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Abstract
Localization of single fluorescent emitters is key for physicochemical and biophysical measurements at the nanoscale
and beyond ensemble averaging. Examples include single-molecule tracking and super-resolution imaging by single-
molecule localization microscopy. Among the numerous localization methods available, MINFLUX outstands for
achieving a ~10-fold improvement in resolution over wide-field camera-based approaches, reaching the molecular
scale at moderate photon counts. Widespread application of MINFLUX and related methods has been hindered by the
technical complexity of the setups. Here, we present RASTMIN, a single-molecule localization method based on raster
scanning a light pattern comprising a minimum of intensity. RASTMIN delivers ~1–2 nm localization precision with
usual fluorophores and is easily implementable on a standard confocal microscope with few modifications. We
demonstrate the performance of RASTMIN in localization of single molecules and super-resolution imaging of DNA
origami structures.

Introduction
Fluorescence microscopy is a major workhorse in life

sciences, biophysics, and physical chemistry, as it allows
visualization with great specificity and sensitivity. In
particular, the detection of single fluorescent molecules
was pioneered more than thirty years ago1,2. Since then,
single-molecule detection and spectroscopy has evolved
into numerous analytical methods capable of providing
information beyond ensemble averages with applications
in physical chemistry, nanophotonics, and biophysics3–8,
among other fields. Arguably, the most prominent
application is super-resolution imaging by single-
molecule localization microscopy9–11. Another impor-
tant application is single-molecule tracking, which
reveals molecular trajectories that would be otherwise

hidden in the average behavior of an ensemble of
unsynchronized molecules12–16.
Most commonly, single-molecule detection and track-

ing are performed in a wide-field configuration using
uniform illumination. The molecular positions are
determined from a fit to their images recorded with a
photodetector array (e.g., an EM-CCD or CMOS camera).
Typically, this approach delivers a lateral localization
precision in the range of 10 to 50 nm for organic fluor-
ophores under biologically compatible conditions. The
achieved localization precision is limited by the photo-
stability of the fluorophores11,17,18.
Alternatively, other approaches infer the molecular

position from the signal registered upon excitation with
a sequence of spatially shifted patterns of light. This type
of methods can be interpreted in a common framework19

and termed single-molecule localization with sequential
structured illumination (SML-SSI). They were first
developed for single-molecule tracking using Gaussian
beams20–25, i.e., the so-called orbital tracking method.
More recently, minimal photon fluxes (MINFLUX)26

represented a breakthrough by achieving a ~10-fold
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improvement compared to wide-field camera-based
SML, reaching ~1–2 nm localization precision using just
a few hundred fluorescence photon counts. So far,
MINFLUX remains the most photon-efficient SML
method and has been demonstrated in model systems
(DNA origami structures)26–28, extended to three
dimensions in fixed and living cells29,30, and it was
combined with fluorescence lifetime measurements28.
Parallelized versions of SML-SSI have also been devel-
oped31–34 although their higher throughput comes at the
expense of a lower resolution. A common feature of
SML-SSI methods, and particularly of MINFLUX, is
their considerably higher technical complexity when
compared to camera-based methods. Possibly for this
reason the use of these techniques has been limited to a
reduced number of expert groups and its widespread
application remains an open challenge.
Here, we introduce RASTMIN (single-molecule locali-

zation by RASTer scanning a MINimum of light), a SML-
SSI method that delivers equivalent performance com-
pared to MINFLUX and that can be implemented on any
scanning fluorescence (e.g. confocal or multiphoton35,36)
microscope with only minor modifications.

Results
Principle of RASTMIN and theoretical localization precision
Figure 1a schematically shows the concept of a RAST-

MIN measurement in two dimensions. The sample is
illuminated with spatially modulated excitation light IðrÞ
comprising a local minimum (ideally a zero) of intensity.
The data acquisition of RASTMIN is identical to regis-
tering an image with a scanning microscope. Con-
ceptually, RASTMIN consists of comparing two images of
the central minimum of IðrÞ (Fig. 1b): a reference image
obtained with high resolution and high signal-to-noise
ratio (SNR), and an image obtained with the single-
molecule whose position is to be determined. The refer-
ence image of IðrÞ may be obtained through averaging
multiple raster-scan images of the light intensity mini-
mum over a single fluorescent molecule or a small emitter
(e.g. a fluorescent nanoparticle). The single-molecule
image used for localization is obtained by raster scan-
ning a sub-diffraction area of the sample where the target
molecule is present. The single-molecule fluorescence
signal is registered as photon counts n ¼ ½n1; n2; ¼ ; nK �
for each pixel r1; r2; ¼ ; rK½ �. Then, the position of the
molecule is inferred as the parameter that best matches
the relative intensity of the single-molecule image in
comparison to the reference image, e.g. using maximum-
likelihood estimation19.
To evaluate the theoretically achievable localization

precision of RASTMIN, we calculated the Cramér-Rao
lower bound for the localization uncertainty (σCRB). As
described previously19, for a given IðrÞ, σCRB depends on

