequency-Domain Fluorescence Life-
time Imaging Microscopy (FD-FLIM), which requires a modulated light
source and a gain-modulated detector. The excitation light is modu-
lated in intensity with a fixed frequency (the blue curve in the Fig-
ure 1.5). The induced fluorescence emission mirrors this modulation
pattern and shows, due to the fluorescence decay, a delay in time
measurable as a phase shift (the red curve in Figure 1.5). The phase
shift ∆φ and modulation depth M directly depend on the fluorescence
lifetime and the known modulation frequency ω (see Figure 1.5).

To extract the phase shift and modulation depth from the fluo-
rescence emission signal, homodyne detection is often used [20]. In
this method, the sensitivity of the detector is modulated (or gated)
with the same frequency as the light source. This results in an intensity
image with a specific brightness. By shifting the phase of the detector
gain modulation with respect to the modulation of the light source in
a series of fixed steps, a low-pass signal is generated for each pixel: the
output image will be brighter or dimmer depending on whether the
detector sensitivity is in or out of phase with the fluorescence emission.
The result is a frequency-domain FLIM signal as a function of the
phase difference between light source and camera gain modulations
for each pixel of the detector.

Figure 1.5: Illustration of frequency-domain fluorescence lifetime measure-
ment. The excitation light (blue) is modulated in amplitude at a
frequency ω, while the fluorescence light (red) is emitted with the
same modulation frequency but with a phase shift in time, ∆φ.

In the frequency-domain method, the excitation is assumed to be
sinusoidally modulated:

L(t) = a + b sin(ωt) (1.6)

where b/a is the modulation ratio of the incident light.
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The fluorescence emission is then modulated by the same frequency,
but has a phase shift ∆φ and a different modulation depth. Then, the
excited-state population is given by:

I(t) = A + B sin(ωt − ∆φ) (1.7)

where A/B is the demodulation parameter. For a single-exponential
decay, the time-dependent intensity is described by the following
first-order differential equation:

dI(t)
dt

=
−I(t)

τ
+ L(t) (1.8)

Substitution of L(t) and I(t) into the above equation yields:

ωB cos(ωt − ∆φ) = − 1
τ
(A + B sin(ωt − ∆φ)) + a + b sin(ωt) (1.9)

From this equation, after expanding the trigonometric functions and
comparing the coefficients of sine and cosine functions separately,
one can obtain the relationship between phase shift and fluorescence
lifetime:

τ =
1
ω

tan ∆φ (1.10)

Some fluorophores have a multi-exponential decay, consisting of two
or more lifetime components. These multiple lifetime components can
be separated and extracted using multiple frequency measurements
and polar (or phasor) plots.

The key advantage of frequency-domain FLIM is its fast lifetime
image acquisition making it suitable for dynamic applications such
as measuring rapid cellular events, and its ability to measure a wide
range of fluorescent lifetimes [21]. However, phase fluorometry is not
suitable for fluorescence lifetime measurements at the single-molecule
level. Thus, FD-FLIM is advantageous for bright, dynamic samples.
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1.3 super-resolution fluorescence microscopy

1.3.1 Resolution limit of optical microscopy

Fluorescence microscopy is currently the most commonly used method
for bio-imaging. In contrast to electron microscopy and scanning probe
microscopy, fluorescence microscopy is capable of live cell imaging
with high degree of target selectivity. The resolution of fluorescence
microscopy (its ability to resolve structural details) is fundamentally
limited by the diffraction of light. In general, the emission of a fluores-
cent molecule can be described by an ideal oscillating electric dipole.
Although a molecule has a finite size, its emission originates from a
single point on its dipole axis. However, imaging this point source
with an optical microscope spreads its intensity over a blurred spot of
finite size, with an intensity distribution described by an Airy function.
To answer the question of how close two emitters can be located that
they still appear as two separate points in the image plane, let us
consider two closely located emitters which emit waves in a coherent
manner. Their synchronous oscillation results in a wave pattern and
shows the effect of interference (see Figure 1.6 A). Destructive inter-
ference leads to the dark fringes in the superimposed wave pattern.
The number and location of the observed dark fringes depend on the
distance between the emitters. The farther the emitters are apart, the
more dark fringes with even closer separation will appear (Figure 1.6
B). When the first dark fringe approaches the maximum collection
angle Θ of the objective, the light collected by the objective will resem-
ble that of a single point source (no interference fringes). When this
happens, the microscope can no longer distinguish whether the light
that comes from a single emitter or that coming from two spatially
separated emitters. And this limiting value of distance, which still
allows separation between two emitters, defines the lateral resolution
limit of the microscope.

Let us again consider the direction of one of the dark destructive
interference lanes in the interference pattern of two separated emitters
(Figure 1.6 C). The difference in the distance from the first or the
second emitter to a point along the dark fringe has to be half the
wavelength λ. If we require that this fringe should stretch along the
objective’s maximum angle of light collection Θ, we find that this
path difference is d sin Θ, where d is the spacing between the emitters.
The path difference is equal to half the wavelength in the sample
medium with refractive index n. These considerations lead to the
resolution limit found by Abbe in the year 1873, which is also called
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“Abbe resolution limit” or “diffraction limit” of resolution of an optical
microscope:

d =
λ

2n sin Θ
=

λ

2NA
(1.11)

In the above equation, I have defined the so-called Numerical Aperture
NA = n sin Θ, which is the most important characteristics of an objec-
tive lens determining its resolving power. Common NA values range
from 0.13 for air immersion objectives (4x) to 1.49 for oil immersion
(100x). This corresponds to a resolution of about 310 nm and 180 nm,
respectively, for an emission wavelength of λ = 500 nm.

Figure 1.6: Resolution of an optical microscope. (A) Interference of waves
emitted by two coherently oscillating point sources. (B-C) Obser-
vation of an interference by two spatially separated point sources
within the focal plane of an objective with distance between them
biger then diffraction limit (B) and equal to diffraction limit (C).
This figure was adapted from Jörg Enderlein.

The spatial resolution of the microscope scales linearly with the
wavelength of the used radiation. Thus, to increase the spatial resolu-
tion of imaging, radiation of shorter wavelengths can be used. This is
realized in Electron Microscopy by the use of electrons (which have
very short wavelengths) as the illuminating radiation [22][23]. Electron
microscopy has a broad range of applications in many different fields
of research including technology, industry, biomedical science and
chemistry. This technique offers a higher resolution, but require more
expensive equipment, complex maintenance and personnel training,
as well as can be prone to artifacts. Also, due to the requirement
of working in vacuum, the electron microscopy cannot be used for
imaging live specimens.

1.3.2 Enhanced resolution microscopy

With the advent of digital image acquisition and computer-based
image processing, it became possible to double the resolution of an op-
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tical microscope by combining structured illumination with wide-field
detection. This is realized by Structured Illumination Microscopy (SIM)
[24]. The principle of SIM is to use a spatially modulated light pattern
to create a Moiré effect. The Moiré effect consists in the superposition
of two periodic structures that produce a down-modulation of the
frequencies. For example, two structures of high spatial frequency
can produce a low spatial frequency when they overlap. The laser
beams interfere at the focal plane of the objective and thus generating
a patterned illumination (stripes). The intensity is hence described by a
sinusoidal function. If the illumination is homogeneous (conventional
illumination without patterns), the width of the point spread func-
tion does not allow for resolving two objects separated by a distance
smaller than a critical value (the resolution limit), typically around 200
nm. Using structured illumination, the combination between the high
spatial frequencies of a sample’s structures and the high frequency
of the illumination pattern creates a low frequency image, allowing
to distinguish two objects that are separated by distances less than
200 nm. To understand how structured illumination can yield more
spatial information than conventional wide-field illumination, let us
consider a row of evenly spaced emitters along a line (see Figure
1.7 A). The distance between each two emitters is chosen to be two
times smaller than the resolution limit of the wide field microscope.
This sample should be now illuminated by a sinusoidal excitation
pattern. When the illumination pattern is positioned in such a way
that each emitter receives the same excitation intensity (Figure 1.7 A
), the resulting wide-field image would show continuous line with
individual emitters unresolved (Figure 1.7 B ). However, if one moves
the excitation pattern by one half of its period, then only every second
emitter would be excited (Figure 1.7 C). In that case, the distance
between excited emitters is equal to the resolution limit, and in the
resulting image one can clearly distinguish between them (Figure 1.7
D). This demonstrates, how it is possible to extract more information
with higher spatial resolution by structured illumination as compared
to homogeneous illumination. To reconstruct a final doubly-resolved
image, one has to record several images with different positions and
orientations of the excitation pattern relative to the sample. This is
achieved by moving the diffraction grating (translation and rotation).
For 3D imaging, a grating can be used to generate three mutually
coherent light beams. These beams interfere in the specimen’s volume
to form an illumination pattern that varies both laterally and axially
[25]. SIM has been successfully used for long-term live-cell imaging
[26], and for 3D imaging [27] [28].

Another enhanced resolution technique is Image Scanning Mi-
croscopy (ISM) [29] [30], which is based on a similar principle as
SIM. The core idea of ISM is to replace the confocal pinhole and point
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Figure 1.7: Example for the resolution enhancement by structured illumina-
tion. The figure was adapted from Jörg Enderlein.

detector of the confocal microscope with a multi-pixel array detector.
When scanning the laser focus over the sample, each pixel of the de-
tector acts as a separate light detector which records its own confocal
image with very low signal intensity due to the large image magni-
fication. Although each of these images has an extremely low signal
intensity, the large number of pixels guarantees that no emission light
is lost. Each photon traveling through the microscope will be regis-
tered on the detector pixels. Thus, an ISM records not a single image
as a conventional confocal microscope, but a stack of images, one by
each pixel on the array detector. However, simply adding all images
into a single final image would yield a blurred image. For obtaining a
high-resolution final image, one has to shift each scan image with re-
spect to a common frame before adding it to the final image. Although
ISM results only in a 1.63-fold raw increase in resolution, the final
resolution can be elevated to 2 (similar to SIM) by appropriate image
deconvolution. To speed up ISM image acquisition, a combination
of ISM with confocal spinning-disk (CSD) microscopy was recently
introduced [31]. This approach increases image acquisition speed by
two orders of magnitude.

SIM and ISM provide an approximately two-fold resolution enhance-
ment as compared to conventional wide-field microscopy [24][30].
They both are still limited by the diffraction of light and thus do not
provide “true” super-resolution. In addition, artefacts may appear as
a result of image reconstruction, therefore affecting the quality of an
image [32].
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1.3.3 Super-resolution microscopy

The first real super-resolution technique was Stimulated Emission
Depletion (STED) microscopy [2]. Stimulated emission is the forced
transition of an excited fluorescent molecule to its ground state by
an external strong light source of suitable wavelength. In STED, the
sample is scanned with two lasers simultaneously. A conventional
Gaussian excitation laser focus is aligned with a second doughnut-
shaped laser focus of longer wavelength, which is called “depletion
beam”. This depletion focus is usually generated by passing the de-
pletion laser beam through a helical phase plate or a spatial light
modulator. The depletion beam must have a laser power that is suffi-
cient for efficient depletion of fluorophores around the center of the
excitation focus. Its wavelength is chosen to be at the longer wave-
lengths of the fluorophore’s emission spectrum. After the sample is
excited by the diffraction limited tight Gaussian excitation beam, the
STED beam depletes fluorophores around it with its doughnut-shaped
profile. This excitation scheme leaves molecules in their excited state
only inside a tight spot in the center of the doughnut, from where
they can emit fluorescent light, see Figure 1.8. The resulting effective
fluorescence emission spot size is no longer diffraction-limited and
depends only on the intensity of the depletion beam (Figure 1.8). Pho-
tons from stimulated and spontaneous emissions can be separated
based on their wavelength, using a long-pass optical filter. Higher
depletion beam intensities increase the resolution, but induce photo-
damage. Resolution down to Angstroms has been demonstrated using
highly photostable fluorescent nitrogen vacancies in diamond [33].
The achievable resolution is, in principle, unlimited, but typical values
achieved in biological systems are in the 50 nm range [34].

An alternative approach to super-resolution microscopy is repre-
sented by the large class of methods based on single molecule localiza-
tion. This category is named Single Molecule Localisation Microscopy
(SMLM), see Figure 1.9 for illustration. It relies on switching of flu-
orophores between a dark and a fluorescent state. Here, the photo-
switching of the fluorophores is adjusted in such a way that only a
small fraction of them is emitting in every frame of a recorded movie.
This is mostly achieved by controlling the chemical environment of
the fluorophores and the laser intensity, and by using dyes that can be
switched by light between dark and emissive states. Variants of SMLM
are Photoactivated Localization Microscopy (PALM) [4] and Stochastic
Optical Reconstruction Microscopy (STORM) [36]. They both rely on
the same principle, that the center of an isolated diffraction-limited
spot can be determined with much higher precision than its width, see
Figure 1.9 B. If the fluorophores’ dark-state dwell time is sufficiently
long, the chance to observe two molecules simultaneously within a
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Figure 1.8: The underlying principle of STED microscopy. (A) Jablonski dia-
gram showing excitation followed by spontaneous or stimulated
emission. (B) Probability of a fluorophore to emit a photon (I f luo)
as a function of the intensity of the STED depletion beam (ISTED).
At a certain threshold (Isat), a molecule’s ability to emit a pho-
ton is reduced to 50 %. (C) The excitation beam overlaps with
a donut-shaped beam that depletes the fluorescence locally. The
recorded fluorescence signal comes from the region, which has a
smaller size compared to a diffraction-limited excitation. Adapted
from ref. [35].

diffraction limited area is low. After localizing all activated emitters
in each frame, a super-resolved image can be reconstructed from the
accumulated emitter coordinates (Figure 1.9 C). The localization pre-
cision and thus the optical resolution increase with the number of
collected photons during the on-time of a fluorophore [37]. Theoret-
ically, there is no upper limit for achievable resolution. In practice,
typical resolution values are in the 50 nm range [34].

The last major addition to the zoo of super-resolution techniques is
MINFLUX, that utilizes some of the properties of STED microscopy
[38]. Here, a location of a molecule is probed with the low-intensity
region around the zero-intensity center of a doughnut-shaped exci-
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Figure 1.9: Principle of single molecule localization-based super-resolution
microscopy. (A) A fluorophore is switching between ’on’ and
’off’ states or irreversibly from ’off’ to ’on’ state . (B) The centers
of each Airy pattern are determined by a Gaussian fit. (C) A
fraction of fluorophores is turned on in each frame, and this is
repeated for a multiple cycles. Afterwards, each frame is analysed
by localizing of all single-molecules, and a super-resolved image
is reconstructed. Adapted from ref. [35].

tation focus, and the absence of fluorescence emission reveals the
position of the molecule. If a fluorophore is located in the center of the
doughnut, then the emission is zero. For two-dimensional MINFLUX,
at least three scan positions of the doughnut, preferably arranged
at the corners of an equilateral triangle, are required. An additional
fourth position right in the triangle’s center helps to decrease the
uncertainty in position estimation of a molecule. Then, the set of four
numbers of photons emitted from each position yields the location of
a detected molecule. This strategy drastically reduces the number of
photons required for a desired localization accuracy, which can be as
low as a few nanometers for only a few hundred detected photons. An
extension of MINFLUX is Pulsed-Interleaved MINFLUX (p-MINFLUX),
which uses a simplified experimental setup and provides lifetime in-
formation as well [39]. In contrast to the original version of MINFLUX,
p-MINFLUX has a modified excitation path of the microscope with
four pulsed interleaved doughnut-shaped beams, which are focused
on the sample arranged in a triangular pattern, with the fourth beam
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placed at the center of the triangle. Therefore, it does not require
fast-scanning optics or field programmable gate array electronics.

All the above-mentioned super-resolution techniques rely on the
switching between different photophysical states of fluorophores. In
contrast, Points Accumulation for Imaging in Nanoscale Topogra-
phy (PAINT) is based on reversible binding of fluorescent probes to
a structure of interest [40]. Fluorophores freely diffusing in solution
do generally not generate distinct single-molecule images that could
be localized in a wide-field image. Only when they bind to a target
structure they are detected as single molecules and can be localized in
the same way as is done in conventional SMLM. An advanced vari-
ant of PAINT is named DNA-PAINT [41]. In this approach, one uses
reversible and transient binding of freely diffusing single-stranded
DNA labelled with a fluorophore to a target of interest, see Figure
1.10. A short single-stranded DNA called the imager strand carries
the fluorophore. The imager strand binds to its complementary DNA
strand called docking strand, which in turn is attached to the target
(or to an affinity probe binding the target). This approach is insensitive
to photobleaching of the fluorophore due to a constant replenishment
of fluorophores. Moreover, in DNA-PAINT the binding/unbinding
kinetics can be easily controlled. The on-time is determined by a DNA
strand length and sequence, while the off time is controlled by the
concentration of imager strands in solution [42] [43] [44]. Background
originating from imager strands floating in solution can be reduced by
using Highly Inclined Thin Illumination (HILO) for cellular imaging,
or Total Internal Reflection Microscopy (TIRFM) for targets close to the
surface, or with a spinning disk confocal microscope [45].

Figure 1.10: DNA-PAINT concept. (A) In situ protein-labelling strategy for
DNA-PAINT using primary and secondary antibodies conju-
gated to a docking strand. (B) Transient binding of imager strand
to the docking strand, attached in turn to a molecule of interest.
The transient binding events can be referred as ’blinking’, as
intensity time trace shows. Adapted from ref. [42].
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1.4 multiplexed single-molecule localisation microscopy

In order to study several structures or molecular species and their
interaction, imaging techniques with multiplexing capabilities are re-
quired. Currently used techniques for super-resolution multiplexed
imaging suffer from considerable difficulties such as the spectral over-
lap of fluorophores and chromatic aberrations, when using spectral
splitting [46]. In the following section, I will summarize the main
super-resolution multiplexing techniques and their limitations, and
discuss possible improvements.

1.4.1 Spectral splitting

Organic fluorophores and fluorescent proteins used in fluorescence mi-
croscopy emit photons with wavelengths that correspond to an energy
difference between the excited and ground states. When using labels
of different color for labelling different structures or molecular species,
the spectra of the different fluorophores have to be disentangled in
order to unambiguously identify the labelled targets. Therefore, in
fluorescent microscopy, the choice of fluorophores is limited to com-
binations that do not overlap in their emission spectra. Most micro-
scopes are capable of separating up to 4 different fluorophores based
on their emission spectra [46]. Quantum dots (QDs) are semiconductor
nanocrystals that feature a higher brightness and photostability than
organic fluorophores [47]. QDs have emission spectra that are much
more narrow than those of organic fluorophores, therefore allowing
for better spectral separation. This helps to minimize cross-talk be-
tween emission spectra of different fluorophores. Spectral overlaps
can also be tackled by using hyperspectral imaging [48] and linear
unmixing [49]. This can be realized in standard fluorescent micro-
scopes equipped with a multispectral camera. In each pixel of an
image, signal intensities in several spectral windows are recorded.
Reference spectra for the used individual fluorophores are measured
independently in separate samples, under identical sample prepara-
tion conditions. Spectral contributions from the various fluorophores
in a specimen can then be determined by calculating their individual
contributions to each point in the measured spectrum.

An important problem in spectral splitting is “chromatic aberration”,
which are coming from the fact that the refractive index of glass de-
pends on the wavelength of transmitted light (dispersion). This leads
to the effect that light of different wavelengths is focused into differ-
ent positions. Chromatic aberrations can be negligible in traditional
diffraction limited approaches, however, multi-color super-resolution
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imaging is impossible without appropriate image correction.

Multiplexing can be challenging when it comes to super-resolution
microscopy. STED microscopy requires perfect overlap of excitation
and “STED” (depletion) laser. For one single color that one wants to
image, both an excitation and a depletion laser are needed, increasing
the complexity of multiplexed imaging. Recently, STED has been suc-
cessfully extended to four color imaging by distinguishing different
fluorophores using hyperspectral detection [50]. SMLM techniques
such as PALM and STORM rely on switching of organic fluorophores
or fluorescent proteins. They require different blinking buffers for in-
ducing photoswitching in different fluorophores. Such conditions tend
to vary drastically between different fluorophores. Therefore, up to
now simultaneous imaging of only up to four colors was possible [51].
In order to correct for chromatic aberrations, fiducial markers, such
as gold nanoparticles, can be introduced into the sample [52]. They
serve as reference coordinates in each of the color channels, which
then permits to apply co-registration in post processing to map image
coordinates from the different color channels onto each other. Another
type of multiplexing SMLM is excitation Frequency-Based Single-
Molecule Localisation Microscopy (fm-SMLM), which relies solely on
excitation rather than fluorescence emission properties [53]. In this
method, by modulating the intensities of the excitation lasers using
different frequencies, the color of a channel can be identified based
on the fluorophore’s response to the modulated excitation. However,
experimental implementations of fm-STORM and fm-DNA-PAINT are
limited to three colors maximum.