the position of the emitter (x,y), the total number of
photons used for the position estimation (N ¼ PK

i¼1 ni),
the signal-to-background ratio (SBR), and the size of the
raster. We will consider a square raster of side L and a
doughnut-shaped IðrÞ19 with a full width at half-
maximum (FWHM) of 300 nm. Figure 1c shows a 2D
map of σCRB x; yð Þ for RASTMIN with L = 100 nm, N =
1000, K = 6 × 6, and SBR = 4. Also in Fig. 1c, the σCRB(x,
y) computed for MINFLUX with the same N and SBR,
and an equivalent geometry of the excitation pattern (see
Supplementary Section 1 for details) is shown for com-
parison. In both cases the localization error is minimum
at the center of the excitation pattern, where it is about 1
nm, and increases outwards. The localization precision
remains below 5 nm over an area that extends beyond the
excitation pattern. Remarkably, this area is larger for
RASTMIN. Figure 1d shows the average precision σCRB

over the central area of the excitation pattern (black
dotted circle in Fig. 1c) vs N for RASTMIN and MIN-
FLUX with L= 50 nm and L= 100 nm at SBR= 4. For
comparison, Fig. 1d also shows the average precision for
a camera-based localization with the same SBR. In all
cases, only Poisson noise was considered, which is a good
approximation for measurements performed with single-
photon counting detectors presenting low dark counts,
e.g. avalanche photodiodes. For the cameras, the pure
Poisson noise situation represents an ideal best-case
scenario. Real-world CMOS or CCD cameras present
super-Poissonian noise, and thus deliver lower localiza-
tion precisions.
RASTMIN delivers a localization precision equivalent

to MINFLUX. For both methods, the uncertainty scales as
σCRB / L. The improvement in localization precision as L
decreases is ultimately limited by the achievable SBR26,27.
Conceptually, the dependence of σCRB with L can be
understood as follows. The minimum of IðrÞ is well
approximated by a paraboloid. Hence, the single-molecule
RASTMIN measurement produces a scanned image of a
paraboloid with its minimum corresponding to the posi-
tion of the molecule. For any given N and with an
equivalent signal-to-noise ratio (SNR), such images
remain self-similar as L decreases, as shown in the
examples of Fig. 1e (left and central panels). Furthermore,
if K is constant, the uncertainty of the localization in units
of pixels is independent of L. Thus, reducing the pixel size
leads to a proportionally smaller localization uncertainty
in length units. This cannot be achieved in a single-
molecule image obtained by scanning a maximum of
light37 or with a camera sensor measurement (Fig. 1e,
right panel). In this case, the full-width at half maximum
(FWHM) of the image cannot be tuned because it is
determined by the diffraction limit of light.
From this point of view, MINFLUX could also be

interpreted as a minimal image of the excitation beam
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IðrÞ with unconventionally distributed pixels. Remark-
ably, there is no fundamental advantage in using fewer
pixels. In fact, if the measurement involves only Poisson
noise, performing a RASTMIN measurement with more
pixels (increasing K) provides more information and leads
to higher localization precisions (Supplementary Section
2). Supplementary Fig. 2 shows curves of σCRB vs K for
different total photon counts N. Also, exemplary simu-
lated images for K ¼ 9; 36; 100; 256 are shown. The
localization precision improves significantly as K increases
from 4 up to 36, approximately. From then on, the loca-
lization precision improves marginally. In practice, the use
of very large K might be detrimental due to the limited
positioning precision of the scanner. We conclude that
K= 16–100 is a good range for experimental realizations.
It is relevant to discuss the spatial and temporal resolu-

tions of RASTMIN compared to MINFLUX. First, it is
important to note that for this type of methods the locali-
zation precision for any given photon budget N and SBR
(i.e. the localization photon efficiency) is independent of the
time required for the measurement. The localization

photon efficiency depends only on the geometry of the
illumination beam and the positions of the exposures. On
the other hand, the number of exposures K is not a para-
meter that will affect the temporal resolution. The key
parameter is the speed of the scanning, i.e., the time
required to displace the excitation beam over a given dis-
tance in the sample, independently of how many mea-
surements (pixels) are made over that distance.
From an experimental point of view, performing MIN-

FLUX using electro-optical deflectors (EOD)26,38 or
pulsed-interleaved excitation28 provides fast scanning
speeds that allow completing an excitation sequence in
~100 μs or ~25 ns, respectively. If the photon detection
count rate of the fluorophore is not a limitation, such fast
scanning speeds are advantageous for single-molecule
tracking measurements. In contrast, for imaging applica-
tions, the time needed to obtain a super-resolved image is
not determined by the scanning speed but by the
sequential localization of all target molecules in the region
of interest, which in turn depends on the characteristic
times of the ON/OFF cycles of the dyes. The only
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Fig. 1 RASTMIN concept. a Schematic of the RASTMIN measurement: a beam of light with intensity IðrÞ that features a minimum is raster-scanned
over ri ¼ r1; ¼ ; rK pixels defining a region of size L that contains the single emitter (green star). b Two images are acquired: a high-SNR, high-
resolution image of the excitation beam (Reference) and a low-SNR, low-resolution image formed by the set of photon counts recorded at each
pixel ri (Single molecule). Both images are then used as input to perform a maximum-likelihood estimation of the emitter position. c Theoretical
localization precision as a function of the emitter position, σCRB(x, y), of RASTMIN (K= 6 × 6) and MINFLUX for N= 1000 and L= 100 nm. d Average
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N. In all cases SBR= 4
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requirement for the scanning speed is to be faster than the
ON-times of the blinking fluorophores, which usually lie
between 10 and 500ms. RASTMIN implemented in a
confocal microscope with standard galvanometric scan-
ners can complete an excitation sequence in ~1–20 ms,
depending on the particular optical scanner. The typical
acquisition time for a super-resolved image is of several
minutes for all SMLM techniques, including PALM/
STORM, MINFLUX, or RASTMIN.

Experimental implementation and localization precision
RASTMIN can be implemented in any fluorescence

scanning microscope, e.g. confocal, capable of detecting
single molecules, especially if equipped with a single-
photon counting detector. Only two modifications are
needed as shown schematically in Fig. 2a (see Methods
and Supplementary Section 3 for further details.). First, a
vortex-phase plate and polarization optics were included

in the excitation path in order to generate a toroidal focus
(Fig. 2a inset), as it is commonly done in the depletion
beam of STED nanoscopy. Second, an active drift cor-
rection was used to maintain the lateral and axial position
of the sample relative to the optical system (Supplemen-
tary Section 4). Typically, the position of the sample could
be stabilized laterally within 0.8–1.3 nm (standard devia-
tion, σDC), and axially within 1.5–2.0 nm.
The experimental performance of RASTMIN was

evaluated by localizing single fluorescent molecules
(ATTO647N) attached to DNA origami structures. A
detailed description of the DNA origami design can be
found in Supplementary Section 5, while the sample
preparation protocol is described in the Methods section.
The single-molecule measurements started by scanning
the excitation beam over the region of interest in the
sample using low power (e.g. 5 µW at the back-focal plane
of the objective) to pre-locate the individual molecules.
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Fig. 2 Experimental implementation in a confocal microscope. a Schematic representation of the optical setup used to perform RASTMIN. The
setup is based on a standard home-built confocal microscope with an optical scanner. A vortex-phase plate in the excitation path and a drift
correction system were added. The inset shows an image of the experimentally obtained toroidal focus. b Confocal image overview of the sample
containing individual DNA origami with one fluorescent molecule each. c Exemplary RASTMIN frames obtained at different laser powers (3, 12, and
24 µW). The RASTMIN parameters were K = 6 × 6, L = 100 nm, frame time was 130 ms, and SBR was 4. d Localization precision achieved in RASTMIN
measurements on single molecules (ATTO647N) with different photon counts. For each condition (N), three independent measurements were carried
out, each one consisting of 100 localizations. For comparison, the theoretical σCRB(N) (solid line) and the predicted localization uncertainty for the

experiments (σTOT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2DC þ σ2CRB

p
, gray shaded area) are shown for σDC = 0.8–1.3 nm. The theoretical σCRB(N) was calculated in the central 10-nm

part of the FOV. On the right, exemplary 2D histograms of localizations with average photon counts of N ¼ 239; 1036; and 2212. The corresponding
localization uncertainties (σ ¼ 3:2; 1:4; and 1:0 nm) are also displayed. Scale bar in d: 5 nm
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An example image of such a scan is shown in Fig. 2b.
Next, the RASTMIN measurement was performed by
raster-scanning a sub-diffraction area over the target
molecule, generating a so-called RASTMIN frame. For
each single-molecule, 100 frames were acquired, and the
localization precision was evaluated as the standard
deviation of the 100 localizations. A detailed description
of the procedure followed to estimate the localization
precision can be found in the Methods section.
In order to evaluate the localization precision of

RASTMIN at different photon counts, σðNÞ, we carried
out measurements varying the laser power and keeping
the frame rate fixed (130 ms per frame). Figure 2c shows
three exemplary RASTMIN frames over different single
ATTO647N molecules, with laser powers of 3, 12, and
24 µW, leading to 276, 971 and 2166 photons counts per
frame, respectively. A comparison between the experi-
mental σðNÞ and the theoretical σCRBðNÞ is depicted in
Fig. 2d. In addition, the predicted localization uncer-
tainty for the experiments (gray shaded area) consider-

ing the drift correction precision (σTOT ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
DC þ σ2

CRB

p
,

σDC = 0.8–1.3 nm) is also shown. RASTMIN performs
as predicted, delivering localization precisions in the
1–2 nm range for moderate photon counts
(N= 700–2000) at SBR= 4.