1.4.2 Exchange-based multiplexing

All of the above-mentioned techniques are limited in number of dif-
ferent targets that can be potentially imaged. To increase this number,
multiple rounds of labeling and imaging of the same sample can be
done. The cycle of labeling includes washing, staining and photo-
switching buffer exchange (for STORM acquisition). Staining is the
process of the pairing of a primary antibody and a secondary anti-
body, which usually carries a fluorophore (indirect staining). Images
of different staining cycles are later overlayed forming the final multi-
target super-resolution image. However, the sample integrity during
the re-labelling procedures can be compromised. Solution exchange
in a sample chamber can be performed by microfluidic systems. Re-
cently, several protocols for automated microfluidic systems have
been reported [54] [55]. One of the implementations of a microfluidic
system is the open-source NanoJ-Fluidics platform. It uses a computer-
controlled syringe pump array, that takes care of fluid exchange in
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order to perform cell fixation and sequential rounds of labelling [54].
This system is based on low-cost Lego hardware and ImageJ-based
software. Imaging of five different targets in a single cell with a combi-
nation of STORM and DNA-PAINT was reported. Another example is
Multiplexed Automated Serial Staining Stochastic Optical Reconstruc-
tion Microscopy (masS3TORM), a technique capable of fully automated
3D direct STORM imaging and solution exchange employing a com-
mercially available pipetting robot [55]. This approach enabled 3D
super-resolution imaging of 15 targets in single cultured cells and 16
targets in individual neuronal tissue samples.

Another promising multiplexing techniques is called Exchange-
PAINT. It is also based on sequential imaging of multiple targets. For
Exchange-PAINT, only a single fluorophore and a single laser source
is required [6], see Figure 1.11. The technique exploits the orthogonal
binding of different complementary pairs of single DNA strands for
assigning different DNA conjugates (imager/binding strands) to differ-
ent targets. Sequential introduction of different imager strands allows
for multiplexed super-resolution imaging. Importantly, in Exchange-
PAINT all imager strands carry the same fluorophore, thus completely
avoiding the chromatic aberrations. The number of targets that can be
imaged with Exchange-PAINT is potentially unlimited, but since the
total acquisition time is proportional to the number of targets, highly
multiplexed imaging can be time-consuming. A detailed overview of
the optical and computer-controlled microfluidics setups, designed
and built as a part of this work particularly for Exchange-PAINT ex-
periments, can be found in Chapter 3.

As already mentioned, Exchange-PAINT is time-consuming. DNA-
PAINT can be much improved by using rationally designed DNA
sequences and buffer conditions that speed up data acquisition. It was
shown, that by optimizing of these parameters, a 10x speed increase in
DNA-PAINT image acquisition can be readily achieved, while main-
taining the high image resolution capabilities [56]. In another work,
addition of ethylene carbonate to the imaging buffer, multiple repeats
of the imager docking sequence, and using a spacer between the dock-
ing strand and the antibody resulted in imaging speed acceleration
and improved image quality [44].

A more recent variant of this technique uses a kinetic barcoding in
addition to structural barcoding. The concept of kinetic barcoding is
that different targets are conjugated with docking strands of different
lengths that are partially complementary to the same imager strand.
This results in different binding kinetics, which can be used as a pa-
rameter for target identification. Using this idea, it was possible to
identify 124 DNA origami structures with different sets of docking
strands with 97 % accuracy [57]. However, kinetic barcoding for cel-
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Figure 1.11: Schematic representation of sequential Exchange-PAINT of mul-
tiple targets. Left to right: P1* imager strands are in solution and
interact with their complementary target sequence, P1. After
the first acquisition round, the P1* imager strands are washed
away and P2* imagers are introduced to image the next target.
The process is repeated for the remaining targets, and different
pseudo-colors are assigned for each target. Last, all images are
aligned and overlaid to form the final multiplexed Exchange-
PAINT image of n targets. Adapted from ref. [42].

lular PAINT is challenging due to the dense and sticky environment
inside a cell, which strongly affects the imager binding kinetics, thus
making targets identification unreliable.

Another promising way of multiplexing is to utilize fluorescence life-
time as a parameter for target identification. Such lifetime-based mul-
tiplexing is independent on binding kinetics, while still allowing for
multi-target imaging in parallel. Similar to Exchange-PAINT, lifetime-
based multiplexing uses probes with similar emission spectrum, but
different fluorescence lifetimes, thus completely avoiding chromatic
aberration [58]. As a result, lifetime-based multiplexing combined with
DNA-PAINT has a great potential for multiplexed imaging. Our im-
plementation of Fluorescence Lifetime PAINT (FL-PAINT) can be found
in Chapter 5. I validated the technique using the well-established
Exchange-PAINT and applied FL-PAINT to cellular super-resolution
imaging of two commonly used cell lines: COS-7 and HeLa.
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1.5 axial localization of fluorophores

Despite the rapid development of super-resolution techniques, most
of them show a significant difference in their lateral and axial resolu-
tion capability. In SMLM super-resolution is achieved by localizing
of single emitters, thus enabling the reconstruction of super-resolved
images with a lateral resolution of around 10-20 nm. However, real
samples are three-dimensional. Several experimental techniques have
been developed to extend the SMLM to the third dimension. Among
them, the most commonly used are: PSF engineering approaches such
as astigmatic imaging [59] or bi-plane imaging [60], and interferomet-
ric approaches (iPALM [61] and isoSTED [62]).

Astigmatic imaging is the most straightforward method for single
emitter localization in 3D. It belongs to a group of 3D-SMLM tech-
niques, usually referred as PSF engineering. These techniques rely
on the use of PSFs that strongly depend on the axial position of an
emitter to enable accurate axial localization. In astigmatic imaging,
this is achieved by positioning a cylindrical lens with long focal length
(0.5-1.0 meter) into the emission path, typically next to the camera
sensor. The induced astigmatism results in an elliptic PSF, where its
ellipticity and orientation encode for a molecule’s axial position. The
axial depth of imaging using astigmatism is limited to around 800
nm. The second PSF engineering approach uses phase masks or spa-
tial light modulators to modify the PSF of a single fluorophore into
e.g. a double helix-shaped form, which rotates along the z axis [60].
Thus, the two lobes of the double-helix are oriented in a direction
that depends on the axial position of the emitter. Double helix PSF
SMLM is capable of axial localization over a range of 2 µm. Another
technique, called bi-plane imaging, relies on the variation of the PSF
width along the axial direction. The biplane approach images emitters
in two different planes, slightly defocused one with respect to the
other. By analyzing the two images of an emitter in the two image
planes, one determines its axial position over an axial range of 1 µm.

However, the just discussed techniques suffer from a common draw-
back: the axial resolution is three to five times smaller than the lateral
resolution. This is not the case for interferometry-based methods such
as Interferometric Photoactivated Localization Microscopy (iPALM) [61]
and isoSTED [62]. In these approaches, fluorescence is excited or de-
tected from two sides of a sample with two objectives, to generate
an excitation intensity interference pattern along the axial direction
or, alternatively, to interfere the collected florescence on a detector.
Using two objectives has the benefit of collecting most of the emitted
fluorescence, making these approaches exceptionally photon-efficient.
However, these methods are technically complex and challenging in
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maintenance and operation, therefore limiting their broad application.

Another class of axial super-resolution methods exploits near-field
coupling of light at an interface between two media of high and low
refractive index. The two most widely used approaches from this cate-
gory are Variable Angle Total Internal Reflection Microscopy (va-TIRFM)
[63] and Super-critical Angle Fluorescence (SAF) imaging [64] [65]. In
TIRFM, the sample is illuminated through the glass cover slide with
a plane wave travelling at an angle above the critical angle of Total
Internal Reflection (TIR). This generates an exponentially decaying
excitation intensity in the sample above the glass surface. The pen-
etration depth of this evanescent field is typically a few hundred
nanometers. Thereby, only emitters close to the interface will be ex-
cited. Consequently, TIRFM images only a small bottom section of a
cell. This results in a much higher signal-to-noise ratio than that of
classical wide-filed illumination. In fact, this is one of the main reasons
why TIRFM is widely used by biologists to observe focal adhesion
zones [66]. However, extracting quantitative height information from
TIRFM images is not trivial due to its intensity-based nature. Variable
angle TIRFM (va-TIRFM) overcomes this problem by recording several
images at different excitation beam incidence angles, thus modulat-
ing the evanescence excitation field [63]. By analysing the emission
intensity modulation as a function of excitation wave incidence angle,
the distance of fluorescent structures from the surface can be precisely
determined. In this way, using the ratio of emitter fluorescence inten-
sities measured at different incidence angles of the excitation light,
it is possible to calculate the height of single fluorophores from the
substrate with extremely high axial resolution (down to nanometers).
Over the years, va-TIRFM was employed in multiple biological assays:
for studying focal adhesion zones [66], cell topography [67], or the ax-
ial motion of secretory granules in living cells [68]. Another near-field
technique is Super-critical Angle Fluorescence (SAF) imaging. This
technique is the emission equivalent of TIRFM and uses the distance-
dependent near-field coupling of the emission of a fluorescent emitter
into glass above the TIR angle [64]. By measuring the ratio of the inten-
sity of this super-critical angle emission to the (distance-independent)
intensity of sub-critical angle emission, one can determine the dis-
tance of an emitter from the glass surface. A recent application of
SAF in combination with STORM achieved an axial resolution of 20
nm over a range of 150 nm from the surface [69]. However, both
SAF and va-TIRFM require very careful alignment and calibration.
As both techniques are strongly dependent on precise measurements
of fluorescence intensities, they suffer from background and cross-talk.
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1.5.1 Metal-induced energy transfer

Metal-Induced Energy Transfer (MIET) is a recently developed and
highly promising alternative for 3D localization [70][71]. MIET relies
on the energy transfer between an emitter and a thin metal layer (Fig-
ure 1.12). The energy transfer results in the quenching of the emitter’s
excited state which modulates both its intensity and fluorescence life-
time. Due to the steep distance-lifetime dependency (distance between
fluorophore and metal layer), an experimentally measured lifetime
value can be converted into a distance of the emitter from the metal
surface, provided the quantum yield, free space lifetime, and the emis-
sion dipole orientation of the emitter are known. MIET is similar to
Förster Resonance Energy Transfer (FRET), where the energy transfer
occurs between donor and acceptor molecules and the relative distance
between them can be obtained with sub-nanometer accuracy over a
range of 2-12 nm, depending on the selection of the donor-acceptor
pair. In contrast to FRET, MIET uses the metal layer as energy acceptor,
allowing for measuring axial distances over an axial range that is by
one order of magnitude bigger than that of FRET (up to 150-200 nm,
depending on the metal type and layer thickness). In order to convert
an experimental fluorescence lifetime value into a height value, a
theoretically calculated calibration curve is needed. This is done by
solving Maxwell’s equation for an electric dipole emitter (fluorophore)
in proximity to the metal layer [72].

Figure 1.12: Metal-Induced Energy Transfer. (A) MIET experiment sample
geometry. Atto 655 in close proximity to a thin layer of gold. (B)
Theoretical dependence of fluorescence lifetime on the distance
between fluorophore and gold layer of 10 nm thickness.

The axial localization accuracy achieved with MIET depends on both
the accuracy of emitter orientation determination and the accuracy
of the lifetime determination. The latter is in turn inversely related
to the square root of the number of photons recorded (similar to the
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localization accuracy in SMLM).

MIET imaging was applied to various biological questions, for exam-
ple for studying the 3D architecture of focal adhesion complexes [73],
for following the reorganization of the actin cytoskeleton during the
transformation of epithelial to mesenchymal cells [74], or for measur-
ing the inter-bilayer distance of a nuclear envelope [75]. At the single-
molecule level, MIET was shown to be able of localizing single emitters
deposited on dielectric spacers of known thickness. The reported axial
localization accuracy was 2.5 nm [71]. Single-Molecule Metal-Induced
Energy Transfer (smMIET) was used for axial co-localization of two
emitters on rigid DNA origami nanostructures [76]. A further increase
in axial resolution was achieved with the recently developed varia-
tion of MIET, where the metal layer is replaced with a single layer of
graphene. This variant of MIET was called Graphene-Induced Energy
Transfer (GIET) [77]. GIET features a ten-fold improvement in axial
resolution, as compared to MIET. The axial working range of GIET is
limited to ca. 25 nm.
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Abstract: DNA point accumulation for imaging in nanoscale topography (PAINT) is a rapidly
developing fluorescence super-resolution technique, which allows for reaching spatial resolutions
below 10 nm. It also enables the imaging of multiple targets in the same sample. However, using
DNA-PAINT to observe cellular structures at such resolution remains challenging. Antibodies,
which are commonly used for this purpose, lead to a displacement between the target protein and
the reporting fluorophore of 20–25 nm, thus limiting the resolving power. Here, we used nanobodies
to minimize this linkage error to ~4 nm. We demonstrate multiplexed imaging by using three
nanobodies, each able to bind to a different family of fluorescent proteins. We couple the nanobodies
with single DNA strands via a straight forward and stoichiometric chemical conjugation. Additionally,
we built a versatile computer-controlled microfluidic setup to enable multiplexed DNA-PAINT in an
efficient manner. As a proof of principle, we labeled and imaged proteins on mitochondria, the Golgi
apparatus, and chromatin. We obtained super-resolved images of the three targets with 20 nm
resolution, and within only 35 minutes acquisition time.

Keywords: nanobodies; super-resolution microscopy; multi-color imaging; fluorescent proteins;
microfluidics; DNA-PAINT; molecular localization; single domain antibodies (sdAb); multiplexing;
linkage error

1. Introduction

Super-resolution light microscopy is developing rapidly, and a growing number of cell biologists
are embracing this technology to study proteins of interest (POI) at the nanoscale. Single molecule
localization techniques like PALM [1], (d) STORM [2,3], and others [4] achieve resolutions that allows
for distinguishing molecules that are separated by only a few nanometers. Among these localization
techniques, DNA Point Accumulation for Imaging in Nanoscale Topography (DNA-PAINT) [5] has
demonstrated to achieve a resolution below 5 nm on DNA origami structures [6,7] and offers the
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possibility to detect multiple POIs within the same sample [8]. A special feature of DNA-PAINT
is that it is not limited by photobleaching of the fluorophore, due to the constant replenishment
of fluorophores from the solution. In fact, a target site carries one or more single stranded DNA
oligonucleotides (commonly referred to as the docking strand or handle) instead of a single fluorophore,
while a second single stranded DNA molecule with a complementary sequence to the docking strand
bears a fluorophore (referred to as the imager strand). In a DNA-PAINT experiment, the imager strands
continuously bind to the docking strands and unbinds due to thermal fluctuations. The continuous
transient binding of the imager strands results in sparse “blinking-like” fluorescence detection events.
Similar to PALM or STORM, these events are then precisely localized to reconstruct a super-resolved
image. The localization precision depends on the number of photons collected in a single event,
whereas the total number of events recorded affects the quality of the final super-resolved image.
Importantly, DNA-PAINT benefits from the orthogonality of DNA hybridization (with different
sequences). DNA docking strands with different nucleotide sequences can be associated with different
targets, thus making it easy to obtain multi-target super-resolution images using a single fluorophore.
Thereby, chromatic aberrations are avoided, resulting in a comparable resolution for all the POIs
under investigation [9]. For such multiplexed imaging (known as Exchange PAINT [8,9]), sequential
introduction of different imager strands is required.

However, this methodology imposes several challenges to cell biologists who want to optimally
image POIs with DNA-PAINT. Usually, primary antibodies that bind to a POI are labeled with
secondary antibodies which carry the docking strand [10]. However, such an approach introduces
a spatial displacement of up to 25 nm between the target site and the fluorophore [11–13],
which seriously limits the resolving power of all single molecule localization super-resolution
techniques, which use conventional antibody-based immunofluorescence labeling. The first attempt
to minimize this “linkage-error” [14] was to use primary antibodies that are directly coupled to
docking strands [8]. Typically, this has been performed by using an undirected coupling chemistry
via maleimide-peG2-succinimidyl ester or via dibenzocyclooctyne(DBCO)-sulfo-NHS-ester cross
linkers [10]. These non-targeted coupling methods can interfere with the binding ability of the primary
antibody to the POI by reacting at the paratope of the antibody. Additionally, they result in a mixture
of antibodies containing a broad distribution of the number of docking strands (even including
antibodies with none), which results in an inhomogeneous labeling density of the POIs and makes
single molecule detection non-quantitative. Recently, an attractive alternative to reduce displacement
and avoid polyclonal secondary antibodies (and their inherent problems) has been proposed by using
the immunoglobulin binding Protein A and Protein G coupled to docking strands [15].

To further tackle the “linkage error” of the reporter fluorophores, several small monovalent
affinity probes are continuously emerging [16]. For instance, small DNA or RNA molecules known
as aptamers [17–19] or single-domain antibodies (sdAb, or nanobodies) [20] have recently gained
popularity in the field of super-resolution imaging [21–23]. Nanobodies are obtained from a special
type of immunoglobulins known as heavy chain antibodies (hcAb), which are found in camelids.
The recombinant production of the variable domain of these hcAbs result in a functional nanobody
with only 2–3 nm size [24]. Recently, a significant improvement in spatial resolution, as compared
to the conventional antibody immunofluorescence, was demonstrated by using nanobodies for
labeling [12,25]. In addition to their small size, high specificity, and monovalent binding affinities,
which make them an ideal tool for microscopy, the recombinant nature of nanobodies endows them
with a great flexibility and allows introducing all types of modifications in a precise manner. This last
feature permits to rationally design and control the number and location of desired functional elements
on them (e.g., the number and locations of fluorophores or docking strands [22,25]).

Unfortunately, only few nanobodies able to recognize endogenous mammalian proteins are
currently available. However, several new nanobodies against different fluorescent protein families
like GFPs (from Aequorea Victoria), RFPs (from Dicosoma sp.), or mTagBFPs (from Entacmaea quadricolor)
are now easily accessible. This opens the opportunity to obtain super-resolution images with a minimal
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linkage-error on a wide range of biological samples. Fluorescent proteins like EGFP [26], mCherry [27],
and mTagBFP [28] are widely used in the life-sciences, fused to POIs within simple cell lines, large
yeast libraries [29], and countless other genetically modified organisms (e.g., Arabidopsis thaliana [30],
Caenorhabditis elegans [31], Drosophila melanogaster, [32] or mice [33]).

Here, we used a custom-built multi-channel total internal reflection fluorescence (TIRF)
microscope and three nanobodies targeting mTagBFP, EGFP, and mCherry to perform exchange
PAINT experiments on three different targets inside the same cell. For efficient buffer solution
exchange, a versatile custom-built microfluidics system was developed and implemented. Exchange
PAINT was performed by sequential introduction of three different imager strands and washing in
between. Recorded single-molecule localization detection events were subsequently analyzed for
reconstructing super-resolved images for each of the three targets. We achieved a resolution of 20 nm
with a localization precision of 14 nm within 35 min of acquisition time (per target). We envision that
nanobody-based DNA-PAINT will provide an efficient solution for the protein-DNA linkage problem
and will help to exploit the full power of DNA-PAINT for cellular imaging, considering the broad
availability of many fluorescent proteins.

2. Materials and Methods

2.1. Nanobody Coupling to Docking Oligo

The unconjugated nanobodies FluoTag®-Q anti-GFP, FluoTag®-Q anti-RFP, and the FluoTag®-Q
anti-TagBFP (NanoTag Biotechnologies GmbH, Göttingen, Germany, Cat. No: N0301, N0401,
and N0501, respectively) carry one ectopic cysteine at the C-terminus then allowing for chemical
couplings via a thiol reactive compound. The DNA docking strands (Biomers GmbH, Ulm, Germany)
were functionalized with an azide group at 5′-end and, in some cases, Atto488 fluorophore at
the 3′-end. The coupling of the docking strands to the nanobodies were performed following
the procedure from Schlichthärle and colleagues [34], with minor modifications. In brief, 15 to
20 nmol of nanobodies in phosphate buffer saline (PBS, 127 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl,
0.2 mM KH2PO4, pH7.4) were incubated with a final concentration of 5 mM TCEP (Sigma-Aldrich,
Zwijndrecht, The Netherlands) for 2 h at 4 ◦C to reduce the ectopic cysteine. Afterwards, the excess
of TCEP was removed by exchanging the buffer to PBS pH 6.5 using spin Amicon filters with
a MWCO of 10 kDa (Merck/EMD Millipore, Molsheim, France, Cat. No. UFC501096). The reduced
TCEP-free nanobodies were immediately mixed with 50 molar excess of maleimide-DBCO crosslinker
(Sigma-Aldrich, Cat. No. 760668) and incubated overnight at 4 ◦C with mild stirring. The excess
of DBCO crosslinker in the buffer was exchanged to PBS pH 7.4 using Amicon Filters (Molecular
weight cut-off 10 kDa) as described previously. Azide functionalized docking strands were added
(in 10 molar excess as performed also in [25]) to the crosslinker-coupled nanobody and incubated
at room temperature for ~2 h with slow head-to-tail shaking. The excess of docking strands was
then removed from the conjugated nanobodies using size exclusion chromatography (Superdex 75
Increase 10/300 column, Cat. No: 29148721) and ÄKTA pure 25 system (GE Healthcare life science,
Chicago, Ill, USA). The correct fractions of labeled nanobodies were then identified by the SDS-PAGE
followed by SYBR GOLD staining (Thermo Fisher, Waltham, MA, USA, Cat No: S11494). The docking
strands sequences used for the assay were taken from Agasti et al [8]. FluoTag®-Q anti-GFP was
coupled to P1 * sequence (5′-CTAGATGTAT-Atto488-3′), FluoTag®-Q anti-RFP was coupled to P2 *
(5′-TATGTAGATC-3′), and the FluoTag®-Q anti-TagBFP was coupled to P3* (5′-GTAATGAAGA-3′).
Imager strands were labeled with Atto655 fluorophore at the 3′ end.