Fluorescence nanoscopy
By combining RASTMIN with single-molecule blinking

it is possible to obtain super-resolved images with nano-
metric resolution. To demonstrate this, a DNA origami
was designed and fabricated to hold six Alexa Fluor 647
molecules organized in a regular pattern with inter-
molecular distances of 15 and 20 nm, as schematically
shown in Fig. 3a (more details of the DNA origami
structure can be found in Supplementary Section 5).
The imaging measurements involve a multitude of

blinking molecules within the sub-diffraction raster
scanning area, and thus the data must be analysed to
identify the single-molecule emission events. Figure 3b
shows the integrated intensity (the sum of photon counts
of the K pixels) of RASTMIN frames obtained subse-
quently over a DNA origami. Each RASTMIN frame
(L ¼ 100 nm and K ¼ 6´ 6) was recorded in 20 ms and
the total time of the measurement was 6 minutes. A 10 s
fragment of the intensity transient is shown in Fig. 3c,
where two single-molecule emission events can be
observed. The emission events were discerned from
background with a suitable intensity threshold as
explained in Supplementary Section 6.
Before computing the molecular position, the detected

emission events were processed as follows. First, events
corresponding to more than one molecule were dis-
carded based on their intensity variance, as described in

Supplementary Section 6. For each single-molecule
emission event, the initial and the final RASTMIN
frames were discarded as they could correspond to an
incomplete measurement and would therefore lead to an
incorrect localization (i.e. only events lasting more than
three frames were analysed). Then, all valid frames of
each single-molecule emission event were summed and
used to obtain a single-molecule localization. Finally, the
complete set of RASTMIN localizations is rendered to
reconstruct a super-resolution image as displayed in
Fig. 3d. Valid RASTMIN measurements may be further
filtered according to their total photon count to guar-
antee a minimum localization precision. In the example
of Fig. 3d, localizations with N>450 were used. The
whole set of localizations had an average N � 1900,
hence yielding a theoretical expected average precision of
~1.5 nm. The super-resolved image retrieves the rec-
tangular arrangement of fluorophores with 3×2 sites of
the DNA origami with inter-molecular distances in
agreement to the design. The standard deviation of the
distributions of the localizations corresponding to single
sites can be used as an estimate of the experimental
localization precision, which is of ~2 nm.

Discussion
RASTMIN can localize single fluorescent molecules

with a precision of ~1–2 nm with photon counts
N= 500–2000, confirming the theoretical prediction19.
Combined with single-fluorophore blinking, RASTMIN
enables super-resolution imaging with nanometric reso-
lution, as demonstrated on DNA origami nanostructures
with fixed fluorescent molecules.
A distinctive advantage of RASTMIN in comparison to

other methods that can localize single molecules with
similar precision is that it can be implemented on any
laser-scanning microscope (e.g. confocal or multi-
photon36), provided it has single-molecule sensitivity, with
two simple modifications. First, the excitation path must
be modified to produce a focus with an intensity mini-
mum. This was done with a vortex-phase plate and sui-
table polarization optics as it is usually done in STED
nanoscopy. Naturally, other approaches could be used
such as spatial light modulators or micro-mirror arrays.
Second, any method aiming to localize single molecules
with nanometer precision requires the sample position to
be monitored and/or stabilized to ~1 nm during the
measurement time39. We applied a compact and effective
active stabilization system that delivers a lateral stabili-
zation precision of 0.8–1.3 nm, and of 1.5–2.0 nm for the
axial direction.
RASTMIN can achieve localization precisions as high as

MINFLUX with a significantly simpler setup. For exam-
ple, both original26 and commercial38 implementations of
MINFLUX use (i) a specialized scanning routine involving
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electro-optical deflectors to fine position the excitation
beam coupled to a piezoelectric26 or galvanometric38

beam scanner for scanning larger sample areas, (ii) FPGA-
based real-time specialized electronics to control the
measurements, and (iii) closed-source software to both
control the hardware and to analyze the data. While
p-MINFLUX28 considerably simplifies the 1-nm precision
measurements, we note that the experimental setup, data
acquisition and analysis require expertise in synchroniz-
ing laser pulse sequences and time-correlated single-
photon counting.
In contrast, RASTMIN needs only a standard raster

scanning system already available in any scanning micro-
scope and a standard DAC acquisition board and routines.
Furthermore, the data acquisition is essentially the same as
in any scanning microscope and the data analysis software
required for the localization estimation is already available
and open-source19. Since it is based on well-known and
established technology, RASTMIN has the potential to be
combined with other approaches and thus expand the
applications of single-molecule localization with nano-
metre precision. In particular we foresee that RASTMIN
could be very well-suited for a highly parallelized

implementation using multiple foci40, in which an array of
intensity light minima is scanned and multiple blinking
emitters are detected simultaneously using a scientific
camera or future arrays of avalanche photodiodes41.
Analogously to MINFLUX, RASTMIN could also be

implemented in an iterative way38 to reduce the L and
make the localization increasingly photon efficient, how-
ever at the cost of increasing the technical complexity.
RASTMIN can also be expanded to three-dimensional
(3D) single-molecule localization in different ways. For
example, a 3D zero could be used, as it is used for 3D
MINFLUX30. In analogy to 3D MINFLUX, which obtains
the axial position from just two measurements, RAST-
MIN could retrieve axial localization based on two
RASTMIN acquisitions in axially displaced planes.
Alternatively, RASTMIN could be combined with SIM-
PLER42 provided a doughnut-shaped focus can be crafted
in total internal reflection43. Since RASTMIN is fully
compatible with lifetime measurements (see Supplemen-
tary Section 7), it could be directly combined with metal-
induced or graphene energy transfer44–47.
In summary, since it is easily implementable in existing

laser-scanning microscopes, we believe RASTMIN has a
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strong potential to be quickly adopted to visualize various
material and biological systems, making super-resolution
at 1-nm scale and below available to a much broader
community, and thus applicable to a wider range of sci-
entific questions.

Materials and methods
Optical setup
The RASTMIN setup consists essentially of a custom-

made laser-scanning confocal microscope complemented
with an xyz stabilization system. A 640 nm pulsed laser
(200 ps pulse width at 40MHz repetition rate) provided
fluorescence excitation. Half-wave and quarter-wave
plates were added to have circular polarization and a
0–2π vortex-phase plate was included in the path to
generate a doughnut-shaped focus after the objective
(Leica 100×/1.4 NA oil-immersion). Two galvanometric
mirrors (Cambridge Technology, 6215H) allowed for
rapid beam scanning over the sample area. The sample
was mounted on an xyz piezo nanopositioning stage that
performed the active xyz drift correction (with a custom-
made software that monitors and corrects the sample
position). The fluorescence emission was detected with an
avalanche photodiode and lifetime measurements were
performed using a time-correlated single-photon count-
ing unit. A more detailed description of the optical setup
and the stabilization system can be found in Sections 3
and 4 of the Supplementary Information, respectively.

DNA origami design
The DNA origami structures used for super-resolution

measurements (Fig. 3, Design 1) and to measure the
RASTMIN localization precision (Fig. 2b–d, Design 2)
consisted of a rectangular 2LS (2-layer sheets) structure
with dimensions of 60 nm × 40 nm × 5 nm. The 2LS DNA
origami was designed using CaDNAno48 based on a pre-
viously reported structure49. Design 1 was folded in the
presence of six different staples modified with Alexa Fluor
647 dyes, while Design 2 was folded in the presence of a
staple modified with ATTO 647 N. Further information of
the DNA origami design, including the details of the
modified staples of both structures, can be found in
Supplementary Section 5.

DNA origami folding
Unmodified DNA sequences were purchased from

Eurofins Genomics. In short, a scaffold consisting of a
vector derived from the single-stranded M13-bacter-
iophage genome (M13mp18, 7249 bases) and staples
(100 nM, ca. 32 nts) were mixed in a 1× TAE-12 buffer
(40 mM Tris, 10 mM Acetate, 1 mM EDTA, pH 8, 12 mM
MgCl2). The solution was heated to 75 °C and ramped
down to 25 °C at a rate of 1 °C every 20min. The folded
DNA origami structures were purified from excess staples

strands by gel electrophoresis using a 0.8% agarose gel in
TAE-12 buffer for 2.5 h at 4 V/cm. The appropriate band
containing the targeted DNA template was cut out and
squeezed using coverslips wrapped in parafilm. Purified
DNA origami was stored at 1 nM concentration in TAE-
12 buffer at −20 °C.

DNA origami sample preparation
1.5 thickness glass-bottomed chamber slides (Lab-Tek

II, Thermo Fisher Scientific) were treated with 1M KOH
for 10min, washed (3×) with PBS, functionalized with
BSA-biotin (1 mg/mL, 10min incubation), washed (3×)
with PBS and incubated for 20min with Neutravidin
(1 mg/mL). The chambers were then washed with Milli-Q
water (3×) and incubated for 10min with a solution
containing 100 nm spherical gold nanoparticles in Milli-Q
water. The gold nanoparticles were synthesized as
described in ref. 50. Briefly, ∼10 nm gold seeds were pre-
pared by heating 2.2 mM sodium citrate aqueous solution
and, after boiling, adding 25mM HAuCl4 solution. After
30 min, the reaction was finished. This process was
repeated twice. The resulting solution was then used as a
seed solution, and the process was repeated three times
until the desired final size (determined by UV-visible
spectroscopy and FE-SEM) was achieved. After adding the
nanoparticles, the chambers were washed (5×) with TAE-
12 buffer and incubated for 30min with DNA origami
samples in TAE-12 buffer (DNA origami concentration ~
0.1 nM). Next, chambers were washed (5×) with TAE-12
and filled with imaging buffer. For measurements from
Fig. 2 the imaging buffer consisted of a mixture of buffers
A (90%) and B (10%), being A: 1× TAE, 12mM MgCl2,
2 mM Trolox/Troloxquinone, 1 % (w/v) D-(+)-Glycose;
and B: 1 mg/mL glucose oxidase, 0.4 % (v/v) catalase
(50 μg/mL), 30% glycerol, 12.5 mM KCl in 50mM TRIS.
For the nanoscopy experiments (Fig. 3), the imaging
buffer contained 50 mM TRIS pH 8, 10 mM NaCl, 12 nM
MgCl2, 10% w/v D-glucose, 10 mM mercaptoethylamine,
1 mg/mL glucose oxidase and 40-μg/mL catalase.