2.2. Immunostaining

COS-7 cells were cultured in Dulbecco modified Eagle medium (DMEM) with 4 mM l-glutamine
and 10% fetal calf serum (Thermo Fisher Scientific), supplemented with 60 U/mL of penicillin and
0.06 mg/mL streptomycin (Sigma-Aldrich) at 37 ◦C and 5% CO2. Prior immunostaining and imaging,
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ca. 20,000 cells/well, were plated in 8-well chamber (155411PK, Thermo Fisher Scientific). The next
day, the cells were transfected using 2.5% lipofectamine 2000® and 300 ng of plasmid in Optimem
medium (Thermo Fisher Scientific). After incubation of ca. for 16 h, the cells were fixed using 4%
paraformaldehyde (PFA) for 30 min at room temperature. The remaining aldehydes were quenched
with 0.1 M glycine in PBS for 30 min. Afterwards, cells were permeabilized and blocked using 3%
bovine serum albumin (4) and 0.1% Triton X-100 in PBS for 30 min at room temperature. Buffer solution
containing nanobodies coupled to the docking strand (50 nM) was used to stain the cells. For this
purpose, we proceeded with incubation of 1 h at room temperature, with slow orbital shaking. Finally,
the cells were rinsed with PBS and then post-fixed with 4% PFA for 30 min at the room temperature.
As described previously, remaining aldehydes were quenched with 0.1 M glycine in PBS. Cells were
stored in PBS buffer at 4 ◦C.

2.3. Exchange PAINT Experiment

The imager strands P1 5′-CTAGATGTAT-3′-Atto655, P2 5′-TATGTAGATC-3′-Atto655, and P3
5′-GTAATGAAGA-3′-Atto655 (Eurofins Genomics) were aliquoted in TE buffer (Tris 10 mM, EDTA 1 mM,
pH 8.0) at a concentration of 100 µM and stored at−20 ◦C. Prior to the experiment, the strands were diluted
to the final concentration of 2 nM in PBS buffer, containing 500 mM NaCl. A chamber with eight wells
(155411PK, Thermo Fisher Scientific) was fixed on the microscope stage with clips. A PDMS layer was
used as a chamber cover and supported the inlet tubes and a tube for suction. The slide was held on
the microscope stage for 0.5 h before the acquisition to equilibrate to the room temperature and achieve
mechanical stability. Injection of fluids and its removal was done using our custom-built microfluidic
setup, designed and constructed particularly for the Exchange PAINT experiment. First, the well was
rinsed twice with 500 µL PBS buffer (pH 8.0, NaCl 500 mM). Then, suitable cells for imaging were selected
based on the presence of the signal from the expressed fluorescent proteins: mTagBFP, mCherry, and EGFP.
The cells were located by exposing them to the following laser excitation wavelengths and detecting
the fluorescence in the corresponding emission channel: mTagBFP-405 nm laser, EGFP-488 nm laser,
and mCherry-561 nm laser. A HILO-illumination scheme was used to excite the cells. The laser power
was adjusted according to the sample brightness (respectively 0.5 mW, 1 mW, and 2 mW at the output
of the optical fiber). Each selection movie of the fluorescent proteins included between 200–250 frames
(Figure 4A1–A3). Afterwards, we proceeded with Exchange PAINT on the selected cell. All the solutions
were injected into the cell by applying air pressure in the corresponding pressurized tube. First, imager
strand P1 (2 nM) in PBS buffer (500 µL) was injected into the well and incubated for 10 min before the
acquisition. Typical DNA-PAINT movie included 21,000 frames (corresponds to 35 min). The following
acquisition settings for the emCCD camera was used: Exposure time 100 ms, pre-amplifier gain 3.0, EM gain
10. The laser 638 nm was set to 10–15 mW (corresponds to an excitation illumination power density of
0.4–0.6 kW/cm2). After PAINT movie acquisition, an extensive wash of the well was performed (4–6 times
volume exchange, in total about 3 mL buffer within 5 min), in order to remove the imager solution from the
well completely. Suction was performed by the micro peristaltic pump (Makeblock) After the extensive
wash, the next imager solution was introduced. We proceeded with the same solution exchange procedure
also for the imagers P2 and P3 (see comprehensive chart in Figure 3B). All the experiments were carried
out at a constant temperature of 22 ± 1 ◦C, which was crucial for the mechanical stability of the sample
(remaining mechanical drifts were corrected for during the analysis).

2.4. DNA-PAINT Movies Analysis

Raw DNA-PAINT movies were analyzed using the Picasso software package [10]. In the end,
drift-corrected super-resolution images were reconstructed, and the average localization accuracy
was estimated. For further analysis of the achieved image resolution, the Fourier Ring Correlation
(FRC) [35] technique was employed. First, localization events were detected using Picasso: Localize.
For the specific binding-events recognition, the signal box size length was set to 7 pixels and the
minimum net gradient was limited to the range of 1700 to 3500 (depends on the protein expression
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level in a particular cell). Then, the localized bright spots were fitted with the LQ Gaussian method to
obtain precise fluorophore coordinates. The total number of localization events varied from 150,000 to
2,500,000 for the whole movie. The output file with the localization coordinates was then loaded into
Picasso: Render. Using the Undrift RCC feature (segmentation 500 frames), movies were corrected
for mechanical drift. The final reconstructed super-resolved images were exported in PNG format.
Finally, all three reconstructed images of different organelles were merged together for each imaged
cell using ImageJ [36], see Figure 4 C1,C2, D1–D3. The average localization precision (NeNa [37])
was estimated for each reconstructed super-resolved image. For image resolution quantification,
Fourier Ring Correlation (FRC) [35] was applied using the FIRE ImageJ plugin [38], for detailed
numbers see Supplementary Information, Table S1. Further image resolution analysis was performed
by creating a resolution map using SQUIRREL [39] (super-resolution quantitative image rating and
reporting of error locations), see Figure S4 in the Supplementary Information.

3. Results

3.1. Optimization of Cells Transfection and Nanobody Staining for EXCHANGE DNA-PAINT Imaging

First, we optimized the transfection of mammalian cells (COS-7) with plasmids encoding for
proteins present in different organelles fused to various fluorescent proteins. We used TOM70 fused
to EGFP to reveal mitochondria, GalNacT was fused to mCherry to detect the Golgi apparatus and
histone H2B was fused to mTagBFP to detect the cellular chromatin (nucleus). Additionally, we used
currently available nanobodies, which bind strongly and specifically to the three fluorescent proteins
mentioned above. Each type of nanobodies were labelled with a unique docking strand, enabling the
acquisition of multiple targets using Exchange PAINT, in single cells (see scheme in Figure 1).
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Figure 1. Schematic representation of multi-target exchange point accumulation for imaging in
nanoscale topography (PAINT) in COS-7 cells. Sequential introduction of imager strands with different
sequences reveal multiple targets and result in multi-color super-resolution image. (A) DNA-PAINT
imaging of mitochondria with Imager P1. (B) DNA-PAINT imaging of the Golgi apparatus with Imager
P2. (C) DNA-PAINT imaging of nucleus/chromatin. (D) The resulting super-resolved image of a single
cell with three colors overlaid. The cells were stained with (1) nanobody anti-GFP (Nb1) coupled to
the DNA strand P1, (2) nanobody anti-mCherry (Nb2) coupled to the docking P2, and (3) nanobody
anti-mTagBFP (Nb3) coupled to the docking strand P3.
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All nanobodies had an extra ectopic cysteine at their C-terminus that allowed the conjugation
of molecules via maleimide chemistry. We used a maleimide-DBCO as a cross-linker to attach the
single stranded DNA oligo bearing an azide group on its 5′ end (Figure 2A,B). The coupling of the
docking strand was thus performed in two sequential steps. First, the nanobody was incubated with
a 50 molar excess of the maleimide-DBCO cross-linker, inducing a thiol-maleimide conjugation with
the previously reduced single ectopic cysteine at the C-terminus of the nanobody [22]. After removing
the excess of cross linker, the complex was incubated with a 10 molar excess of azide functionalized
DNA oligo to induce a strain-promoted azide–alkyne cycloaddition (copper-free click chemistry [40]).
The separation of the excess of DNA oligo from the mixture was performed using a size exclusion
chromatography (SEC), resulting typically in two obviously separated elution fractions (Figure 2C).
This is an essential step to avoid unspecific signal from the free DNA oligo. As a first routine quality
control after SEC, different elution fractions were passed through a polyacrylamide gel electrophoresis
(PAGE), stained with SYBR gold, to report the presence of the oligonucleotides (Figure 2D). Only the
fractions containing a clean band at the right molecular weight were used subsequently for the
immunoassays of the transfected COS-7 cells. Due to the large excess of cross-linker and docking
strands used for each coupling step (see Methods section), we are confident that a major proportion of
the nanobodies were labelled with the docking oligo.
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Figure 2. Click- and thiol-based strategy to conjugate nanobodies to a docking DNA strand for
DNA-PAINT. (A) Anti-GFP nanobody (blue) bound to EGFP (green). The nanobody is modified with
a docking stand with a complementary Atto655-labelled Imager strand attached (EGFP: Nanobody
complex extracted from (PDB: 3K1K), DNA strand, and Atto655 were generated using ChemDraw
(CambridgeSoft, Cambridge, MA, USA) and ensembled using PyMOL Molecular Graphics System
(Schrödinger, LLC, Ney York, NY, USA). The yellow lines represent three estimated distances
(theoretical estimates: 3.1 nm, 3.3 nm and 3.4 nm) of the fluorophore to the protein of interest (POI)
extracted from the in silico model. (B) Scheme representing the orthogonal coupling strategy of
docking DNA strand to the nanobody. (C) Example of the size-exclusion chromatography (SEC) for
the separation of DNA-coupled nanobody (#1) from the excess of azide-functionalized docking strand
(#2). (D) Example of the SDS-PAGE of fraction collected from the SEC run, post stained with SYBR
gold, which reports DNA on the gel. Peak #1 collected from SEC shows a prominent band matching
the expected molecular weight of nanobody coupled to the docking strand (~15 kDa). Peak #2 lacks
the band at the nanobody molecular weight, suggesting that the SEC peak contains only the un-reacted
excess of docking oligonucleotide.
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3.2. Microfluidic Setup for Exchange DNA-PAINT Experiment

Solution exchange inside the sample chamber was done using a custom-built microfluidics setup,
designed and constructed in particular for the Exchange PAINT experiments. The setup allows
operation of up to 24 independent inlet channels and is capable of fluid injection/removal with
an adjustable flow speed in/out of the experimental chamber.
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Figure 3. Scheme of custom-built microfluidics setup and Exchange PAINT experiment. (A) Microfluidics
setup: The setup is controlled by a computer software, which includes both manual and automated operation
modes. Maximum number of the input channels is 24 (only 5 channels are shown). The peristaltic pump
used to remove the solutions from the chamber is also computer-controlled. (B) Typical sequence of actions
for the Exchange PAINT experiment. The tube-shape sketches depict the injection of solutions (P1, P2,
or P3) or the imaging buffer (IB) (solution volume and injection duration are indicated on top of the objects).
Rectangles represent movie acquisition with certain laser excitation (laser wavelength and total acquisition
time are indicated inside the rectangle and on top of the rectangle, respectively).

Magnetic solenoid valves (MH1, Festo) were used to turn on and off the air pressure in the
channels, which were connected in turn to pressurized tubes. When air pressure is applied to such
a tube, a liquid flow is created. Flow speed can be adjusted by changing air pressure using a pressure
regulator (MS6, Festo). We used air pressure values in the range of 3–5 psi to generate a gentle
flow of solutions. The pressurized air was purified with an air filter (PTA013, Thorlabs). Tygon
tubing (VERNAAD04103, VWR) was used to guide the solutions from pressurized tubes to the
experimental chamber. Suction was performed by a micro peristaltic pump DC12.0V (Makeblock).
For washing, the buffer solution was loaded into a 15 mL test tube (Greiner Bio-One™ 188271,
Fisher Scientific). The tube was equipped with a cap for pressurization (FLUIWELL 1C-15, Fluigent,
Jena, Germany. The solutions of imager strands P1, P2, and P3 (concentration 2 nM, volume 1 mL)
were loaded into 2.0 mL tubes (Micrewtube T341-6T, Simport, Beloeil, QC, Canada), which were
then mounted into a holder for four pressurized tubes (FLUIWELL-4C, Fluigent). Both magnetic
solenoid valves and peristaltic pumps were operated by a custom-written LabView (National
Instruments, München, Germany) routine, which included both manual and automatic operation
modes. A custom-built electronic controller served as an interface between the magnetic valves and
the computer.

3.3. Super-Resolution Multiplexed DNA-PAINT Images of COS-7 Cells

We performed Exchange PAINT imaging of COS-7 cells stained with nanobodies, each
functionalized with a single docking strand. For this purpose, a versatile custom-built optical setup
was designed and constructed (see Figure S1). Initially, we checked that all cells to be imaged
were triple transfected with the plasmids encoding for the TOM70, GalNacT and H2B fused to
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EGFP, mCherry, and mTagBFP, respectively. The signal from each fluorescent protein was first
imaged with a wide-field HILO illumination (see Figure 4A1–A3). Afterwards, we sequentially
introduced and removed imager strands P1, P2, and P3 as shown in Figure 3B. Each DNA-PAINT
movie was acquired during 35 minutes and then analyzed with the Picasso software [10] to obtain
the super-resolved images (Figure 4B1–B3). The experiment was designed to monitor three different
proteins that are located in very distinct organelles, in order to simplify the evaluation of our Exchange
DNA-PAINT images. Clearly, the reconstructed super-resolved DNA-PAINT images (one for each
of the imagers P1, P2, and P3) showed the “patterns” expected for the respective organelle, thereby
providing additional confirmation of our imaging strategy. For a more informative representation,
and to further confirm the specificity of each imager strand, the three super-resolved images (from
each P-imager movie) were merged together (Figure 4C1). The result suggests that every “channel”
remains clean, without significant unspecific binding events between the different docking-imager
partners. The whole imaging cycle for the three target molecules, including imager strand injections,
incubations, the removal of solutions and the acquisition of more than 60,000 frames took in total 2–3 h
to be completed. The whole procedure worked robustly and provided high quality super-resolved
DNA-PAINT images for nearly every imaged cell (selected at the initial wide-field HILO checkup).

In order to evaluate the image quality in a more quantitative manner, we performed a detailed
analysis for the average localization accuracy and the actual resolution of the images. For the images
presented in Figure 4, the average localization accuracy estimated by NeNa [37] was 19 ± 2 nm
(the lowest value was 14 nm, Table S1) and the average resolution, as estimated by Fourier Ring
Correlation (FRC) [35], was 27 ± 5 nm (the lowest value was 20 nm, Table S1). The full list of
localization accuracies and FRC resolutions obtained for each organelle in each cell in Figure 4 can be
found in Table S1 in the Supplementary Information.

Finally, we performed image quality analysis using FRC resolution maps using the SQUIRREL
software [39]. The resolution values for different images varied between 26–34 nm. Moreover, we also
compared the super-resolved images as obtained by Picasso and by RapidStorm [41]. Interestingly,
both tools produce super-resolved images of similar quality (Figure S2).
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Figure 4. Exchange PAINT imaging. A1–A3 Diffraction-limited wide-field images of individual target
fluorophores: Mitochondria with TOM70-EGFP (A1), Golgi with GalNacT-mCherry (A2), Chromatin
with H2B-mTagBFP (A3). (B1–B3) Single-channel super-resolution DNA-PAINT images of respective
organelles. The number represents Fourier ring correlation (FRC) number for resolution for the
respective image. (C1) Left bottom inset is the full view of the cell imaged in B with all 3-target
Exchange PAINT images merged. Right, zoom of the boxed area I the inset. (C2) One more example
of Exchange PAINT imaging with the same set of staining as in B and C. (D1–D3) Specificity controls
were performed by swapping the fluorescent proteins and changing the Golgi marker. Now cells were
expressing TOM70-mCherry and GM130-EGFP (a different Golgi marker). All scale bars correspond to
5 µm, except in C1 where the scale bar represents 1 µm.

To assess the effectiveness of our method, we performed several controls. First, the targeted
protein GalNacT that we used to detect the Golgi, was changed to GM130 to ensure that the
reconstructed organelle is labeled specifically regardless of the target protein used for reporting
the Golgi apparatus (Figure 4D1–D3). Additionally, we exchanged the fluorescent proteins we used for
targeting the Golgi and the mitochondria by transfecting cells with plasmids encoding for TOM70 fused
to mCherry and GM130 fused to EGFP. The same coupled nanobodies were used to reveal those targets.
Nb1 (nanobody anti GFP) coupled to P1 docking strand, Nb2 (nanobody anti-mCherry) coupled to P2,
and Nb3 (nanobody anti-mTagBFP) coupled to P3. Therefore, in this experiment, the imager P1 revealed
the structure of the Golgi apparatus and the imager P2 revealed the mitochondria. Detailed comparison
of NeNa and FRC for both cases can be found in Table S1. These control experiments confirmed the
efficiency of our system, the specificity of the coupled nanobody, and the interchangeability of the
targets. Finally, cells transfected with a single plasmid coding for TOM70-EGFP were immunostained
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with anti-GFP nanobodies bearing the P1-docking DNA and were imaged with imager P3 under the
same conditions as before. We observed very few binding events (i.e., P3 imager binding P1 docking)
without showing any recognizable pattern (Figure S3). This extra control suggests a high specificity of
the imager to its docking strand. Additionally, unspecific binding (e.g., stickiness of the imager to the
glass coverslip or cellular elements) were negligible (Figure S3).