Fluorescent beads sample preparation
1.5 thickness glass-bottomed chamber slides (Lab-Tek

II, Thermo Fisher Scientific) were treated with 1M KOH
for 10min, washed (3×) with Milli-Q water and functio-
nalized with a positively charged layer of Poly-
diallyldimethylammonium chloride (PDDA) Mw =
400,000−500,000 (Sigma-Aldrich), by incubating for
15min a solution of PDDA (1mg/mL in 0.5M NaCl).
Next, the chamber was rinsed with 3x Milli-Q water and
incubated for 15min with 40 nm Dark Red FluoSpheres
Fluorescent Microspheres (Thermo Fisher Scientific). The
beads solution was prepared directly by diluting the stock
solution in Milli-Q water (5:106 dilution) and was soni-
cated for 10 min just before being added to the chamber.
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After this incubation, the chamber was washed (3×) with
Milli-Q water and treated for 10 min with a solution
containing 100 nm spherical gold nanoparticles50. Finally,
the sample was washed (3×) with Milli-Q water.

Experimental determination of RASTMIN localization
precision
The measurements performed to study the RASTMIN

localization precision at different photon counts (σðNÞ,
Fig. 2b–d) were carried out using different laser powers,
ranging from 3 to 24 μW at the back-focal plane of the
objective, L ¼ 100 nm, K ¼ 6 ´ 6 and a fixed frame dura-
tion of 130 ms. For each condition, three independent
measurements consisting of 100 frames were performed.
Each of these frames were individually analyzed, giving rise
to 100 localizations per independent experiment.
The RASTMIN localization uncertainty (σ) of each

measurement was determined from the standard devia-
tion of the 100 localization events. To estimate the
experimental uncertainty (Δσ) in the determination of σ, a
25-frame rolling window was used to analyze different i
subsets of localization events per experiment. The stan-
dard deviation of the resulting set of σ i was used as an
estimation of Δσ . Finally, the obtained uncertainty Δσ for
each of the three independent measurements were aver-
aged, and these values were represented as error bars for
σðNÞ in Fig. 2d.

Fluorescence nanoscopy data analysis
An intensity threshold was defined to discern single-

molecule emission (ON) events from background. After
detecting the ON events, only those lasting three or more
frames were considered valid for further analysis. Within
each valid event, the first and last frames were excluded
from the analysis since they could correspond to an
incomplete measurement and would therefore lead to an
incorrect localization. The rest of the RASTMIN frames
were summed, and this summed frame was then used to
perform the RASTMIN localization via maximum-
likelihood estimation.
To avoid multiple-emitter events, each emission event

was then filtered according to a statistical criterion
assuming that the number of detected photons can be
described using a Poisson distribution.
Further details about data analysis can be found in

Section 6 of the Supplementary Information.

Acknowledgements
Ianina L. Violi is acknowledged for the synthesis of the gold nanoparticles used
in this work. F.D.S. acknowledges the support of the Max Planck Society and
the Alexander von Humboldt Foundation. This work has been funded by
Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Swiss
National Science Foundation project 200021_184687 (G.P.A.) National Center of
Competence in Research Bio-Inspired Materials NCCR, project 51NF40_182881
(G.P.A.), and Agencia Nacional de Promoción Científica y Tecnológica
(ANPCYT), projects PICT-2017-0870 (F.D.S.), and PICT-2014-3729 (F.D.S.).

Author details
1Centro de Investigaciones en Bionanociencias (CIBION), Consejo Nacional de
Investigaciones Científicas y Técnicas (CONICET), Godoy Cruz 2390, C1425FQD
Ciudad Autónoma de Buenos Aires, Buenos Aires, Argentina. 2Departamento
de Física, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos
Aires, Güiraldes 2620, C1428EHA Ciudad Autónoma de Buenos Aires, Buenos
Aires, Argentina. 3Department of Physics, University of Fribourg, Chemin du
Musée 3, Fribourg CH-1700, Switzerland

Author contributions
L.A.M. conceived the experimental and data analysis methods. L.A.M., A.M.S.
and F.D.S. designed experiments. L.A.M and A.M.S built the optical system and
analyzed the data. L.A.M., A.M.S, and L.F.L. prepared samples and performed
measurements. M.P.P. and G.P.A designed and fabricated the DNA origami
samples. F.D.S supervised the project. L.A.M, A.M.S and F.D.S wrote the
manuscript with input from all the authors.

Conflict of interest
L.A.M, A.M.S., L.F.L., and F.D.S have filed a patent application in Argentina
describing the RASTMIN method.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41377-022-00896-4.

Received: 6 April 2022 Revised: 11 June 2022 Accepted: 15 June 2022

References
1. Orrit, M. & Bernard, J. Single pentacene molecules detected by fluorescence

excitation in a p-terphenyl crystal. Phys. Rev. Lett. 65, 2716–2719 (1990).
2. Kador, L., Horne, D. E. & Moerner, W. E. Optical detection and probing of single

dopant molecules of pentacene in a p-terphenyl host crystal by means of
absorption spectroscopy. J. Phys. Chem. 94, 1237–1248 (1990).

3. Kulzer, F. & Orrit, M. Single-molecule optics. Annu. Rev. Phys. Chem. 55, 585–611
(2004).

4. Orrit, M., Ha, T. & Sandoghdar, V. Single-molecule optical spectroscopy. Chem.
Soc. Rev. 43, 973 (2014).

5. Brinks, D. et al. Ultrafast dynamics of single molecules. Chem. Soc. Rev. 43,
2476–2491 (2014).

6. Holzmeister, P., Acuna, G. P., Grohmann, D. & Tinnefeld, P. Breaking the con-
centration limit of optical single-molecule detection. Chem. Soc. Rev. 43,
1014–1028 (2014).

7. Shashkova, S. & Leake, M. C. Single-molecule fluorescence microscopy review:
shedding new light on old problems. Biosci. Rep. 37, 1–19 (2017).

8. Hellenkamp, B. et al. Precision and accuracy of single-molecule FRET mea-
surements—a multi-laboratory benchmark study. Nat. Methods 15, 669–676
(2018).

9. van de Linde, S. et al. Direct stochastic optical reconstruction microscopy with
standard fluorescent probes. Nat. Protoc. 6, 991–1009 (2011).

10. Schnitzbauer, J., Strauss, M. T., Schlichthaerle, T., Schueder, F. & Jungmann, R.
Super-resolution microscopy with DNA-PAINT. Nat. Protoc. 12, 1198–1228
(2017).

11. Lelek, M. et al. Single-molecule localization microscopy. Nat. Rev. Methods Prim.
1, 39 (2021).

12. Van Oijen, A. M. et al. Single-molecule kinetics of λ exonuclease reveal base
dependence and dynamic disorder. Science 301, 1235–1238 (2003).

13. Yildiz, A. et al. Myosin V walks hand-over-hand: single fluorophore imaging
with 1.5-nm localization. Science 300, 2061–2065 (2003).

14. English, B. P. et al. Ever-fluctuating single enzyme molecules: Michaelis-Menten
equation revisited. Nat. Chem. Biol. 2, 87–94 (2006).

15. Cisse, I. I. et al. Real-time dynamics of RNA polymerase II clustering in live
human cells. Science 341, 664–667 (2013).

16. Kosuri, P., Altheimer, B. D., Dai, M., Yin, P. & Zhuang, X. Rotation tracking of
genome-processing enzymes using DNA origami rotors. Nature 572, 136–140
(2019).

17. Thompson, R. E., Larson, D. R. & Webb, W. W. Precise nanometer localization
analysis for individual fluorescent probes. Biophys. J. 82, 2775–2783 (2002).

Masullo et al. Light: Science & Applications          (2022) 11:199 Page 8 of 9

https://doi.org/10.1038/s41377-022-00896-4


18. Mortensen, K. I., Churchman, L. S., Spudich, J. A. & Flyvbjerg, H. Optimized
localization analysis for single-molecule tracking and super-resolution micro-
scopy. Nat. Methods 7, 377–381 (2010).

19. Masullo, L. A., Lopez, L. F. & Stefani, F. D. A common framework for single-
molecule localization using sequential structured illumination. Biophys. Rep. 2,
100036 (2022).

20. Enderlein, J. Tracking of fluorescent molecules diffusing within membranes.
Appl. Phys. B 71, 773–777 (2000).

21. Levi, V., Ruan, Q., Kis-Petikova, K. & Gratton, E. Scanning FCS, a novel method
for three-dimensional particle tracking. Biochem. Soc. Trans. 31, 997–1000
(2003).

22. Davis, L. M. et al. Four-focus single-particle position determination in a con-
focal microscope. SPIE Proceedings 7571: Single Molecule Spectroscopy and
Imaging III, 757112 (2010).

23. Lessard, G. A., Goodwin, P. M. & Werner, J. H. Three-dimensional tracking of
individual quantum dots. Appl. Phys. Lett. 91, 224106 (2007).

24. Dupont, A. et al. Three-dimensional single-particle tracking in live cells: news
from the third dimension. N. J. Phys. 15, 075008 (2013).

25. Germann, J. A. & Davis, L. M. Three-dimensional tracking of a single fluorescent
nanoparticle using four-focus excitation in a confocal microscope. Opt. Express
22, 5641 (2014).

26. Balzarotti, F. et al. Nanometer resolution imaging and tracking of fluorescent
molecules with minimal photon fluxes. Science 355, 606–612 (2017).

27. Eilers, Y., Ta, H., Gwosch, K. C., Balzarotti, F. & Hell, S. W. MINFLUX monitors rapid
molecular jumps with superior spatiotemporal resolution. Proc. Natl Acad. Sci.
USA 115, 6117–6122 (2018).