4. Discussion

Conventional antibodies (150 kDa and 12–15 nm in length) are often used for labelling cellular
targets in DNA-PAINT imaging [5]. This approach has demonstrated to achieve an impressive spatial
resolution [6,7], to a level where the size of the primary and secondary antibody sandwich (with ~25 nm
linkage-error) limits its imaging resolution. It has been demonstrated that small camelid single domain
antibodies or nanobodies (15 kDa and ~3 nm in length) have the capacity to increase the accuracy of
super-resolution microscopy for mapping POIs in a cellular context [8,12]. Recently, a very interesting
strategy using a combination of an enzymatic reaction (Sortase) and click chemistry has been used to
couple with high efficiencies nanobodies to docking oligos to perform DNA-PAINT [25]. Unfortunately,
only few nanobodies are currently available that work efficiently in immunoassay applications.
Some of them have a strong affinity and high specificity towards specific fluorescent proteins. In this
work, we exploited this property, which makes our method highly versatile since many bio-medical
researchers typically have their favorite proteins already fused to fluorescent proteins [42]. Here,
we showcase the simultaneous use of three specific nanobodies against the EGFP family (this nanobody
also binds to EYFP, Citrine, mVenus, Cerrulean, Emerald EGFP, and more GFP derivatives), mCherry
and similar variants (it also binds to mOrange2, tdTomato, dsRed1 & 2, mScarlet-I, and other mRFP
derivatives), and finally to mTagBFP (it also recognizes mTagRFP, mTagRFP657, mKate, and mKate2)
for DNA-PAINT super-resolution microscopy. As a proof of principle, we used cells expressing three
different fluorescent proteins in different organelles. The cells were immunostained with anti EGFP,
mCherry, and mTagBFP specific nanobodies, each coupled to a unique and single DNA-docking strand
for performing multiplexing Exchange DNA-PAINT with them (Figure 4). We achieved an overall
resolution of 20 nm, and an average localization precision of ~14 nm (in the best case, see Table S1),
within only 35 min of acquisition time per target. We anticipate that, by further experimental and
protocol optimizations, it will be possible to improve the resolution and acquisition time even further.
The set of nanobodies presented in this work makes it already possible to investigate three proteins
of interest within the same cell, all at diffraction-unlimited resolution, with the enhanced precision
provided by the nanobody monovalency (no clustering of target protein) and small size (minimal
linkage-error) [13,16]. We hope that our study will motivate other scientists who have their POIs
already fused to fluorescent proteins to benefit from this technique.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/1/48/s1.
Figure S1. Schematic drawing of custom wide-field Total Internal Reflection (TIRF) optical setup; Figure S2.
comparison between Picasso and RapidStorm software packages; Figure S3. control experiment for the nanobody
specificity and the stickiness of the imager strand inside fixed COS7 cell transfected with TOM70-GFP-P1*;
Figure S4. resolution estimation using Fourier Ring Correlation maps realized by SQUIRREL ImageJ plugin [39].
Table S1. average localization precision (NeNa) and resolution estimation using FRC technique for each of the
reconstructed images presented in Figure 4.
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Custom-built optical setup description 

Measurements were performed on an in-house-built optical setup. In brief, the excitation part included 

four lasers: 405 nm (CUBE 405-100C, Coherent), 488 nm (PhoxX+ 488-100, Omicron), 561 nm 

(MGL-FN-561-100, Changchun), and 638 nm (PhoxX+ 638-150, Omicron). Manual shutters were 

used to easily switch between excitation lasers. The lasers were combined into the same optical path 

using dichroic mirrors DM1 (BrightLine DiO2-R561, Semrock), DM2 (BrightLine FF495-Di03, 

Semrock), and DM3 (zt405 RDC, Chroma). Then, the laser beams were coupled into a single-mode 

fiber (P1-460B-FC-2, Thorlabs) with typical coupling efficiency of 40-50%. After exiting the fiber, 

the beam was collimated and expanded by a factor of 3.6X using telescopic lenses. In order to achieve 

wide-field illumination, lens L1 (AC508-200-A-ML, Thorlabs) focused collimated laser beam on the 

back focal plane of the high-NA objective (UAPON 100x oil, 1.49 NA, Olympus). In order to switch 

between Epi-, HILO-, or TIRF-illumination schemes, the translation stage TS (LNR50M, Thorlabs) 

was used to mechanically shift the corresponding optical elements. The translation XY stage (M-406, 

Newport) ensured smooth and stable sample movement during the scan.  

A separate translation stage with a differential micrometer screw (DRV3, Thorlabs) was holding the 

objective and was used for focusing. The emitted fluorescence was separated from the excitation laser 

using the multi-band dichroic mirror DM4 (Di03 R405/488/532/635, Semrock). Lens L2 (AC254-200-

A-ML, Thorlabs) was used as a tube lens. An adjustable slit (SP60, OWIS) was positioned in the image 

plane and was used to limit the field of view. The multi-band filter BP1 (ZET488/561/635m, Chroma) 

was used to filter out laser remains in the detection path. Lenses L3 (AC254-100-A, Thorlabs) and L4 

(AC508-150-A-ML, Thorlabs) were used to transfer the image plane from the slit to the EMCCD 

camera (iXon Ultra 897, Andor), thereby providing rectangular space for wavelength-based splitting 

of the emission light into two or three emission channels according to the experimental requirements. 

For this purpose, the dichroic mirrors DM5 (Chroma 550 LPXR) and DM6 (FF648-Di01, Semrock) 

were positioned on magnetic bases MB (KB50/M, Thorlabs). For each channel, additional band-pass 

filters were used: BP2 (BrightLine FF 445/20, Semrock) for the blue channel, BP3 (BrightLine FF 

536/40, Semrock) for the green channel, and BP4 (BrightLine HC 692/40, Semrock) for the red 

channel. The overall magnification factor of the optical setup was 166.6X, the pixel size was 103.5 nm 

x 103.5 nm and the full field of view was 53 µm X 53 µm. Focus stability was achieved by robust 

construction of the custom microscope body, tightly fixing the 8-well chamber (155411PK, 

ThermoFisher Scientific) to the sample holder and keeping the temperature in the room stable. 
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Figure S1. Schematic drawing of custom wide-field TIRF optical setup. The excitation is equipped 

with four lasers and allows excitation of fluorophores on broad spectral range. Multi-channel detection 

enables simultaneous imaging of fluorophores with different emission spectrum on the same CCD 

camera. Number of emission channels can be easily switched between one, two and three channels by 

removing the dichroic mirrors DM5 or/and DM6. The size of region of interest is controlled by a slit. 
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Localization accuracy and resolution estimations 

Detailed numbers as for each reconstructed image resolution are listed in the Table S1. 

Cell name 
Organelle, 

protein, docking 

NeNa, 

nm 

FRC, 

nm 

 

Cell name 
Organelle, 

protein, docking 

NeNa, 

nm 

FRC, 

nm 

Fig 4, C1 

Mito GFP P1* 20 21  

Fig 4, D1 

Mito RFP P2* 19 22 

Golgi RFP P2* 18 27  Golgi GFP P1* 18 24 

Nucleus BFP P3* 22 32  Nucleus BFP P3* 23 38 

                 

Fig 4, C2 

Mito GFP P1* 22 34  

Fig 4, D2 

Mito RFP P2* 20 28 

Golgi RFP P2* 16 23  Golgi GFP P1* 19 20 

Nucleus BFP P3* 23 34  Nucleus BFP P3* 19 24 

                 

Fig 4, C3 

Mito GFP P1* 19 38  

Fig 4, D3 

Mito RFP P2* 14 24 

Golgi RFP P2* 16 28  Golgi GFP P1* 18 27 

Nucleus BFP P3* 22 31  Nucleus BFP P3* 17 26 

Table S1. Average localization precision (NeNa) and resolution estimation using FRC technique 

for each of the reconstructed images presented in Figure 4. Cell names appear according to the 

order in Figure 4.  
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DNA-PAINT analysis toolkits comparison: Picasso vs. Rapidstorm 

Verification of Picasso analysis was done by analysing same image with RapidStorm.1 Recorded 

DNA-PAINT movie was loaded into RapidStorm. Blinking event were identified by setting the 

intensity threshold to 60 % of a total brightness. Resolution (both X and Y direction) was set to 10 

nm/pixel. The comparison between reconstructed images shown on Figure S2. The achieved resolution 

was estimating by exporting the localization file output and then running it into SQUIRREL ImageJ 

plugin2. Resulting numbers and comparison to Picasso output shown on Table S1. We saw good 

agreement Picasso and RapidStorm results.  

 

Figure S2. Comparison between Picasso and RapidStorm software packages. (A) Wide-field 

(WF) diffraction-limited image of GFP protein. (B) Reconstructed super-resolution image obtained 

with Picasso software. (C) Reconstructed super-resolution image obtained with Picasso software. 
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Figure S3. Control experiment for the nanobody specificity and the stickiness of the imager 

strand inside fixed COS7 cell transfected with TOM70-GFP-P1*. (A) wide-field image of TOM70 

GFP. (B) Super-resolution image from a DNA-PAINT movie taken in presence of P3 imager. Only 

few random localization events detected in presence of the imager P3 (C) Super-resolution image of 

the same region of interest, taken in presence of P1 imager (after washing/removing the imager P3). 
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DNA-PAINT Fourier Ring Correlation resolution maps 

For NanoJ-SQUIRREL analysis stack of two statistically independent super-resolution images of the 

same structure were reconstructed using Picasso and RapidStorm software. Then using ‘Calculate FRC 

Map’ feature (block per pixel value 25 and pixel size 10 nm) the FRC map was made and overlaid 

with respective super-resolution image. Average FRC resolution value was obtained by finding the 

mean value from the area with high localization density. For this purpose, obtained super-resolution 

image was cropped and whole procedure was repeated for this area. The average resolutions obtained 

are 26 nm for Picasso and 30 nm for RapidStorm. 

 

Figure S4. Resolution estimation using Fourier Ring Correlation maps realized by SQUIRREL 

ImageJ plugin2.  Comparison between Picasso and RapidStorm analysis tools. (A1-3) Super-
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resolution DNA-PAINT images of COS7 cell organelles reconstructed by Picasso. (B1-3) FRC map 

overlaid with the corresponding super-resolution images, as reconstructed by Picasso toolkit. (C1-3) 

FRC map overlaid with the corresponding super-resolution images, as reconstructed by RapidStorm 

toolkit. The numbers on the images represent the resolution averaged over the object region. The colors 

on B and C indicated resolution, according to scale shown on the right-hand side.  
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ABSTRACT: Fluorescence lifetime imaging (FLIM) has become
an important microscopy technique in bioimaging. The two most
important of its applications are lifetime-multiplexing for imaging
many different structures in parallel, and lifetime-based measure-
ments of Förster resonance energy transfer. There are two
principal FLIM techniques, one based on confocal-laser scanning
microscopy (CLSM) and time-correlated single-photon counting
(TCSPC) and the other based on wide-field microscopy and phase
fluorometry. Although the first approach (CLSM-TCSPC) assures
high sensitivity and allows one to detect single molecules, it is slow
and has a small photon yield. The second allows, in principal, high
frame rates (by 2−3 orders of magnitude faster than CLSM), but it
suffers from low sensitivity, which precludes its application for
single-molecule imaging. Here, we demonstrate that a novel wide-field TCSPC camera (LINCam25, Photonscore GmbH) can be
successfully used for single-molecule FLIM, although its quantum yield of detection in the red spectral region is only ∼5%. This is
due to the virtually absent background and readout noise of the camera, assuring high signal-to-noise ratio even at low detection
efficiency. We performed single-molecule FLIM of different red fluorophores, and we use the lifetime information for successfully
distinguishing between different molecular species. Finally, we demonstrate single-molecule metal-induced energy transfer (MIET)
imaging which is a first step for three-dimensional single-molecule localization microscopy (SMLM) with nanometer resolution.

■ INTRODUCTION

Fluorescence microscopy has revolutionized our understanding
of biological processes. One of its variants is fluorescence
lifetime imaging (FLIM), which has become an important
microscopy technique in medicine and biology.1−3 The two
most important applications of FLIM are (i) distinguishing
between different fluorophores with similar emission spectra
based on their fluorescence lifetime (thus allowing multi-
plexing),4 and (ii) Förster resonance energy transfer imaging
via measuring donor lifetime.5,6 One of the big technical
challenges of FLIM is to achieve high image acquisition speed
without compromising sensitivity. There are two fundamen-
tally different technical approaches to FLIM. The first
approach is based on confocal laser-scanning microscopy
(CLSM), where one scans a field of viewpoint by point and
usually measures, at each scan position, the fluorescence
lifetime (and intensity) by time-correlated single-photon
counting (TCSPC).7 This assures the highest sensitivity, but
for the price of reduced image acquisition speed. The second
approach uses camera-based phase-fluorometry,8,9 which
allows fast image acquisition, but for the price of tremendously
reduced sensitivity. For example, wide-field phase-fluorometry
is much too insensitive for being capable for single-molecule

imaging. Only recently, new single-photon counting wide-field
detectors have been developed, see, e.g., refs 10 and 11, but
they are still in their infancy and are not widely available. Other
more particular FLIM techniques are based on gated optical
image intensifiers,12 electro-optical modulators,13 electron
multiplying microchannel plates (MCP),14,15 or wide-field
time-gated SPAD arrays.16 However, all these approaches are
currently too insensitive for genuine single-molecule applica-
tions.
Here, we investigate the applicability of a novel,

commercially available wide-field single-photon counting
camera (LINCam25, Photonscore GmbH, a spin off from
the Leibniz Institute for Neurobiology, Magdeburg, Germany)
for FLIM with single molecule sensitivity, see Figure 1A. The
TCSPC-based lifetime camera is designed and optimized for
photon detection from the UV to the visible spectrum. It
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employs a micro-channel-plate photo-multiplier tube (MCP-
PMT) and uses a capacity-coupled imaging technique (charge
image) combined with a charge division anode for positional
readout.15 The detector is equipped with a multialkali
photocathode optimized for the UV spectral region. However,
its quantum efficiency of detection drops significantly toward
the red spectral region: from the ∼20% in the blue spectral
region to ∼5% in the red spectral region, see Figure 1B.
Nonetheless, due its virtually absent noise and dark counts, we
demonstrate here that one can successfully use the LINCam25
for FLIM with single-molecule sensitivity, even in the red
spectral region. To demonstrate this, we perform wide-field
FLIM of three widely used fluorophores, Cy5, Atto 655, and
Atto 647N, which have similar emission spectra but differ in
their lifetimes. For FLIM, the fluorophores are conjugated
against DNA molecules and immobilized on a glass surface; see
Figure 1C. FLIM results for the different samples are presented
in Figure 1D.
We determine fluorescence lifetimes of individual molecules

by fitting the recorded TCSPC data on a molecule-by-
molecule basis; see Figure 1E. Using these fitted lifetime
values, we successfully distinguish between different molecular
species in a mixed sample of all three fluorophores. Finally, we
apply the LINCam25 for FLIM of metal-induced energy
transfer (MIET),17 which allows us to determine the axial
position of individual molecules above a surface,18−24 which is
a first step of applying the LINCam25 for three-dimensional
single-molecule localization microscopy (SMLM).25−30

■ METHODS
LINCam25. The LINCam25 is a system where the light

sensing element is a microchannel-plate based photomultiplier
tube (MCP-PMT) equipped with a photocathode for visible
light (S20BB). The fast reaction time of the MCP in
combination with a time-to-amplitude converter coupled

with a dedicated analog-to-digital converter (ADC) makes
this camera suitable for TCSPC with a temporal resolution
below 50 ps over the whole field of view. A capacity-coupled
imaging technique (charge image) combined with a charge
division anode is employed for positional readout. The
position of an incident photon is reconstructed by means of
an artificial neural network’s (ANN’s) computation model as
precise as 20 μm over the active detection area of o.d. 25
mm.15 Therefore, the resulting image is comparable to that of a
conventional megapixel CCD camera and allows for TCSPC-
FLIM with a regular fluorescence wide-field microscope.31

Data Acquisition. Experiments were performed with
custom-built wide-field microscope. TIR illumination was
done with an average laser power of 10−20 W/cm2. Neutral
density filters were employed for fine adjustment of laser
power. A supplemental emCCD camera with a much higher
quantum efficiency of detection than the LINCam25 was used
for focusing. Typical acquisition times per image were between
3 to 5 min. Images of several regions of interest (3−6) for each
sample were acquired. The image acquisition software was
provided by Photonscore. A preliminary analysis of lifetime
images was performed by the Photonscore Capture software.
The further single-molecule lifetimes analysis was done using a
custom-written MATLAB routine. All experiments were
carried out at a constant temperature of 22 ± 1 °C, which
was crucial for the mechanical stability of the optical setup.

Sample Preparation. Glass coverslips were sonicated in 1
M KOH for 15 min and then rinsed with doubly distilled water
(DDH2O) and dried using air flow. Four-wells silicone inserts
(Ibidi 80469, Germany) were attached to the coverslip to form
four measurement chambers, therefore allowing for a
convenient workflow through the preparation of different
molecular samples in each of the four chambers on the same
coverslip. BSA−biotin (A8549, Sigma-Aldrich) was diluted in
buffer A to a concentration of 0.5 mg/mL and added to the
chambers overnight at 4 °C. The next day, the chambers were
flushed with buffer A for at least 3 times the volume of a
chamber. Neutravidin (31000, Thermo Fisher Scientific) was
diluted in buffer A to a concentration of 0.5 mg/mL and then
added to one chamber for 5 min. Next, the chamber was rinsed
for at least 3 times. DNA-fluorophore molecules were
immobilized to the surface using biotin−avidin chemistry.
We designed the double-stranded DNA molecules as follows:
Primary single-stranded DNA (strand 1) was biotinylated at its
5′ end, while the complementary DNA (strand 2) was labeled
at its 3′ end with a single fluorophore (either Cy5, Atto 655, or
Atto 647N), see Table S2 in the Supporting Information for
the DNA sequences. This ensured that the fluorophores are
more photostable and less blinking than without DNA. The
fluorophore is attached close to the surface anchor of the
DNA. This design is similar to one used in DNA-PAINT.29

The two DNA strands were hybridized at high concentration
(200 nM) using the following protocol: The mixture of the
two DNA strands was heated to 94 °C in the annealing buffer
for 5 min and then gradually cooled to room temperature
within 30 min. Then, the resulting dsDNA solution was diluted
by about 10000× to reach a single-molecule concentration
before being added to the experimental chamber. After 5−10
min incubation time, the chamber was rinsed with imaging
buffer by exchanging the liquid in the chamber (∼80 μL) for at
least 3 times. For the mixed fluorophores sample, we diluted
the stock solutions by the same factor as for the pure

Figure 1. Wide-field FLIM with single-molecule sensitivity using the
LINCam25. (A) Schematic of the lifetime-measuring camera
LINCam25. The picture was provided by Photonscore GmbH, and
is used with permission. (B) Typical quantum efficiency of
LINCam25. Used with permission by Photonscore GmbH. The
blue rectangle indicates the spectral range of emission of the
fluorophores used in the current investigation. (C) DNA-assisted
surface immobilization of the fluorophores. The double-stranded
DNA was attached to the glass coverslip via biotin−avidin chemistry.
(D) Conventional intensity and lifetime images of single molecules
with different lifetimes. The scale bar is 5 μm. (E) Sample TCSPC
curve of one of the red fluorophores together with the measured
instrument response function (IRF) of the optical setup.
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fluorophore samples and mixed in the final solution with a
stoichiometry of Atto 647N:Atto 655:Cy5 = 1:3:10.
Buffer Solutions. The following buffer solutions were

used: DNA annealing buffer included 10 mM Tris, pH 8.0, 1
mM EDTA, and 100 mM NaCl. Buffer A (used for surface
immobilization) included 10 mM Tris, pH 8.0, and 50 mM
NaCl. DNA storage buffer (B4) included 10 mM Tris, pH 8.0,
and 1 mM EDTA. As imaging buffer solutions, we used either
B4 with NaCl 500 mM, or alternatively GLOX buffer
(enzymatic oxygen scavenging system) consisting of glucose
oxidase 0.5 mg/mL, catalase 40 μg/mL, and glucose 10% w/v
in PBS pH 7.4. The GLOX buffer was crucial for enhancing
photostability and for increasing the number of emitted
photons, especially for Cy5.
Data Analysis. Single-molecule lifetimes analysis was

performed using a custom-written MATLAB program. First,
an intensity image was generated from the raw photon data
rejecting photons arriving outside a 10 ns time gate starting
0.25 ns after maximum intensity. This image was used for
identifying single molecules using a wavelet algorithm as
described in ref 32. Intensity time traces and TCSPC curves
for each identified molecule were extracted from the raw data
using a time binning of 1 s. This was done by collecting all
photons within a 3 × 3 pixel region around the center position
of each molecule (approximately 1.4σPSF). On the basis of the
intensity time traces, a on/off-state-detection was applied (see
Supporting Information for details), and a TCSPC curve was
accumulated, including only time points where the molecule
was in its fluorescent on-state. Fluorescence lifetime values
were determined by fitting the tail (starting 0.2 ns after

maximum) of the TCSPC curves with a monoexponential
decay by minimizing the negative log-likelihood function with
a Nelder−Mead simplex algorithm.22,33 TCSPC curves with
less than 100 photons in the tail, or with a χ2 of the fit below
0.9 or above 1.1 were rejected. FLIM images were generated
by coloring each identified molecule according to its lifetime
fit, while the pixel brightness reflects the true pixel intensity.
The lifetime histograms were fitted with a single Gaussian or,
for the mixed sample, a sum of three Gaussians, using again a
Nelder−Mead simplex algorithm.

■ RESULTS

Single-Molecule FLIM. Three distinct samples of surface-
immobilized molecules of Cy5, Atto 655, and Atto 647N were
prepared, using a DNA-assisted strategy for surface immobi-
lization. This created a favorable photochemical environment
for the fluorophores, and allowed surface immobilization with
highly controllable coverage density. The latter was achieved
by diluting a stock solution of molecules to concentrations of
100−500 pM, and by varying the incubation time of these
solutions in the measurement chamber, see Supporting
Information for more details. Exemplary lifetime images are
shown in Figure 2, parts A1, B1, and C1. In order to enhance
brightness and photostability of the fluorophores, we added
oxygen-scavenger (GLOX, see Supporting Information for
details) to the imaging buffer. Exemplary intensity time traces
for single molecules are shown in Figure 2, parts A2, B2, and
C2. More single molecule trajectories and photon number
distributions can be found in the Supporting Information. For
our experimental conditions, photobleaching of Cy5 occurred

Figure 2. Lifetime imaging of surface-immobilized single molecules. Different types of fluorophores were imaged separately. The scale bar is 5 μm.
Images of the following fluorophores are shown: (A1) Cy3, (B1) Atto 655, and (C1) Atto 647N. Colors represent lifetime values. The lifetime
scale is shown on the right-hand side of the image. White circles indicate molecules that were chosen for the exemplary intensity time traces (A2,
B2, and C2) and corresponding TCSPC curves (A3, B3, and C3). (D) TCSPC curves obtained by adding all single-molecule data of the same type.
(E) Probability density function (PDF) of lifetime values of each fluorophore type with the correspondent single-Gaussian fit. The average lifetime
and standard deviation of the fit appear next to each peak, as well as the number of molecules used in each lifetime histogram.
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within a few seconds, while the emission showed no blinking
until bleaching. Atto 655 kept on emitting for hundreds of
seconds before photobleaching, while exhibiting blinking with
a characteristic on-time of 8.2 s and an off-time of 10.5 s. This
was revealed by an on/off-state-detection analysis; see the
Supporting Information for details. The relatively slow blinking
behavior might be explained by the low excitation laser power
and also the oxygen-depleted environment in the imaging
buffer containing GLOX.34 Atto 647N showed the highest
emission intensity and remained emitting for hundreds of
seconds before photobleaching, without any discernible
blinking. Lifetime values for identified single molecules were
fitted with an exponential function, and the resulting single-
molecule lifetime values were histogrammed; see Figure 2,
parts A3, B3, and C3. We did also add all photons from all
detected single molecules into one cumulative TCSPC curve,
as shown in Figure 2D. From the single-molecule lifetime
histograms, we extracted average lifetime values and the
standard deviations; see Figure 2E.
In order to reduce the statistical uncertainty, several (3−5)

regions of interest were combined together. All the peaks were
fitted with a single Gaussian function. The following average
lifetime values were determined: Cy5, 1.49 ± 0.18 ns; Atto
655, 2.47 ± 0.13 ns; and Atto 647N, 3.85 ± 0.16 ns. The errors
are the standard deviation. As expected, the lifetime values of
DNA-bound fluorophores are longer those for free fluoro-
phores, due to the interaction between the fluorophores and
the DNA.35

FLIM of Single Molecules in a Mixed Sample. The
distinct fluorescence lifetimes of our three fluorophores can be
used to identify them in mixed samples. We demonstrate this
by performing FLIM measurement on a sample containing all
three fluorophores. To mimic a common bioimaging situation
with high labeling density, we prepared a sample with rather
high surface coverage. A typical situation is shown in Figure
3A. For the well-separated lifetime values of our three
fluorophores, the identification of each of them on a
molecule-by-molecule basis was straightforward. However,
the determination of correct lifetime values for each molecule
was not trivial due to the frequently occurring partial overlap of
the image of one molecule with those of neighboring
molecules. To overcome this problem, we employed a on/

off-state-detection algorithm; for details, see Supporting
Information and Figure S8. It diminishes contributions from
neighboring molecules and decreases the number of back-
ground photons by taking into account only photons emitted
by a fluorophore in its on-state; see Supporting Information for
the details. These sorted photons were used for building decay
curves for each single molecule, providing better separation
between peaks in the lifetime histograms, see Figure 3B. For a
detailed comparison of the obtained lifetimes in pure and
mixed fluorophores samples, see Figure S6 in the Supporting
Information.

Application of FLIM to Metal-Induced Energy Trans-
fer (MIET). One attractive application of FLIM is MIET,23

which employs the distance-dependent quenching of fluo-
rophores in proximity to a thin metal layer. The strong and
well-known distance dependence of this quenching can be used
to determine the precise distance of a fluorescent molecule
from the surface, see Figure 4A. When using a thin gold film as
the quencher, the accuracy of this axial localization can be as
good as a few nanometers for typical single-molecule photon
numbers.18,22 With single graphene sheets as quenching
material, even resolutions down to a few ångström are
possible.24 For MIET, total internal reflection (TIR) excitation
is advantageous because it reduces background from the bulk
and takes into account that MIET works anyway only over
distances comparable to the penetration depth of the TIR
excitation. This improves the signal-to-noise ratio (SNR) and
therefore precision of the lifetime determination. For
demonstrating the applicability of the LINCam25 for MIET
measurements, we immobilized DNA-Atto 655 constructs on
glass substrates that where coated with a thin gold film and
topped with a SiO2 spacer layer of well-defined thickness, see
Figure 4A. The theoretical lifetime-height dependency for gold
layer with 10 nm thickness is shown on Figure 4B. For typical
DNA-Atto 655 lifetime images with different SiO2 spacer
thicknesses see Figure 4C. The obtained lifetime histograms
are displayed in Figure 4D, see also the Supporting
Information for the derived fluorophore height histograms.
When assuming that the thickness of the BSA-biotin/
neutravidin layer as ∼12 nm,22 we find perfect agreement
between the MIET-derived height values of the single
fluorophores and the height values deduced from the sample
architecture, see Table S3 and Figure S13 in the Supporting
Information. We estimate the axial localization precision to be
∼10 nm from the standard deviation of the height histograms.
For the biggest studied spacer layer thickness of 70 nm spacer
(plus the extra height of the BSA-biotin/neutravidin layer), we
reach the edge of the height range over which MIET still works
(beyond that range, metal-induced quenching becomes too
small to be useful for height determination). In that case, the
localization accuracy is reduced and becomes ∼20 nm.

■ CONCLUSIONS
In this work, we performed single-molecule FLIM using the
novel LINCam25 photon-counting camera. Although the
camera’s quantum yield of photon detection is only a few
percent in the red spectral region, we could easily image single
fluorescent molecules and determine their fluorescent lifetimes.
To the best of our knowledge, this is currently the only wide-
field lifetime imaging system (with a large field of view) with
single-molecule sensitivity and a subnanosecond precision in
lifetime determination. We used the system for measuring
lifetimes of DNA-conjugated Cy5, Atto 655, and Atto 647N

Figure 3. FLIM image of a mixture of Cy5, Atto 655, and Atto 647N
fluorophores immobilized to the surface. (A) Exemplary lifetime
image. Pseudo colors depict the lifetime values. The scale of lifetimes
appears on the right-hand side of the image. The scale bar is 5 μm.
(B) Lifetime histogram of the mixed sample and the corresponding
three peak Gaussian fit. The different components of the Gaussian fit
are shown in different colors. The lifetime histogram includes data
from four images. The average lifetime values and the standard
deviations of the fit appear next to each peak. The total number of
molecules included in the histogram is 1573.
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fluorophores and were able to determine the lifetime values of
single fluorophores with experimental errors of less than 0.3 ns,
which is an exceptionally high precision taking into account the
relatively low detection efficiency of the system in the red
spectral region. Moreover, we could then successfully identify
different types of fluorophores in a mixed fluorophores sample
solely on the basis of their lifetime values. We found not only
that it is possible to identify single molecules but also that their
obtained lifetime values match within the experimental errors
the values seen in pure samples of only one species. We
showed implementation of the on/off-state-detection and
dwell-time analysis for Atto 655 blinking behavior character-
ization and demonstrated that the LINCam25 is capable of
capturing the blinking kinetics of single emitters. This makes
the realization of SMLM with TCSPC-based lifetime
determination feasible. In order to compare the performances
of LINCam25 system with the conventional TCSPC-CLSM,
we performed a measurement of mixed fluorophores sample
with TCSPC-CLSM and found a remarkable agreement with
the lifetime values obtained with LINCam25 system, see
Figure S6 in the Supporting Information. We also found a
good agreement between the lifetimes measured with
LINCam25 in the diffusion-based samples and the lifetimes
obtained using TCSPC-CLSM for the same samples, see Table
S1 in the Supporting Information. As compared to TCSPC-
CLSM, LINCam25 has an advantage of faster data acquisition.
This advantage will be even more striking in the blue and green
spectral regions, due to higher quantum efficiency of the
camera than in the red. Finally, we demonstrated the
application of single-molecule FLIM to MIET imaging for
measuring the axial position of single fluorophores with ∼10
nm accuracy. This is a first step toward three-dimensional
SMLM by combining conventional lateral single molecule
localization with the axial localization provided by MIET.
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Estimation of the detected number of photons emitted by each type

of fluorophore

In order to estimate detected number of photons emitted by each type of fluorophore until

photobleaching, we count the photons coming from each detected single molecule and his-

togram these values. Then, the mean value is calculated for each type of the fluorophores

(Cy5, Atto 655, and Atto 647N), see Figure S1. The obtained average values were as follow-

ing: Cy5 – 196 photons, Atto 655 – 1759 photons, and for Atto 647N – 3242 photons.

Figure S1: Distributions of detected photon numbers per fluorophore till photobleaching:
(A) Cy5, (B) Atto 655 and (C) Atto 647N.

Cumulative TCSPC curves of surface-immobilised fluorophores

Analysis of fluorescence lifetime decays was performed using a custom-written MATLAB

routine. First, photon positions and photon arrival times were read from the raw data file of

the LINCam using MATLAB functions provided by the Photonscore Software Kit for FLIM

analysis. Next, the detector area is divided into 512x512 virtual pixels. In order to optimise

photon detection yield of the LINCam25 system, we optically restricted the region of interest

using a slit aperture (see “Experimental setup“ below). A single exponential function was

used to tail-fit the TCSPC curves as described in the main text, with the cutoff window

from 12.6 ns till 30.0 ns. The following average lifetimes were obtained for each of the dyes:

Cy5 - 1.49 ± 0.01 ns; Atto 655 - 2.46 ± 0.01 ns; Atto 647N - 3.77 ± 0.01 ns. The errors are

the standard deviation of three consecutive measurements for each case.
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Figure S2: Cumulative TCSPC curves for the three types of the fluorophores immobilised
on a surface, together with the corresponding single-exponential fits: (A) Cy5, (B) Atto 655,
(C) Atto 647N. The fit output is given in the plot.

Fluorescence lifetimes of freely diffusing fluorophores

We investigated the lifetimes of freely diffusing DNA-fluorophore constructs. Ensemble mea-

surements were performed at high concentration (10 nM) of the molecules. For the diffusion

experiment, TCSPC fitting procedure was performed as described in the main text. However,

different TCSPC cutoff window were used for LINCam25 and TCSPC-CLSM, starting from

17.8 ns till 35.2 ns for LINCam25 system and from 3.6 ns till 21.0 ns for TCSPC-CLSM. We

found that for Cy5 and Atto 655, the single exponential function does not describe well the

experimental TCSPC curves, and therefore we fitted these curves by a double exponential

function, as shown in Figure S3. In both cases, an additional faster lifetime component can

be explained by the presence of fluorophores that were not bound to DNA. This is due to the

fact that the faster lifetime values fully agree with the lifetimes of the non-conjugated Cy5

and Atto 655 measured by us (data not shown). We attribute the longer lifetime component

to the DNA-dye constructs. It shall be noticed that, while immobilising the DNA-dye con-

struct to the surface, free dye is flushed from the sample and therefore does not affect the

measurements of surface-immobilised molecules. As expected, we find that the lifetimes of

freely diffusing fluorophores are 5-10% longer than the values of the same molecules immo-

bilised on glass coverslips and this is due to surface-fluorophore interaction.S1
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Figure S3: Lifetime measurements of freely diffusing fluorophores using either LINCam (A) or
TCSPC-CLSM (B). The TCSPC curves and the correspondent single- or double-exponential
fits are shown for: (A1,B1) Cy5, (A2,B2) Atto 655, (A3,B3) Atto 647N. For convenience, all
lifetime values are summarised in Table S1

Comparison of lifetime values measured with the LINCam25 and

with TCSPC-CLSM

In order to verify the lifetime values obtained by the LINCam25, we performed independent

measurements for all three fluorophores in solution using our TCSPC-CLSM setup. For the

TCSPC-CLSM data, lifetime values were determined by tail-fitting the TCSPC curves with

exponential decay functions, similar to what we have done for the LINCam data, see Figure

S3. We found a remarkable agreement between the lifetimes for both single- and double-

exponential decay fits. The results are listed in Table S1. The errors are the standard

deviation of three consecutive measurements for each case.

In addition to a freely-diffusing molecules, we performed the lifetime confocal scan of

surface-immobilised mixed fluorophores using the TCSPC-CLSM setup, see Figure S4.

Imaging parameters for the TCSPC-CLSM measurement were as following: virtual pixel

size was 100 nm, frame size was 400 × 400 pixels with total area of interest of 40 × 40

microns. We used bidirectional scan to make the measurement faster and also collect more

photons, as compared to a single-directional scan. Dwell time was 100 µs.
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Table S1: Lifetime values of freely diffusing molecules measured by LINCam25
and with the TCSPC-CLSM setup.

Fluorophore Setup τfree−dye (ns) τDNA−dye (ns)
Cy5 LINCam25 0.88 ± 0.01 1.77 ± 0.01
Cy5 confocal 0.84 ± 0.04 1.87 ± 0.02

Atto 655 LINCam25 1.68 ± 0.09 2.78 ± 0.02
Atto 655 confocal 1.81 ± 0.10 2.85 ± 0.09

Atto 647N LINCam25 - 4.20 ± 0.01
Atto 647N confocal - 4.04 ± 0.01

Figure S4: FLIM image using the TCSPC-CLSM setup of a mixture of Cy5, Atto 655 and
Atto 647N fluorophores immobilised to the surface. (A) Exemplary lifetime image. Pseudo
colours depict the lifetime values. The scale of lifetimes appears on the right-hand side of
the image. The scale bar is 5 microns. (B) Lifetime histogram of the mixed sample and the
corresponding three peak Gaussian fit. The solid line represents a fit. The fit output is given
in the plot.

In the next step, we compared the results of the mixed fluorophores sample measured by

LINCam25 and TCSPC-CLSM setup, see Figure S5.

Same as for the freely diffusion case, for the surface immobilised case we found an excellent

agreement between the lifetime values for the both experimental approaches. However, it is

evident that the width of the peaks for the TCSPC-CLSM measurements is broader than for

the LINCam25 peaks. When we compared the number of photons acquired during the same

time interval for both techniques, we found that the TCSPC-CLSM setup registered five-fold
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Figure S5: Comparison between lifetime values measured by the LINCam25 system and
TCSPC-CLSM setup. (A) Mixed fluorophores sample. The blue line shows the equal life-
times. (B) The relative deviation between the two experimental techniques.

less photons that LINCam25, despite the fact its quantum efficiency is only ∼5%. It could

be that the data accumulation runs slower for the TCSPC-CLSM because the excitation

laser time is shared between the molecules during the data acquisition process.

Comparison between lifetime values obtained in LINCam25 mea-

surements of pure and mixed fluorophores samples

We compared the lifetime values obtained for pure and mixed fluorophores samples for the

surface-immobilised case, see Figure S6. For both measurements, the central peaks corre-

sponding to the surface-immobilised Atto 655 molecules show a very good agreement. For

the mixed sample, the peaks positioned on the left-hand side of the histogram (corresponds

to Cy5) and right-hand side of the histogram (corresponds to Atto 647N) are shifted towards

the centre, as also shown in Figure 3 in the main text. These shifts can be explained by the

relatively high density of fluorophores that was used in the mixed sample. This was done on

purpose to mimic a dense labelling scenario, as often found in real biological samples.
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Figure S6: Comparison between the average lifetimes obtained by LINCam25 system. (A)
Pure and mixed fluorophores sample of surface-immobilised case. The blue line shows the
equal lifetimes. (B) The relative deviation between pure and mixed fluorophores sample
lifetimes.

Influence of virtual pixel size on resolution of the lifetime his-

tograms

When fluorophores with different lifetimes are densely distributed on a surface, cross-talk of

emission from neighbouring molecules is unavoidable and can affect the determined lifetime

values of individual molecules. We confirmed this in the following way: lifetime images taken

on mixed samples were divided into virtual pixels of two different sizes, starting from 96 nm

(same as used in this assay) to 192 nm pixel size. For the larger pixel size, the side peaks

in the lifetime histograms shifted towards the centre, see Figure S7 C. The pixel size had

no effect on the lifetime histograms of the pure samples of fluorophores with low surface

concentration, see Figure S7 A, B. Division into smaller virtual pixels could be one option

for reducing cross-talk effects, but it would also lead to lower photon numbers per pixel

and thus increased shot noise. Therefore, we suggested a on/off-state-detection analysis (see

below) for improving assignment of photons to individual fluorophores.
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Figure S7: Influence of virtual pixel size on lifetime histograms. (A1-3) and(C1): Lifetime
histograms for pure and mixed fluorophore samples when using a pixel size of 96 nm. (B1-3)
and (C2): The same for a pixel size of 192 nm.

On/off-state-detection algorithm

We used an on/off-state-detection algorithm for identifying on-states within intensity time

traces of individual molecules.S2 Briefly, the intensity time trace recorded from one molecule

is smoothed by applying a moving Lee-filter, and a step (switching from off- to on-state

or vice versa) is identified if the smoothed signal exceeds a pre-set threshold. This thresh-

old is determined as twice the background level, and it is scaled for each molecule by the

maximum intensity in its time trace divided by the average of the maximum intensities

over all molecules. The scaling of the threshold is required to compensate for inhomoge-

neous illumination. The background level is estimated as the median of all intensities in

all time traces below the average intensity level. In order to verify the efficiency of this
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on/off-state-detection algorithm, we compared the lifetime histograms obtained by taking

into account all photons with those obtained after applying the algorithm, see Figure S8

A. As expected, the on/off-state-detection algorithm efficiently reduces contributions from

neighbouring molecules by taking into account only photons belonging to the on-state of the

analysed fluorophore. This results in an improved separation between peaks in the lifetime

histograms, see Figure S8 B. In addition, the algorithm was employed for the detection of

on/off-states of blinking Atto 655 fluorophores, see chapter “Characterisation of Atto 655

blinking behaviour” below. Therefore, the on/off-state-detection algorithm can be an effi-

cient tool for the analysis of samples with high label density and/or fluorophores with poor

photo-stability or significant blinking.

Figure S8: Improved peak separation in lifetime histograms after applying a on/off-state-
detection algorithm. (A) Lifetime histogram obtained from a single movie of mixed fluo-
rophores sample, when all photons are included. The solid line represents a fit with three
Gaussians. Fit values are given in the plot. (B) Same as before, but after applying the
on/off-state-detection algorithm.

Experimental setup

Measurements were performed using a custom-built setup. A pulsed super-continuum white-

light laser (Fianium WhiteLase SC450, NKT Photonics) with pulse repetition of 20 MHz was
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used for excitation. A custom photodiode (PD) was used to optically trigger the LINCam. A

clean-up filter (CUF) (ZET 640/10, Chroma) was used for narrowing the spectral width of the

excitation light. Neutral density filters (NE10A-A,NE20A-A, Thorlabs) in combination with

a variable neutral density filter (ND) (NDC-50C-4-A, Thorlabs) were used to adjust the laser

excitation power. The laser beam was coupled into a single-mode optical fiber (SMF) (P1-

460B-FC-2, Thorlabs) with a typical coupling efficiency of 40-50%. After the fiber, the beam

was expanded by a factor of 3.6 using two telescopic lenses (TL1 and TL2). The collimated

laser beam was focused into the back focal plane of the objective (UAPON 100x oil, 1.49 NA,

Olympus) using lens L1 (AC508-180-AB, Thorlabs). In order to switch between different

illumination schemes (Epi-, HILO-, or TIR), a translation stage TS (LNR50M, Thorlabs) was

used to mechanically shift the beam perpendicular to the optical axis. A high-performance

two-axis linear stage (M-406, Newport) was used for smooth lateral sample positioning. An

independent one-dimensional translation stage (LNR25/M, Thorlabs) was equipped with

differential micrometer screw (DRV3, Thorlabs) to move the objective along the optical axis

for focusing. Collected fluorescence was spectrally separated from the excitation pathway

using a multi-band dichroic mirror (DM) (Di03 R405/488/532/635, Semrock), which sent

the fluorescence light towards the tube lens L2 (AC254-200-A-ML, Thorlabs). An adjustable

slit aperture (SP60, OWIS) was positioned in the image plane and was used for selecting

a region of interest within the field of view. Lenses L3 (AC254-100-A, Thorlabs) and L4

(AC508-150-A-ML, Thorlabs) re-imaged the fluorescence light form the slit onto an emCCD

camera (iXon Ultra 897, Andor). Alternatively, lens L5 (AC508-250-A-MC, Thorlabs) re-

imaged the light onto the lifetime camera (LINCam, Photonscore). For switching between

the two cameras, a dielectric mirror (BB1-E02, Thorlabs) was positioned on a magnetic base

plate MB (KB50/M, Thorlabs) with removable top. A band-pass filter BP (BrightLine HC

692/40, Semrock) was used to reject scattered excitation light. Magnification for imaging

with the emCCD was 166.6X, resulting in an effective pixel size in sample space of 103.5 nm.