28. Masullo, L. A. et al. Pulsed Interleaved MINFLUX. Nano Lett. 21, 840–846 (2021).
29. Pape, J. K. et al. Multicolor 3D MINFLUX nanoscopy of mitochondrial MICOS

proteins. Proc. Natl Acad. Sci. USA 117, 20607–20614 (2020).
30. Gwosch, K. C. et al. MINFLUX nanoscopy delivers 3D multicolor nanometer

resolution in cells. Nat. Methods 17, 217–224 (2020).
31. Gu, L. et al. Molecular resolution imaging by repetitive optical selective

exposure. Nat. Methods 16, 1114–1118 (2019).
32. Reymond, L. et al. SIMPLE: Structured illumination based point localization

estimator with enhanced precision. Optics Express 27, 24578–24590, https://
doi.org/10.1364/OE.27.024578 (2019).

33. Cnossen, J. et al. Localization microscopy at doubled precision with patterned
illumination. Nat. Methods 17, 59–63 (2020).

34. Jouchet, P. et al. Nanometric axial localization of single fluorescent molecules
with modulated excitation. Nature Photonics 15, 297–304, https://doi.org/
10.1038/s41566-020-00749-9 (2021).

35. Zhao, K., Xu, X., Ren, W., Jin, D. & Xi, P. Two-photon MINFLUX with doubled
localization precision. eLight 2, 5 (2022).

36. Masullo, L. A. & Stefani, F. D. Multiphoton single-molecule localization by
sequential excitation with light minima. Light Sci. Appl. 11, 70 (2022).

37. Thiele, J. C. et al. Confocal fluorescence-lifetime single-molecule localization
microscopy. ACS Nano 14, 14190–14200 (2020).

38. Schmidt, R. et al. MINFLUX nanometer-scale 3D imaging and microsecond-
range tracking on a common fluorescence microscope. Nat. Commun. 12,
1478 (2021).

39. Masullo, L. A., Szalai, A. M., Lopez, L. F. & Stefani, F. D. Fluorescence nanoscopy
at the sub-10 nm scale. Biophys. Rev. 13, 1101–1112 (2021).

40. Masullo, L. A. et al. Enhanced photon collection enables four dimensional
fluorescence nanoscopy of living systems. Nat. Commun. 9, 3281 (2018).

41. Castello, M. et al. A robust and versatile platform for image scanning
microscopy enabling super-resolution FLIM. Nat. Methods 16, 175–178
(2019).

42. Szalai, A. M. et al. Three-dimensional total-internal reflection fluorescence
nanoscopy with nanometric axial resolution by photometric localization of
single molecules. Nat. Commun. 12, 517 (2021).

43. Caprile, F., Masullo, L. A. & Stefani, F. D. PyFocus – a Python package for
vectorial calculations of focused optical fields under realistic conditions.
Application to toroidal foci. Comput. Phys. Commun. 275, 108315 (2022).

44. Ghosh, A. et al. Graphene-based metal-induced energy transfer for sub-
nanometre optical localization. Nat. Photonics 13, 860–865 (2019).

45. Ghosh, A., Chizhik, A. I., Karedla, N. & Enderlein, J. Graphene- and metal-
induced energy transfer for single-molecule imaging and live-cell nanoscopy
with (sub)-nanometer axial resolution. Nat. Protoc. 16, 3695–3715 (2021).

46. Kaminska, I. et al. Distance dependence of single-molecule energy transfer to
graphene measured with DNA origami nanopositioners. Nano Lett. 19,
4257–4262 (2019).

47. Kamińska, I. et al. Graphene energy transfer for single-molecule biophysics,
biosensing, and super-resolution microscopy. Adv. Mater. 33, 2101099
(2021).

48. Douglas, S. M. et al. Rapid prototyping of 3D DNA-origami shapes with
caDNAno. Nucleic Acids Res. 37, 5001–5006 (2009).

49. Roller, E.-M., Argyropoulos, C., Högele, A., Liedl, T. & Pilo-Pais, M.
Plasmon–exciton coupling using DNA templates. Nano Lett. 16, 5962–5966
(2016).

50. Bastús, N. G., Comenge, J. & Puntes, V. Kinetically controlled seeded growth
synthesis of citrate-stabilized gold nanoparticles of up to 200 nm: size focusing
versus Ostwald ripening. Langmuir 27, 11098–11105 (2011).

Masullo et al. Light: Science & Applications          (2022) 11:199 Page 9 of 9

https://doi.org/10.1364/OE.27.024578
https://doi.org/10.1364/OE.27.024578
https://doi.org/10.1038/s41566-020-00749-9
https://doi.org/10.1038/s41566-020-00749-9

	An alternative to MINFLUX that enables nanometer resolution in a confocal microscope
	Introduction
	Results
	Principle of RASTMIN and theoretical localization precision
	Experimental implementation and localization precision
	Fluorescence nanoscopy

	Discussion
	Materials and methods
	Optical setup
	DNA origami design
	DNA origami folding
	DNA origami sample preparation
	Fluorescent beads sample preparation
	Experimental determination of RASTMIN localization precision
	Fluorescence nanoscopy data analysis

	Acknowledgements