Magnification for imaging with LINCam was 222X, so that for a partitioning of the field of
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view into 512 X 512 pixels, the effective pixel size in sample space was 191.6 nm.

Figure S9: Detailed schematic of the custom-built optical setup used for wide-field lifetime
imaging with the LINCam25.

Theoretical estimate of the peak broadening of lifetime histograms

To judge how close the experimentally observed width of the lifetime histograms comes close

to the theoretical shot-noise limit, we calculated theoretical shot-noise limited distribution

in the following way: we first determined a mean lifetime 〈τ〉 as the average of lifetime values

from all identified molecules. Then, for each molecule we generated a Gaussian distribution

of unit area with peak position at 〈τ〉 and variance equal to 〈τ〉2/N , where N is the number

of detected photons from the considered molecule. Finally, we added all these Gaussians into
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one final theoretical lifetime distribution. For the Atto 655 sample, the standard deviation

of this theoretical distribution was 0.06 ns, see Figure S10 B. Fitting the experimentally

determined histogram with a single Gaussian yields a standard deviation of 0.13 ns, see

Figure S10 A. We attribute this extra broadening of the experimental histogram to lifetime

variations due to local molecule-environment interactions.

Figure S10: Analysis of peak broadening of lifetime histogram for Atto 655. (A) Experimen-
tal determined lifetime histogram with single Gaussian fit. (B) Shot-noise limited theoretical
lifetime histogram generated from experimental data.

DNA sequences

Table S2: Detailed DNA sequences and its modifications

name sequence 5′ → 3′ 5′ modification 3′ modification
strand 1 GCAGCCACAACGTCTATCATCGATT - fluorophore
strand 2 AATCGATGATAGACGTTGTGGCTGC biotin -

Characterisation of Atto 655 blinking behaviour

Although the detection efficiency of the LINCam25 is rather low, we were able to capture

blinking events of single Atto 655 fluorophores. Conditions that favour blinking were created

by adding GLOX buffer to the sample solution, as described in the “Methods” section in

the main text. The blinking behaviour analysis included On/off-state-detection algorithm
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to identify the states for each single fluorophore, as shown in the exemplary trajectories in

Figure S11 A1-3. Then, dwell time analysis was employed to determine the on- and off-times.

Both histograms for the on- and off-times were fitted with single exponential functions, see

Figure S11 B. From these fits, the following characteristic on- and off-time values were

obtained: τon=8.2 s ,τoff=10.5 s. Compared to literature values,S3 we find rather slow on-

and off-times for Atto 655, which may be explained by presence of GLOX bufferS4 and the

low laser power used in our experiment. Atto 655 fluorophores without addition of GLOX

exhibit blinking on much faster time-scale. To demonstrate it, we imaged same surface-

immobilised Atto 655 fluorophores in imaging buffer B4 with 500 mM NaCl. In this case we

observed fast blinking events, which could not be captured by LINCam25 system, see Figure

S12.

Metal-Induced Energy Transfer (MIET)

For the MIET experiments, we used substrates consisting of a glass coverslip covered by a

thin 10 nm gold film which was coated with with a SiO2 spacer laser of variable thickness

(30, 50 and 70 nm). DNA-bound Atto 655 fluorophores were attached to the surface, using

the same procedure as for pure glass coverslips. Measured average lifetime values were

compared to theoretical values calculated using MIET theory,S5 where we assumed that the

actual distance of fluorescent molecules from the metal was given by the thickness of the

SiO2 spacer plus the width of the BSA-biotin/neutravidin layer (12 nm).S1 A comparison

between experimental and theoretical values is given in Table S3. As can be seen, there

is excellent agreement between measured and theoretically calculated values, showing that

MIET works well with the LINCam25 FLIM system.
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Figure S11: Analysis of the blinking behaviour of Atto 655. (A1-3) Exemplary intensity
time traces for single molecules and corresponding dwell time histograms. Solid blue lines
represent the thresholds applied to the time traces. (B) Cumulative on- and off-dwell time
histograms for 65 time traces with corresponding single exponential fits (solid line). The
values for the average on- and off-times are given in the plot.

Figure S12: Atto 655 in a fast-blinking conditions, without the presence of GLOX in the
buffer solution. Exemplary intensity time traces for Atto 655 single molecules are shown.
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Table S3: Experimental and calculated lifetime and height values for the MIET
experiment.

hdesign (nm) τtheory (ns) τexperiment (ns) hexperiment (nm)
42 1.40 1.56 ± 0.22 45.15 ± 6.99
62 2.02 1.97 ± 0.20 59.88 ± 9.44
82 2.33 2.23 ± 0.25 76.2 ± 20.38

Glass - 2.47 ± 0.13 -

Figure S13: Metal-Induced Energy Transfer: Histograms of axial positions (height values)
of single molecules as determined from their measured lifetime values. The thickness of
the BSA-biotin/neutravidin layer was assumed to be 12 nm, which adds to the SiO2 spacer
thickness. Single Gaussian distributions were fitted to each peak, and the average values,
the standard deviations, and number of detected molecules are written next to each peak.

S-15

3.1 wide-field fluorescence lifetime imaging of single molecules 77



References

(S1) Isbaner, S.; Karedla, N.; Kaminska, I.; Ruhlandt, D.; Raab, M.; Bohlen, J.; Chizhik, A.;

Gregor, I.; Tinnefeld, P.; Enderlein, J., et al. Axial colocalization of single molecules

with nanometer accuracy using metal-induced energy transfer. Nano letters 2018, 18,

2616–2622.

(S2) Enderlein, J.; Robbins, D. L.; Ambrose, W. P.; Keller, R. A. Molecular shot noise,

burst size distribution, and single-molecule detection in fluid flow: effects of multiple

occupancy. The Journal of Physical Chemistry A 1998, 102, 6089–6094.

(S3) Vogelsang, J.; Cordes, T.; Tinnefeld, P. Single-molecule photophysics of oxazines on

DNA and its application in a FRET switch. Photochem. Photobiol. Sci. 2009, 8, 486–

496.

(S4) van de Linde, S.; Krstić, I.; Prisner, T.; Doose, S.; Heilemann, M.; Sauer, M. Pho-

toinduced formation of reversible dye radicals and their impact on super-resolution

imaging. Photochem. Photobiol. Sci. 2011, 10, 499–506.

(S5) Gregor, I.; Chizhik, A.; Karedla, N.; Enderlein, J. Metal-induced energy transfer.

Nanophotonics 2019, 8, 1689–1699.

S-16

78 wide-field fluorescence lifetime imaging of single molecules



4
F L U O R E S C E N C E L I F E T I M E - B A S E D D N A - PA I N T F O R
M U LT I P L E X E D S U P E R - R E S O L U T I O N I M A G I N G O F
C E L L S

4.1 abstract

DNA-PAINT is a powerful super-resolution technique, that reaches
spatial resolution of less than 10 nanometers and can be implemented
in almost all conventional fluorescence microscopes. The multiplexing
potential of DNA-PAINT is particularly attractive for bio-imaging
applications. However, when it comes to the multiplexed imaging of
cells, most of currently existing workflows suffer from drawbacks such
as long acquisition times for Exchange-PAINT, or uncertainty in target
identification when using a kinetic barcoding approach. Here, we
introduce Fluorescence Lifetime PAINT (FL-PAINT), a new technique
for multiplexed DNA-PAINT imaging, by combining DNA-PAINT
with fluorescence lifetime imaging microscopy. FL-PAINT is capa-
ble of imaging multiple targets simultaneously. From raw lifetime
images, single-target images are generated based on the lifetime infor-
mation of the fluorophores used. We report about a combination of
fluorophores that is particularly suitable for multiplexed FL-PAINT
imaging within the green spectral region. We validate FL-PAINT
against established Exchange-PAINT and exploit its multiplexing ca-
pabilities for 2D and 3D imaging of up to three targets simultane-
ously in COS-7 and HeLa cells. We realize FL-PAINT imaging using
two different experimental techniques: wide-field Fluorescence Life-
time Imaging Microscopy (FLIM), and time-resolved Confocal Laser
Scanning Microscopy (CLSM). Finally, we employ a Bayesian pattern-
matching algorithm for optimal target identification. We anticipate
that FL-PAINT will become a versatile and robust tool for multiplexed
super-resolution imaging of biological samples.

4.2 introduction

Fluorescence lifetime microscopy (FLIM) has become an important
tool for bio-imaging, as it adds the fluorescence lifetime dimension
to conventional intensity-based imaging. A recently introduced new
generation of commercially available lifetime cameras [78] features
single-molecule sensitivity [79], making the combination of FLIM and
Single-Molecule Localisation Microscopy (SMLM) feasible. Moreover,
a recently reported SMLM using Confocal Laser-Scanning Microscopy
(CLSM) considerably broadens the availability of Fluorescence Life-
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time SMLM (FL-SMLM) [80].

Bio-imaging particularly benefits from multiplexed super-resolution
imaging, as it allows to investigate the co-localization of different
intracellular targets with high resolution. Such information sheds light
on the mutual organisations, interaction, and function of different
organelles [81]. There exist numerous experimental techniques for
multiplexed imaging [82][53], among them methods that are based on
sequential label exchange using microfluidic platforms [54][55].

DNA-PAINT is a rapidly developing super-resolution technique, ca-
pable of generating images with nearly molecular resolution. The fact
that DNA-PAINT can be readily realized with almost all conventional
fluorescence microscopes makes it particularly attractive. DNA-PAINT
exploits several of the unique properties of DNA: stability, orthogonal-
ity, and designability. Such combination makes DNA-PAINT a favored
choice for multiplexed super-resolution imaging [42].

In order to use the full power of DNA-PAINT for cellular imaging,
considerable efforts were invested into enhancing its resolution by
bringing the reporter dye as close as possible to the target of interest. In
this direction, one of the most exciting labelling ligands are aptamers
[83][84] and affimers [85]. However, their widespread availability is
still limited. Also, high-affinity small binders to commonly available
protein were reported [86]. Another approach uses single-domain anti-
bodies (nanobodies), some of them being commercially available and
possessing a high affinity against commonly used fluorescent proteins
(BFP, GFP and RFP) [87]. These nanobodies are also used in this work.

The general idea behind multiplexed DNA-PAINT imaging is to
reversibly bind short pieces of single-stranded DNA (imager strands)
with different sequences to complementary docking strands, which
are in turn coupled to specific targets of interest. Among the existing
multiplexed DNA-PAINT strategies, two techniques stand out. The
first one, called Exchange-PAINT [6][87], performs sequential imaging
of targets by introducing different imager strands directed against
different targets one-by-one. Exchange-PAINT is capable of imaging,
in principle, an unlimited number of targets. However, the total acqui-
sition time increases linearly with the number of imaged targets and
can become exceedingly long for multi-target imaging. The second
technique is based on engineering the binding/unbinding kinetics
(alternatively called kinetic barcoding) [57]. It relies on the tunability
of the binding/unbinding kinetics of an imager strand to/from its
complementary docking strand. The binding kinetics can be further
optimised by using particular imager sequences, specifically designed
to prevent the formation of secondary structures [56] or to introduce
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repetitive complementary sequences in the docking strands [43]. Both
approaches significantly shorter the acquisition times and decrease
imager concentration, while the latter improves the signal-to-noise
ratio. Using protein binding agents can further facilitate binding speed
of the imager strand to the docking strand [44]. However, implement-
ing kinetic barcoding for multiplexed DNA-PAINT imaging of cells
suffers from high variability in the binding kinetics due to the dense
and sticky environment inside the cell, limiting the number of targets
that can be imaged. As an alternative, single-molecule FLIM (smFLIM)
enables detection and identification of different species of molecules
emitting within the same spectral emission window, while completely
avoiding chromatic aberration. In this study, we demonstrate fluo-
rescence lifetime multiplexing for DNA-PAINT (FL-PAINT) and we
validate this technique against the Exchange-PAINT. We apply FL-
PAINT for multi-target cellular 2D and 3D imaging of common cell
lines. We report on a combination of three of fluorophores that is
particularly suitable for lifetime-based multiplexing in the green spec-
tral region. We present two different realizations of FL-PAINT: one
using wide-field FLIM, and the other using Confocal Laser-Scanning
Microscopy (CLSM).

4.3 methods

4.3.1 Preparation of COS-7 cells

COS-7 cells were cultured in DMEM medium supplemented with 4
mM l-glutamine, 10% (v/v) Fetal Calf Serum (Thermo Fisher Scien-
tific), 60 U/ml of penicillin and 0.06 mg/ml streptomycin (Sigma-
Aldrich) in 5% CO2 at 37◦C. Prior to plating the cells, ca. 20.000
cells/well were triple transfected for mitochondria, histones, and endo-
plasmic reticulum (ER) with 70 ng TOM70-GFP, 131 ng H2B-mTagBFP
and 131 ng GalNac-mCherry, respectively. During transfection, 2%
lipofectamine 2000 was used according to manufacturer’s instructions.
After transfection, cells were plated in 8-well chambers (155411PK,
Thermo Fisher Scientific), incubated for ca. 16 hours, and subsequently
fixed using 4% paraformaldehyde (PFA) for 30 minutes at room tem-
perature. The remaining aldehydes were quenched with 0.1 M glycine
in PBS for 15 minutes.

4.3.2 Preparation of HeLa cells

HeLa cells were cultured in low glucose Dulbecco’s Modified Eagle
Medium (DMEM) medium (Gibco) supplemented with 1% Pen/Strep
(100 units/ml Penicillin and 100 µg/ml Streptomycin), 1% (w/v) glu-
tamine and 10% (v/v) FCS in 5% CO2 at 37◦C. 16000 cells were seeded
on 8-well chambered cover glass (Cellvis) and transfected with GFP-
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PTS1 (PST990) and mito-BFP (gift from Gia Voeltz, Addgene plasmid
#49151) using Effectene (Qiagen) transfection reagent according to
the manufacturer’s instructions. 24 hours after transfection, cells were
washed with phosphate buffered saline (PBS), fixed with 4% PFA in
PBS for 30 min and permeabilized for 10 min using 1% Triton X-100 in
PBS. After blocking for 30 min with 10% BSA in PBS (blocking buffer)
at 37◦C, antigens were labelled with rabbit anti-PEX14 (Proteintech,
10594-1-AP) and/or mouse anti-α-tubulin (Sigma, T9026) primary
antibodies for 1 hour at room temperature.

4.3.3 Immunostaining

Cells were permeabilized and blocked using 2% bovine serum al-
bumin (BSA) and 0.1% Triton X-100 in PBS for 30 minutes at room
temperature. Buffer solution containing nanobodies coupled to the
docking strand (50 nM) was used to stain the cells. For this purpose,
we incubated cells for 1 h at room temperature, with slow orbital
shaking. Finally, the cells were rinsed with PBS and then post-fixed
with 4% PFA for 15 minutes at room temperature. Cells were stored
in PBS buffer at 4◦C. The unconjugated nanobodies FluoTag-Q anti-
GFP, FluoTag-Q anti-RFP, and the FluoTag-Q anti-TagBFP (NanoTag
Biotechnologies GmbH, Göttingen, Germany, Cat. No: N0301, N0401,
and N0501, respectively) carry one ectopic cysteine at the C-terminus
allowing for chemical coupling via a thiol reactive compound. The
docking strand sequences used for the assay were taken from Agasti
et al [88]. The DNA docking strands (Biomers GmbH, Ulm, Germany)
were functionalized with an azide group at 5’-end. Coupling of the
docking strands to the nanobodies was performed following the pro-
cedure described previously [85]. FluoTag-Q anti-GFP was coupled to
P1* sequence (5’-CTAGATGTAT-Atto488-3’), FluoTag-Q anti-RFP was
coupled to P2* (5’-TATGTAGATC-3’), and FluoTag-Q anti-TagBFP was
coupled to P3* (5’-GTAATGAAGA-3’).

4.3.4 Screening of fluorophores in the green spectral range suitable for
FL-PAINT

We distinguish different cellular targets based on the different fluores-
cence lifetimes of the fluorophores conjugated to the imager strands.
This requires careful fluorophore selection. The green spectral range
was chosen due the improved quantum yield of the lifetime camera in
this spectral range. Besides the lifetime of the fluorophores, additional
selection criteria were brightness, reduced number of unspecific bind-
ings of imager inside cells, and width of the lifetime distribution of the
fluorophore. The final selected candidates for multi-target FL-PAINT
were Alexa-555, Cy3b, and Atto-550, as their lifetimes were sufficiently
separated. Detailed information about lifetimes and brightness values
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of the different fluorophore-imager combinations can be found in
Table 1 in Appendix.

4.3.5 Data acquisition

4.3.5.1 Wide-field FL-PAINT

Fluorescence lifetime imaging was performed on a custom-built opti-
cal setup equipped with a lifetime camera (LINCam, Photonscore), see
Figure 4.4 in Appendix. The imager strands P1 5’-CTAGATGTAT-3’,
P2 5’-TATGTAGATC-3’, and P3 5’-GTAATGAAGA-3’ (Eurofins Ge-
nomics) were labeled with Cy3b, Atto550 and Alexa555 fluorophores
at the 3’ end. All imager strands were aliquoted in TE buffer (Tris 10
mM, EDTA 1 mM, pH 8.0) at a concentration of 100 µM and stored at
−20◦C. Prior to the experiment, the strands were diluted to the final
concentration of 0.5 nM in PBS buffer, containing 500 mM NaCl. A
chamber with eight wells (155411PK, Thermo Fisher Scientific) was
fixed with clips on the microscope stage. A PDMS layer was used
as chamber cover and supported the inlet tubes and one tube for
suction. The slide was held on the microscope stage for 0.5 h before
acquisition to allow thermal equilibration to room temperature and
to avoid subsequent mechanical drift. First, the well was rinsed twice
with 500 µL PBS buffer (pH 8.0, NaCl 500 mM). Then using an emCCD
camera, suitable cell was selected for imaging, based on the presence
of the signal from expressed fluorescent proteins: mTagBFP, mCherry
and EGFP. Afterwards, we proceeded with FL-PAINT of the selected
cell. All solutions were injected into the well by applying a pressure
gradient to the corresponding tube. Mix of imager strands P1, P2 and
P3 with final concentration of 0.2 nM in PBS buffer were injected into
a well and incubated for 5-10 min before image acquisition. The laser
power was adjusted according to sample brightness to around 1-2 mW
(output of optical fiber). A HILO-illumination scheme was used for
fluorescence excitation. In the emission path, a neutral density (ND)
filter with optical density 0.3 (Absorptive ND Filter, Thorlabs) was
used to reduce the fluorescence signal for avoiding overheating of the
camera sensor. Image magnification was set to 222×, resulting in the
partitioning of the LINCam’s field of view into 1024 × 1024 pixels
corresponding to an effective pixel size in sample space of 95.8 nm.
The single molecule lifetime analysis was performed as described in
the "Data analysis section". All experiments were done at a constant
temperature of 22◦C. This was crucial for the mechanical stability of
the optical setup. Typical acquisition time per image varies between
45 minutes and 1 hour, depending on the final concentration and
brightness of fluorophores used for imaging.
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4.3.5.2 CLSM FL-PAINT

Fluorescence lifetime measurements were performed on a custom-
built confocal setup, see Figure 4.4 in Appendix. Typically, 5000 scan
images with a virtual pixel size of 100 nm, a dwell time of 5 µs/pixel,
and a TCSPC time resolution of 16 ps were recorded. Typical total
acquisition time was around 1-1.5 hours for a 20 µm × 20 µm scan
region. Mix of imager strands P1 and P3 with final concentration of
0.1 nM in PBS buffer were injected into the well and incubated for
5-10 min before image acquisition.

4.3.6 Data analysis

Single-molecule lifetimes analysis was performed using an upgraded
version of a custom-written MATLAB-based GUI program. The origi-
nal version of this GUI program was published elsewhere [89], and the
version suitable for analysing both wide-field and confocal FL-PAINT
data, which was used in for the present paper, can be freely down-
loaded from GitHub (https://github.com/scstein/TrackNTrace). The
package includes a data visualiser capable of generating single-molecule
localizations, performing drift correction, and reconstruction of super-
resolved FLIM images for both data types (wide-field and confocal).

For confocal data analysis, we chose a time binning of 8 time frames
for a pixel dwell time of 2.5 µs. For a 20 µm × 20 µm scan region, total
image acquisition time was around 1-1,5 hours (corresponding to a
frametrate of 10 Hz). The imager binding events detection and refine-
ment were done with the Cross correlation and TNT Fitter plugin. TNT
NearestNeighbor selected the time traces based on minimum track
length, maximum tracking radius and no gap closing. The lifetime
fitting was performed with the feature fit lifetime. For the purpose, the
TCSPC curves were fitted by a mono-exponential maximum likelihood
estimation (MLE) with a cutoff of 0.1 ns. Only lifetimes in the range
from 0.5 to 5.0 ns were taken into account. The emitters detected in a
single frame only were discarded. In addition, the localizations with
a PSF width of more than 180 nm or a number of photons smaller
than 100 were rejected. Finally, a drift correction was applied and the
super-resolved image was reconstructed.

For the wide-field FL-PAINT data analysis, we chose a spatial bin-
ning of 8 pixels (corresponds to a virtual pixel size of 192 nm) and a
time bin of 500 ms. Same localisation parameters as for the confocal
FL-PAINT were used for image reconstruction, besides the TCSPC cut-
off time, which was set to 0.3 ns. Again, emitters detected in a single
frame were discarded. Also, localisations with a PSF width of more
than 180 nm or a number of photons smaller than 100 were rejected

https://github.com/scstein/TrackNTrace
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as well. After that, drift correction was applied and a super-resolved
image was reconstructed.

4.4 results

4.4.1 Wide-field FL-PAINT

Recent improvements in the performance of photo-multiplier tubes
(PMT) lead to the development of a commercial lifetime camera (LIN-
Cam, Photonscore) with large diameter of the detector (25 mm) and
high signal-to-noise ratio. We recently demonstrated that detection
of single molecules is possible even in the far-red spectral range [79],
which is the most challenging spectral range for the camera. Because
its quantum yield (QY) in this region is only about 2%. We were able
to identify individual fluorophores in a mixture of three different
dyes with similar emission spectra based solely on the fluorescence
lifetime. In the current paper, we switch to fluorophores in the green
spectral region where the camera’s QY is ∼12%. Highly inclined and
laminated optical sheet (HILO) illumination was used in order to
improve the signal-to-background ratio. As a proof-of-concept experi-
ment, we performed FL-PAINT imaging on two targets in fixed HeLa
cells: peroxisomes labeled with the P1 docking strand, and mitochon-
dria labeled with the P3 docking strand, see Figure 4.1. In contrast
to Exchange-PAINT, where imagers are introduced sequentially, in
FL-PAINT the targets are imaged simultaneously while using im-
agers with fluorophores of different lifetimes. When reconstructing a
super-resolution image, arrival times of photons were used to create
a Time-correlated Single Photon Counting (TCSPC) curve for each
binding event and to obtain its lifetime value, see Figure 4.1b. The
resulting lifetime histogram shows peaks at values corresponding to
the different fluorophores conjugated to the imagers: P1-Alexa 555
and P3-Atto 550 for mitochondria and peroxisome respectively (Figure
4.1c). The exceptionally good separation between the two peaks in the
lifetime histogram allows fpr a straightforward target identification
with negligible cross-talk (Figure 4.1d and e for multiplexed FL-PAINT
and Figure 4.1f and g for each target separately).

To optimize FL-PAINT, we examined the imaging quality for differ-
ent combinations of fluorophores conjugated to imager strands. For
this purpose, we performed two-target FL-PAINT imaging of HeLa
cells, with the following dye-imager combinations: P1-Alexa 555/P3-
Cy3b (Figure 4.2a), and P1-Atto 550/P3-Cy3b (Figure 4.2c). Imager P1
targeted peroxisomes, while imager P3 targeted mitochondria. Life-
time values for identified imager binding events were determined as
described in the "Methods" section, and the resulting lifetimes were
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Figure 4.1: Multiplexed FL-PAINT imaging of a fixed cell. (a) Stack of DNA-
PAINT frames with single-molecule localisations. Alexa 555 is
depicted in blue color and Atto 550 in orange color. (b) TCSPC
curves of the two fluorophores obtained by adding all single-
molecule localisations of the same type. The colors correspond
to single-molecule image colors in (a). (c) Lifetime histogram of
two-target FL-PAINT of HeLa cell. The mixture of imagers P1-
Alexa 555 and P3-Atto 550 allowed for a remarkable separation
between the lifetimes of two targets, depicted by blue and orange
rectangles. (d) Reconstructed FL-PAINT image of HeLa cell. The
lifetime color bar appears on the right hand side of the FL-PAINT
image. Scale bar is 5 µm. (e) Magnification of white frame in the
primary image. A lifetime threshold was used to separate the
targets into two images: peroxisomes (f) and mitochondria (g).
Scale bar is 1 µm.

histogrammed as shown in Figures 4.2b and d. In both cases, the
histograms had two prominent peaks, making target identification
and localisation disentanglement straightforward. In a next step, we
performed three-target imaging of HeLa cell (Figure 4.2e-f). In this
case, P1-Alexa 555, P2-Atto 550 and P3-Cy3b were used to target
peroxisomes, endoplasmic reticulum, and mitochondria, respectively.
Detailed information on the possible combinations of imagers with
different fluorophores and the obtained average lifetimes for each
target are summarised in Table 4.2 in the supplementary information
(SI). A library of additional FL-PAINT images of HeLa and COS-7 cells
obtained with different combinations of imagers are shown in Figure
4.6 in the SI. The quality of the single-target images generated from
the FL-PAINT image can be further improved by applying a Bayesian
pattern matching algorithm, where reference measurements with sin-
gle targets were used to obtain reference TCSPC curves for each target.
This algorithm was applied to the mixed target data, assigning tar-
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get probabilities for each binding event. Further details and images
generated with the algorithm are shown in the Figure 4.7 in Appendix.

To estimate the quality of FL-PAINT images, we performed a de-
tailed analysis of the localisation precision for each measurement. For
the cells shown in Figure 4.1 and Figure 4.2, the average localization
precision varied around 18 nm. The localization precision is lower
than that achieved in conventional cellular PAINT imaging [87], which
we attribute to the low quantum efficiency of the lifetime camera.

Because the quantum efficiency of the camera drops at photon
rates of more then ∼ 700 kcounts/s, neutral density filters were used
to adjust the photon detection rate to a value optimal for the lifetime
camera. The optimal photon rate was set to ∼ 500 kcounts/s. This
value was chosen in accordance with manufacture’s instruction to
increase the lifespan of the camera. Measurements performed for esti-
mating the experimental dependency between the number of detected
photons and the localisation accuracy show that single-molecule imag-
ing and localization is possible even when detecting only 10% of the
photons arriving at the detector. These results are summarized in Table
4.3 and Figure 4.8 in the Appendix.
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Figure 4.2: (a-f) Two- and three-target FL-PAINT of HeLa cells using wide-
field FLIM. (a) Two target FL-PAINT image: peroxisomes and
mitochondria labeled with imagers P1-Alexa 555 and P3-Cy3b.
(b) Lifetime histogram for the HeLa cell shown in (a). The two
peaks in the lifetime histogram correspond to the two targets:
mitochondria and peroxisomes. (c) Two target FL-PAINT image:
peroxisomes and mitochondria labeled with the two imagers P1-
Atto 550 and P3-Cy3b. (d) Lifetime histogram for the HeLa cell
shown in (c). (e) Three-target FL-PAINT image: peroxisomes, en-
doplasmic reticulum, and mitochondria labeled with the three
imagers: P1-Alexa 555, P2-Atto 550 and P3-Cy3b, respectively.
(f) Lifetime histogram of the FL-PAINT image shown in (e). The
blue, green and orange rectangles show the two or three lifetime
ranges associated with the different targets. The lifetime color
bar is shown on the right hand side of the lifetime images. Scale
bars are 10 µm. (g-l) FL-PAINT validation with Exchange-PAINT.
(g-i) Exchange-PAINT image of HeLa cell with two targets: per-
oxisomes (g) and mitochondria (h). (i) Overlay of the two DNA-
PAINT images. (j-l) FLPAINT image of the same HeLa cell with
two targets. (j) Reconstructed single-target image of mitochondria.
(k) Reconstructed single-target image of peroxisomes. (l) Com-
bined two-target FL-PAINT image. Scale bars in (g-l) are 5 µm.
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4.4.2 WF-FL-PAINT validation with Exchange-PAINT

Next, we validated FL-PAINT against Exchange-PAINT commonly
used for multiplexed cellular DNA-PAINT imaging. For this purpose,
we used HeLa cells with two labeled targets. For both Exchange-
PAINT and FL-PAINT, exactly the same imagers were used: P1-Atto
550 (targeting mitochondria) and P3-Cy3b (targeting peroxisomes).
First, we performed Exchange-PAINT imaging with two cycles: first
cycle peroxisomes (Figure 4.2g), thorough washing, and then mito-
chondria (Figure 4.2h). For solution exchange, a microfluidic system
was employed, as described previously [87]. An overlay of the two
images can be seen in Figure 4.2i. Then, we performed FL-PAINT
imaging of the same HeLa cell. The sample chamber was washed with
the buffer solution and filled with the mixture of two imagers used in
Exchange-PAINT but with 5 times lower concentration of each imager
strand. The emission light was redirected from the emCCD camera
to the lifetime camera. The total acquisition time of the two-target
Exchange-PAINT experiment was 70 minutes, close to two-fold longer
then the FL-PAINT experiment (40 min). The resulting FL-PAINT
image and the corresponding lifetime histogram are shown in Figure
4.2l. Lifetime thresholding was used to separate the two targets in the
FL-PAINT image into two separate images: peroxisomes in Figure 4.2j
and mitochondria in Figure 4.2k.

4.4.3 CLSM-based FL-PAINT

As alternative to the costly and thus not widely available LINCam
used above, we next demonstrate the feasibility of FL-PAINT using a
CLSM capable of TCSPC measurements [80]. As sample we use again
HeLa cells labeled with a mixture of the two imagers P1-Atto 550 and
P3-Cy3b, which were injected into the sample chamber, similarly to
what was described for wide-field FLIM. Fast scanning with frame
rate of 5-10 Hz was performed in order to collect a sufficient number
of photons from each binding event. A typical lifetime image is shown
in Figure 4.3a. In the corresponding lifetime histogram, two distinct
peaks are visible, corresponding to the two targets - peroxisomes and
mitochondria, see Figure 4.3b.

One of the main benefits of CLSM is its ability of optical sectioning,
which allows to acquire three-dimensional images. We demonstrate
two-target 3D FL-PAINT by imaging HeLa cells with P1-Alexa 555
and P3-Atto 550 imagers. Image acquisition was performed across a 3
µm z-stack with steps of 500 nm. The resulting two target FL-PAINT
images in different planes of the z-stack are displayed in Figure 4.3c.
Based on the lifetime values we sorted localized single-molecules into
two subgroups corresponding to mitochondria (Figure 4.3d) and per-
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Figure 4.3: 2D and 3D FL-PAINT using a CLSM. (a) 2D CLSM FL-PAINT
image of a HeLa cell with two targets: mitochondria and peroxi-
somes, labeled with the imagers P1-Atto 550 and P3-Cy3b. (b) The
corresponding lifetime histogram is shown in (a). (c) 2D CLSM
FL-PAINT images of a HeLa cell with two targets labeled with
P1-Alexa 555 and P3-Atto 550 imagers. The images correspond
to focal planes at 0 µm, 1 µm, 2 µm and 3 µm axial distances
above coverslip. (d-e) 3D FL-PAINT images of mitochondria and
peroxisomes in the HeLa cell from (c). Z-projections of the sep-
arated images for mitochondria (d) and peroxisomes (e). Here,
color represents the height. Lifetime and height color bars are
shown on the right hand side of the images. Scale bar is 5 µm.

oxisomes (Figure 4.3e).

CLSM is advantageous when imaging relatively small regions of
interest - 20 µm × 20 µm or less. CLSM is also the method of choice for
imaging fluorophores in the red spectral region, where the LINCam’s
quantum yield becomes very low. In this study, we chose fluorophores
in a green spectral region as they are suitable for both CLSM-based
imaging and WF-FLIM.

4.5 conclusions

In summary, we developed and validated FL-PAINT, by combining
DNA-PAINT with FLIM. FL-PAINT is particularly suitable for multi-
plexed DNA-PAINT imaging. Due to the robustness of lifetime-based
target identification, FL-PAINT is insensitive to the binding kinetics
of imager to its complementary docking strand. Also, the sample is
not disturbed during data acquisition, as no buffer exchange (and con-
sequently a dedicated microfluidics system) is needed. Furthermore,
in FL-PAINT multiple targets are imaged simultaneously, therefore
shortening the total acquisition time. We implemented FL-PAINT us-
ing both WF-FLIM (equipped with commercially available lifetime
camera) and CLSM (equipped with TCSPC electronics and fast laser
scanning). In contrast to multiplexed DNA-PAINT using kinetic bar-
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coding, FL-PAINT performs exceptionally well in a dense and sticky
environment inside a cell. We identified also a combination of three
bright fluorophores with similar emission spectra in the green spectral
range, but with different lifetimes, which are the perfect choice for
simultaneous two- and three-target FL-PAINT. We emphasize that
FL-PAINT uses fluorophores in the same spectral range and is there-
fore not affected by chromatic aberration. On the experimental side, a
single pulsed laser and a single emission band pass filter are required
for imaging of the multiple fluorophores. For an improved separation
and reconstruction of single-target images from an FL-PAINT image,
a Bayesian pattern-matching algorithm was employed. We anticipate
that FL-PAINT has great potential for multiplexed super-resolution
bio-imaging. Furthermore, FL-PAINT provides fluorescence lifetime
information, making it attractive for single-molecule FRET and metal-
induced energy transfer imaging.
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4.6 appendix

optical setups

Wide-field setup

Excitation was done using a pulsed super-continuum white light laser
(Fianium WhiteLase SC450, NKT Photonics) with a pulse repetition
rate of 20 MHz. A custom photodiode (PD) was employed to opti-
cally trigger the TCSPC-based camera. A custom photodiode (PD)
was employed to optically trigger the TCSPC-based camera. White
light laser source in combination with clean-up filters (ZET 640/10,
Chroma; BrightLine HC 563/9, Semrock; ZET 488/10, Chroma) was
used to excite fluorophores with different excitation spectra (blue,
green and red). Neutral density filters (NE10A-A,NE20A-A, Thorlabs)
and a variable neutral density filter (ND) (NDC-50C-4-A, Thorlabs)
were used for adjusting the laser excitation power. The laser beam
was coupled into a single-mode optical fiber (P1-460B-FC-2, Thorlabs)
with a typical coupling efficiency of 50%. The collimated laser beam
was expanded by a factor of 3.6X using telescope lenses after the
fiber. The beam was focused onto the back focal plane of the TIRF
objective (UAPON 100× oil, 1.49 NA, Olympus) using an achromatic
lens (f = 200 mm, AC508-200-A-ML, Thorlabs). Switching between
direct and Total Internal Reflection (TIR) illumination was achieved by
shifting the beam with respect to the objective lens using a translation
stage (LNR50M, Thorlabs). Fluorescence emission was collected using
the same objective lens. Samples were placed onto a XY translation
stage (M-406, Newport). An independent one-dimensional translation
stage (LNR25/M, Thorlabs) was equipped with a differential microm-
eter screw (DRV3, Thorlabs) for axially moving the objective lens
for focusing. Collected fluorescence light was spectrally decoupled
from scattered excitation laser light using a multiband dichroic mirror
(Di03 R405/488/532/635, Semrock) and band-pass filters (BrightLine
HC 692/40, Semrock; BrightLine HC 615/45, Semrock; BrightLine
FF 536/40, Semrock). A tube lens (AC254–200-A-ML, Thorlabs) fo-
cused the light on an adjustable slit aperture (SP60, OWIS). The latter
was employed to select a region of interest within the field of view.
Two lenses (AC254-100-A and AC508–150-A-ML, Thorlabs) were used
to focus the light onto an emCCD camera (iXon Ultra 897, Andor).
Similarly, lens L5 (AC508-250-A-MC, Thorlabs) re-imaged the light
onto the lifetime camera (LINCam, Photonscore). Switching between
the two cameras was attained by using a dielectric mirror (BB1-E02,
Thorlabs) fixed to a magnetic base plate MB (KB50/M, Thorlabs) with
removable top.



4.6 appendix 93

Confocal setup

Fluorescence lifetime measurements were performed on a custom-built
confocal setup. For excitation, a white light laser (Fianium WhiteLase
SC450, NKT Photonics) was used. The laser beam was coupled into
a single-mode fiber (PMC-460Si-3.0-NA012–3APC-150-P, Schäfter +
Kirchhoff) with a fiber-coupler (60SMS-1-4-RGBV-11-47, Schäfter +
Kirchhoff). After the fiber, the output beam was collimated by an
air objective (UPlanSApo 10× /0.40 NA, Olympus). After passing
thought a clean-up filter (BrightLine HC 563/9), an ultraflat quad-
band dichroic mirror (ZT405/488/561/640rpc, Chroma) was used to
direct the excitation light into the microscope. The excitation beam was
directed into a laser scanning system (FLIMbee, PicoQuant) and then
into a custom side port of the microscope (IX73, Olympus). The three
galvo mirrors in the scanning system are deflecting the beam while
preserving the beam position in the back focal plane of the objective
(UApo N 100× /1.49 NA oil, Olympus). The sample position can be
adjusted a using manual XY stage (Olympus) and a z-piezo stage
(Nano-ZL100, MadCityLabs). Fluorescence light was collected by the
same objective and descanned in the scanning system. Afterwards, an
achromatic lens (TTL180-A, Thorlabs) was used to focus the beam onto
a 100 µm pinhole (P100S, Thorlabs). Excitation laser light was blocked
in the emission path by a long-pass filter (647 LP Edge Basic, Semrock).
Next, the emission light was collimated by a 100 mm lens. A band-pass
filter (BrightLine HC 615/45) was used to reject scattered excitation
light. Finally, the emission light was focused onto a SPAD-detector
(SPCM-AQRH, Excelitas) using an achromatic lens (AC254–030-A-ML,
Thorlabs). The output signal of the SPAD-detector was recorded by a
TCSPC system (HydraHarp 400, PicoQuant) which was synchronized
with the triggering signal from the excitation laser. Measurements were
controlled with a dedicated software (SymPhoTime 64, PicoQuant),
which controlled both the TCSPC system and the scanner system.
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Figure 4.4: Experimental FLIM techniques compatible with FL-PAINT. (A)
Conventional wide-field microscope equipped with lifetime cam-
era. (B) Confocal-based laser scanning microscope equipped with
TCSPC electronics and fast scanner.
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exchange-paint imaging

To validate the performance of FL-PAINT, we compared it with Ex-
change DNA-PAINT using a custom-built optical setup with a conven-
tional emCCD camera. Injection and removal of solutions was done
using our custom-built microfluidics setup, designed and constructed
particularly for Exchange PAINT [87]. First, imager strand P1 (0.5 nM)
diluted in PBS buffer with NaCl 500 mM (500 µL) was injected into
the chamber and incubated for 5-10 min before image acquisition. A
typical DNA-PAINT movie included 20000 frames, which corresponds
to ∼30 min acquisition time. The following settings for the emCCD
camera were used: exposure time 100 ms, pre-amplifier gain 3.0, EM
gain 100. After a first round of image acquisition, the imager P1 was
removed from the chamber by extensive washing of the well with the
imaging buffer (4–6 times the chamber volume, in total about 2 mL
buffer within 5 min). After washing, the next imager solution was in-
troduced. Same solution exchange procedure was applied also for the
imager P3. The total optical magnification of the setup was 166.6×, re-
sulting in an effective pixel size in sample space of 103.5 nm. Recorded
images were analyzed with the ImageJ plugin ThunderSTORM [90]
for determining the positions of single emitters and reconstructing a
super-resolution image. In all experiments, the same parameters were
used for emitter localizations and subsequent super-resolution image
reconstruction.
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lifetimes of fluorophores conjugated to the imager
strands

Lifetimes of fluorophores are affected by the presence of single-
stranded DNA in a sequence-dependent manner. We systematically
measured the lifetimes of fluorophores attached to all the imager
strands that we used. The results are displayed in the Table below.

Imager strand Dye Lifetime (ns) Brightness (photons)

P1 Alexa 555 1.80 ± 0.22 511

P1 Atto 550 3.44 ± 0.26 1318

P2 Alexa 555 1.58 ± 0.11 751

P2 Atto 550 3.81 ± 0.31 1402

P3 Cy3B 2.82 ± 0.16 1117

P3 Atto 550 3.77 ± 0.3 1778

Table 4.1: Lifetime values of DNA-bound (imager) molecules measured with
the LINCam.
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cellular lifetime dna-paint imaging

Figure 4.5: FL-PAINT images of HeLa and COS-7 cells. Scale bar is 10 µm.
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Figure 4.6: (a-c) Diffraction-limited wide-field images of individual targets:
peroxisomes-mTagBFP (a) and mitochondria-EGFP (b). (c) Merged
wide-field image. (d) Two-target FL-PAINT image of peroxisomes
and mitochondria. Lifetimes were used to separate the targets
into two images: peroxisomes (f) and mitochondria (g). Scale bar
is 1 µm.
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Cell Setup Imagers Lifetimes (ns) OD filter Loc.precision (nm)

Fig. 1 LINCam25
p1-Alexa 555

p3-Atto 550

1.85 ± 0.23

3.77 ± 0.3
0.3 17.6

Fig. 2 A LINCam25
p1-Alexa 555

p3-Cy3B

1.92 ± 0.18

2.54 ± 0.21
0.3 21.2

Fig. 2 B LINCam25
p1-Atto 550

p3-Cy3B

3.7 ± 0.28

2.83 ± 0.18
0.6 20.8

Fig. 2 C LINCam25
p1-Alexa 555

p2-Atto 550

p3-Cy3B

2.29± 0.2

3.42 ± 0.26

2.80 ± 0.15

0.3 22.9

Fig. 3 A CSLM
p1-Atto 550

p3-Cy3B

3.97 ± 0.38

2.8 ± 0.3
- 10.9

Fig. S3 A LINCam25
p1-Atto 550

p3-Cy3B

3.76 ± 0.27

2.92 ± 0.19
0.6 23.5

Fig. S3 B LINCam25
p1-Atto 550

p3-Cy3B

3.79 ± 0.23

2.87 ± 0.18
0.6 17.5

Fig. S3 C LINCam25
p1-Atto 550

p3-Cy3B

3.71 ± 0.22

2.91 ± 0.16
0.6 19.9

Fig. S3 D LINCam25
p1-Alexa 555

p2-Atto 550

p3-Cy3B

2.26 ± 0.26

2.75 ± 0.13

3.36 ± 0.28

- 17.5

Fig. S3 E CSLM
p1-Atto 550

p3-Cy3B

3.94 ± 0.3

2.79 ± 0.33
- 10.1

Fig. S3 F CSLM
p1-Atto 550

p3-Cy3B

4.00 ± 0.32

2.87 ± 0.32
- 10.4

Table 4.2: Detailed description of setup, imagers, obtained lifetimes, neutral
density filters and localization precision for each measured cell.
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pattern matching analysis

Our pattern matching analysis is a Bayesian model comparison as-
suming equal prior probabilities for all species. The analysis was
performed as described previously [80].

Figure 4.7: Pattern matching analysis approach. (a) Reference TCSPCs mea-
sured from samples with only one imager strand (b) Lifetime
histograms obtained from individual single-molecule localisa-
tions for peroxisomes labeled with Alexa 555 and mitochondria
labeled with Cy3B. (c-d) Super-resolved DNA-PAINT images of
localizations classified as (c) Alexa 555 and (d) Cy3B. All images
share the same intensity scale which is proportional to the local
number of localizations. (e) Super-resolved probability image ob-
tained by pattern matching analysis. Scale bar is 10 µm.
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the effect of photon detection count-rate on lifetime
determination accuracy and localization precision

In order to evaluate the impact of decreasing photo detection count-
rate on the accuracy of the lifetime determination and the resolution
of final super-resolution image, we placed neutral density filters with
different optical densities into the optical path of the emission. In
this way, we adjusted the photon detection count-rate of the LINCam,
while keeping the excitation laser and imaging parameters unchanged.
Optical densities were kept in the range between 0 and 1, resulting
in a transmission of 100%, 50%, 25% and 10%, respectively. Imager
strand P3-Cy3b (concentration 0.5 nM) in PBS buffer (500 µL) was
used for the measurement. Each FL-PAINT dataset included 13500
frames with 200 ms exposure time (corresponds to 45 min).

Figure 4.8: Effect of emission photon detection count-rate on lifetime accu-
racy and localization precision. Scale bar is 10 µm.

Optical density (OD) 0 0.3 0.6 1.0

Lifetime error (ns) 0.13 0.14 0.15 0.23

Average localization precision (nm) 16 18.9 20.2 22.4

Table 4.3: Effect of emission photon detection count-rate on lifetime accuracy
and localization precision
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D I S C U S S I O N A N D O U T L O O K

In this work, I have developed and optimized techniques for mul-
tiplexed super-resolution imaging, with the focus on DNA-PAINT,
which is one of the most promising SMLM techniques.

In Chapter 2, I have presented a custom-built computer-controlled
microfluidics setup, which enabled precise control of a cell’s envi-
ronment in a fully automated regime. The system is designed and
optimized particularly for Exchange-PAINT. The setup allows the oper-
ation of a theoretically unlimited number of microfluidic channels and
is capable of exchanging fluids inside the experimental chamber with
adjustable flow speed. As part of this project, a versatile custom-built
optical setup for multi-color detection was designed and constructed.
For further improvement of the localization accuracy in DNA-PAINT
imaging, single-domain antibodies were used. With these so-called
nanobodies, the linkage error is significantly smaller than when using
more conventional full-sized antibodies, due to the smaller size of
the nanobodies. In particular, I used three specific nanobodies against
three common fluorescent protein: EGFP, mCherry, and mTagBFP. I
used TOM70 fused to EGFP to tag mitochondria, GalNacT was fused
to mCherry to label the Golgi apparatus, and histone H2B was fused
to mTagBFP to detect nuclear chromatin. I obtained super-resolved
images of these three targets with an overall resolution of 20 nm, and
an average localization precision of around 14 nm, within 30 minutes
acquisition time per single target.

In Chapter 3, I characterized the performance of a novel, com-
mercially available wide-field lifetime camera (LINCam25, Photon-
score) for Fluorescence Lifetime Imaging Microscopy (FLIM) with
single molecule sensitivity. To explore the lifetime camera’s poten-
tial for imaging in a far-red spectral region, I recorded wide-field
FLIM images of three commonly used fluorophores: Cy5, Atto 655
and Atto 647N. These fluorophores have similar emission spectra but
differ in their lifetimes. Although the camera’s quantum yield of pho-
ton detection is only about 2 % in the far-red spectral region, I was
able to determine fluorescence lifetimes of individual molecules. This
was performed by fitting the recorded Time-Correlated Single Pho-
ton Counting (TCSPC) data on a molecule-by-molecule basis. Using
these fitted lifetime values, I successfully identified different molecular
species in a mixed sample of all three fluorophores. To my knowledge,
this is currently the only wide-field lifetime imaging system with
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single-molecule sensitivity and a sub-nanosecond temporal resolution.
I compared the performance of this wide-field FLIM system with that
of a conventional TCSPC-based Confocal Scanning Laser Microscope
(TCSPC-CSLM). For that purpose, I conducted measurements of the
same mixed fluorophore sample with TCSPC-CSLM and wide-field
FLIM, and found a remarkable agreement between both cases. As
compared to TCSPC-CLSM, the LINCam has the advantage of faster
data acquisition. This advantage becomes even more striking in the
blue and green spectral regions, due to the higher quantum efficiency
of the camera in these spectral regions compared to the red spectral
region. In addition, I used the LINCam for Metal-Induced Energy
Transfer (MIET) imaging. MIET allows us to determine the axial po-
sitions of individual molecules with nanometer accuracy. Thus, my
work is a first step towards three-dimensional single-molecule localiza-
tion microscopy (SMLM) with isotropic nanometer accuracy. I did also
implement an on/off-state-detection algorithm and dwell-time anal-
ysis to characterize Atto 655 blinking at low laser power conditions.
The ability to detect fast blinking kinetics of single emitters makes
the realization of SMLM with TCSPC-based lifetime determination
attainable and leads us to the next chapter.

In Chapter 4, I developed a novel fluorescence lifetime imaging
super-resolution technique, which I call Fluorescence Lifetime PAINT
(FL-PAINT). The technique uses fluorescence lifetime information
for multiplexed DNA-PAINT imaging. Complex environments in-
side cells often affect the photochemical/photophysical properties of
fluorophores, making multiplexed dSTORM imaging extremely chal-
lenging. Therefore, FL-PAINT is particularly efficient for multi-target
imaging of cells, due to the robustness of lifetime measurements of
fluorescent dyes. Moreover, current multi-target cellular DNA-PAINT
suffers both from poor control of binding kinetics, and from exceed-
ingly long acquisition times. Multiplexing using FL-PAINT is based
solely on the lifetime information and is therefore less sensitive to vari-
ations in binding kinetics, and due to parallel acquisition of multiple
targets offers shorter acquisition times. In contrast to Exchange-PAINT,
FL-PAINT does not require solution exchange for imaging of multiple
targets. A mixture of different imagers allows for addressing multiple
targets in parallel. Therefore, no flow channel or a fluidics system
are required, which is advantageous for multi-target imaging of sen-
sitive biological samples. I identified a combination of three bright
fluorophores with lifetime values perfectly suited for multi-target iden-
tification in FL-PAINT imaging. The trio has similar emission spectra
in the green spectral range, but exhibits different lifetimes. This makes
FL-PAINT completely free from the chromatic aberration. I validated
FL-PAINT with established Exchange PAINT and demonstrated FL-
PAINT’s capabilities by imaging two and three targets inside COS-7
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and HeLa cell. I obtained super-resolved images of these three targets
with an average localization precision of about 16 nm, within total
acquisition time of 45 minutes. Finally, I presented a combination of
FL-PAINT with CLSM for two-color 3D imaging of mitochondria and
peroxisomes inside HeLA cells.

In conclusion, I presented three techniques: Exchange-PAINT with
nanobodies, WF FLIM, and FL-PAINT, that all expand current multi-
plexing possibilities of super-resolution fluorescence microscopy. My
approach to multiplexed DNA-PAINT addresses the challenges of
acquisition time and linkage error in cellular super-resolution imag-
ing. WF-FLIM and FL-PAINT offer chromatic aberration-free imaging
using the novel lifetime camera. I demonstrated that FL-PAINT can
be realized both with WF-FLIM and CLSM. Moreover, FL-PAINT can
be readily combined with Exchange-PAINT, making highly multi-
plexed DNA-PAINT time-efficient while significantly simplifying the
experimental procedures. I anticipate that these developments will
facilitate investigations of complex biological systems using SMLM-
based super-resolution techniques.
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O T H E R C O N T R I B U T I O N S

Throughout my PhD I have contributed to several additional projects,
related to fluorescence lifetime imaging by using both time and fre-
quency domain. These projects resulted in several publications, which
are closely related to my main project. In this chapter, I will give a
brief overview on these other projects.

6.1 confocal laser-scanning fluorescence-lifetime single-
molecule localisation microscopy

In this work, we combined fluorescence-lifetime CLSM with SMLM
(FL-SMLM) for single-molecule localization fluorescence-lifetime super-
resolution imaging. This technique combines all the advantages of
both CLSM and SMLM: confocal sectioning, shot-noise limited single-
photon detection, pixel-free imaging, fluorescence lifetime imaging,
and single-molecule sensitivity.

To demonstrate the feasibility of using CLSM for super-resolved cel-
lular imaging, we applied the technique to DNA-PAINT. DNA-PAINT
is a highly promising SMLM technique, which circumvents the basic
limitation of most SMLM approaches: fluorophore photobleaching.
It is achieved by replenishment of dye-labeled imager DNA-strands
that reversibly bind to targets of interest, which are in turn labeled
with complementary DNA-strands called docking strands. For DNA-
PAINT, optical sectioning is critical for efficiently suppressing fluores-
cent background from freely diffusing imager strands. To demonstrate
confocal laser-scanning DNA-PAINT, we imaged chromatin (histone
H2B) in COS-7 cells (Figure 6.1 a-c) fused to mTagBFP, which was
subsequently high-affinity labeled with DNA docking strands using
anti-TagBFP nanobodies (Nanotag, FluoTag-Q). Using nanobodies for
labeling minimizes the distance between dye and target, thus signif-
icantly reducing the so-called “linkage error”, thus increasing the
localization precision. ATTO 655 was used for DNA-PAINT because
of its high brightness and low unspecific binding to both coverslip
surface and cell organelles. Despite using reduced concentrations
of imager strands ( 0.25 nM, an order of magnitude smaller than
used in conventional PAINT), we accumulated a sufficiently large
number of single-molecule localizations due to the dense packing of
histone inside the nucleus. A typical single frame from a recorded
movie is shown in Figure 6.1 a. Figure 6.1 b presents a comparison
between super-resolved PAINT and conventional CLSM. The aver-
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age localization precision of the reconstructed confocal laser-scanning
DNA-PAINT image was 18 nm. The corresponding lifetime distribu-
tion for all localized molecules is shown in Figure 6.1 c. The lifetime
value for imager-bound Atto 655 is longer than the lifetime of free
Atto 655, which we attribute to a change in the local environment of
the dye due to its conjugation to single-stranded DNA.

To demonstrate the optical sectioning capability as well as the fluo-
rescence lifetime multiplexing of FL-SMLM, we recorded movies of
polymer beads that were surface-labeled, via double-stranded DNA,
with two different dyes: Alexa 647 and Atto 655 (Figure 6.1 d-f). In
wide-field microscopy, we could not detect single molecule switch-
ing events when focusing on the center of the bead. In contrast, it
was possible to detect switching events of single molecules using
CLSM, to determine their fluorescence lifetimes, and to reconstruct a
fluorescence-lifetime dSTORM image. It was possible to identify two
beads solely based on the lifetimes of the labeling dyes: Alexa 647
having an average value of 1.4 ns and Atto 655 with 2.4 ns.

In summary, we developed confocal laser-scanning FL-SMLM. It
offers both optical sectioning and lifetime information for super-
resolution imaging. The technique is straightforward to implement on
a commercial CLSM with TCSPC capability and fast laser scanning. We
demonstrated FL-SMLM both with dSTORM and DNA-PAINT, which
are the most commonly used SMLM modalities. The high lifetime res-
olution enables lifetime-based multiplexing within the same spectral
window, allowing to distinguish different fluorescent labels solely by
their lifetimes. In combination with the optical sectioning of a CLSM,
this allows for chromatic aberration-free super-resolution imaging of
multiple cellular structures. The additional lifetime information in
FL-SMLM offers also the fascinating prospect of lifetime-based super-
resolution FRET imaging, thus providing the possibility to disentangle
fast dynamics from stationary intermediate states. Another potential
application is to use the lifetime information for combining lateral
super-resolution of SMLM with the superior axial super-resolution of
Metal-Induced Energy Transfer (MIET) imaging. This could enable 3D
super-resolution imaging with exceptionally high isotropic resolution
for potential applications in structural biology.
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Figure 6.1: (a-c) Lifetime-based multiplexed dSTORM imaging of polymer
beads labeled with two different dyes. (a) Typical frames from a
recorded movie including single-molecule localizations. (b) His-
togram of photon arrival times (TCSPC) for two indicated local-
izations. Lifetime is determined with a monoexponential fit (blue
line). (c) Super-resolved image reconstruction including lifetime
information. The two different lifetime values for molecules on
both beads reveal that the beads are labeled with different fluo-
rophores (Alexa 647 and ATTO 655). (d–f) Confocal laser-scanning
DNA-PAINT images of cellular chromatin in COS-7 cells utiliz-
ing DNA-labeled ATTO 655. Imaging was performed at a height
of around 6 µm above the coverslip surface. (d) Example of a
single frame. (e) Corresponding diffraction-limited and super-
resolved images. (f) Lifetime histograms, based on individual
single-molecule localizations. The figure was reproduced from
ref. [80].
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6.2 exfoliation and optical properties of near-infrared
fluorescent silicate nanosheets

In this work, we investigated and characterized the optical proper-
ties of the following silicate nanosheets: Egyptian Blue (CaCuSi4O10,
EB), Han Blue (BaCuSi4O10, HB), and Han Purple (BaCuSi2O6, HP).
So far, the optical properties of nanosheets are poorly understood.
Here, we exfoliated the bulk material into nanosheets and report
their physicochemical properties. The exfoliation process included ball
milling followed by tip sonication and centrifugation. The exfoliated
nanosheets had a lateral size of around 16-27 nm and a thickness range
of 1-4 nm. They emit photons at 927 nm (EB-NS), 953 nm (HB-NS) and
924 nm (HP-NS), while single nanosheets could be resolved in the NIR.

To confidently measure fluorescence lifetimes of nanosheets, we
used both time domain and frequency domain measurements. First,
we used Time-correlated Single-Photon Counting (TCSPC). Surpris-
ingly, observed lifetime values spanned a range from microsecond
to tens of microseconds. The data suggested a two-component fluo-
rescence decay. We attributed the short lifetime component to a light
scattering, which is in the same time scale as the width of Instru-
ment Response Function (IRF). The longer lifetime components were
16.5±0.25 µs, 8.25±0.15 µs and 9.91±0.06 µs for EB-NS, HB-NS and
HP-NS, respectively. This values are significantly shorter than the
lifetimes of the bulk material: EB=130 µs, HB=60 µs, HP=25 µs, as
confirmed by frequency-domain measurements (Figure 6.2). A pos-
sible explanation for the observed decrease in lifetime could be the
presence of defects, or alternatively, changes in symmetry that either
open new non-radiative decay channels, or increase the radiative rate
constants.

The different fluorescence lifetimes observed for the different nanosheets
carries great potential for multiplexed imaging. The µs lifetimes range
of silicate NS are significantly longer than those of typical organic
fluorophores (nanoseconds) used in FLIM. As a part of this project,
our wide-field setup was extended and adapted for frequency-domain
fluorescence lifetime imaging microscopy (FD-FLIM). Briefly, laser
excitation was modulated by a square signal coming from the camera.
The phase-shift and modulation depth change of fluorescence signal,
recorded by a FLIM camera, were converted into a lifetime value.
This allows to acquire an instantaneous fluorescence lifetime image,
in contrast to scanning that has to measure lifetimes pixel by pixel.
Before imaging, calibration with a sample of known lifetime had to be
measured in order to extract absolute lifetime values from the images.
Therefore, an independent lifetime measurement of a single nanosheet
was required. For calibration purposes, we used TCSPC as described



6.2 fluorescent silicate nanosheets 111

Figure 6.2: (a1-a3) Confocal time-correlated single-photon counting TCSPC-
based measurements of fluorescent lifetimes of single NS dif-
fusing freely in a solution. Exemplary decay curves of EB-NS
(a1), HB-NS (a2) and HP-NS (a3), and the corresponding bi-
exponential fits. Note that the short lifetime component corre-
sponds to the instrument response function. Fit residues are given
below the plot. (b1-b3) Frequency-domain fluorescence lifetime
imaging microscopy (FD-FLIM) of EB-NS solution drop-casted on
a glass coverslip. (b1) Intensity image of an EB-NS. (b2) Frequency-
domain FLIM image of the same region as in (b1), but with a
color-coding that shows two sub-populations of different lifetime.
(b3) Corresponding phasor plot highlighting the two populations
and the color-coding in (b2). Species with longer lifetime appear
in a green color and the ones with the shorter lifetime appear
in a red color. (c1) Intensity image of the border of stripes made
from EB-NS and HP-NS. (c2) FLIM image of the same region
as in (c1), but with a color-coding that shows the different NS
according to their lifetime values. (c3) Phasor plot highlighting
the color-coding of the lifetimes in (c2): EB-NS (longer lifetimes,
green color) and HP-NS (shorter lifetimes, red). Scale bar is 5 µm.
The figure was adapted from ref. [91].

above (Figure 6.2 a1-a3). The lifetime of drop-casted EB-NS was mea-
sured in a homogeneous layer on top of a glass coverslip. Then, we
proceeded with imaging of samples with non-homogeneous layers of
all NS types. The obtained average lifetimes of the nanosheets were:
17.6±2.4 µs, 7.8±1.5 µs and 4.5±0.7 µs for EB-NS, HB-NS and HP-NS,
respectively. Moreover, we noticed that for each NS type, aggregates
and bulky particles with bigger size exhibit significantly different
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lifetimes (Figure 6.2 b1-b3). Because of the difference in lifetime values
of EB-NS and HP-NS, we can identify the NS type (border) based on
a lifetime image of a region with both EB-NS and HP-NS (Figure 6.2
c1-c3). By looking at the intensity image alone, it was not possible to
identify the border between EB-NS and HP-NS (Figure 6.2 c1). Tech-
nically, the identification was performed by using phasor plot data
representation. A phasor plot represents frequency-domain lifetime
data using the measured phase angle (φ) and the modulation ratio (M).
For the specific image, phasor plot allows to separate between two
sub-populations of NS (green and red ovals in Figure 6.2 c3). Then, I
applied the same lifetime separation to the FLIM image (Figure 6.2 c2).

In summary, I used the fluorescence lifetime spectroscopy to charac-
terize three types of silicate nanosheets. I found that the fluorescence
lifetimes of nanosheets is shorter, as compared to bulk material. This
result indicates that the lifetimes of these nanomaterials carry potential
for lifetime-encoded imaging. Furthermore, the measured difference
in fluorescence lifetimes of EB-NS, HB-NS and HP-NS can be used for
multiplexed imaging.
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