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MINFLUX nanometer-scale 3D imaging and
microsecond-range tracking on a common
ﬂuorescence microscope
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The recently introduced minimal photon ﬂuxes (MINFLUX) concept pushed the resolution of
ﬂuorescence microscopy to molecular dimensions. Initial demonstrations relied on custom
made, specialized microscopes, raising the question of the method’s general availability.
Here, we show that MINFLUX implemented with a standard microscope stand can attain 1–3
nm resolution in three dimensions, rendering ﬂuorescence microscopy with molecule-scale
resolution widely applicable. Advances, such as synchronized electro-optical and galvanometric beam steering and a stabilization that locks the sample position to sub-nanometer
precision with respect to the stand, ensure nanometer-precise and accurate real-time localization of individually activated ﬂuorophores. In our MINFLUX imaging of cell- and neurobiological samples, ~800 detected photons sufﬁce to attain a localization precision of 2.2 nm,
whereas ~2500 photons yield precisions <1 nm (standard deviation). We further demonstrate
3D imaging with localization precision of ~2.4 nm in the focal plane and ~1.9 nm along the
optic axis. Localizing with a precision of <20 nm within ~100 µs, we establish this spatiotemporal resolution in single ﬂuorophore tracking and apply it to the diffusion of single
labeled lipids in lipid-bilayer model membranes.
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luorescence microscopy recently experienced a second
resolution boost due to the synergistic combination of the
speciﬁc strengths of the coordinate-targeted super-resolution1 family represented by STED2–4 and RESOLFT5–7 and its
coordinate-stochastic counterpart comprising PALM/STORM8–10
and PAINT11. The resultant concept called MINimal photon
FLUXes (MINFLUX)12–14 closed the prevalent resolution gap
from ~20 to 30 nm in STED, PALM/STORM and other ﬂuorescence nanoscopies15–17 to the 1–5 nm size scale of the molecules
themselves.
MINFLUX nanoscopy separates the ﬂuorophores in the sample
by activating and deactivating them individually per diffraction
region, whereas the identiﬁcation of the ﬂuorophore coordinate is
based on the important rationale of “injecting” a reference
coordinate in the sample using a structured optical beam, such as
a donut with a central intensity minimum (zero). The position of
the zero in the sample deﬁnes the targeted sample coordinate.
Note that the MINFLUX concept12,18,19 equally applies to entire
sets of reference coordinates (line- and point-like zeros) and
parallelized (camera) detection in the wideﬁeld. Coordinate targeting enables a well-controlled and therefore photon-efﬁcient
localization of ﬂuorescent molecules, because the ﬂuorophore
coordinate to be determined is no longer “passively” found by
establishing the center of a feebleﬂuorescence diffraction spot
emerging on a pixelated detector such as a camera. Instead, the
ﬂuorophore is localized by actively targeting the zero of the
excitation donut to the ﬂuorophore. Concretely, the excitation
intensity zero is brought as closely as possible to the molecule in
well thought-out iterations, until the detected ﬂuorescence rate
approximately matches that of the background noise. In this
closest proximity, only a minimal number of ﬂuorescence photons are needed to gain maximal localization precision, because
establishing the remaining distance between the coordinate targeted by the donut zero and the molecular position requires much
fewer detected photons. Thus, “injecting” or targeting a reference
coordinate in the sample shifts the burden of requiring many
ﬂuorescence photons for localization to the inexhaustible number
of photons in the donut-shaped excitation beam. (Compare the
original gedankenexperiment of the demon to illustrate the
MINFLUX concept12).
Since MINFLUX localization is no longer limited by waiting
for large numbers of ﬂuorescence photons, this nanometerprecise localization is substantially faster13 than the “passive”
camera-based localization used in PALM/STORM. Note that the
idea of optically injecting a coordinate using a donut zero is
present in the original STED concept. For STED microscopy it is
evident that, in the absence of background, a single detected
photon sufﬁces to prove the presence of a ﬂuorophore right at the
coordinate targeted by the donut zero. There as well, the emitting
ﬂuorophore is perfectly localized by the photons injected by the
STED beam20.
It has been shown12 that the minimum localization precision
achievable with an unbiased estimator, i.e. the Cramér-Rao lower
bound (CRLB) for localization of a ﬂuorophore located within the
region of diameter L outlined by the targeted coordinate pattern
, with N denoting the sum of photons
(TCP), is given by σ ≥ γpLﬃﬃﬃ
N
detected with the zero placed at the coordinates of the TCP; γ is a
constant that depends on the TCP’s geometry. While the dependence on the TCP diameter L is linear, the dependence on the
number of detected photons N merely follows the well-known
inverse square root relation. Therefore, bringing the excitation donut
zero closer to the ﬂuorophore position, i.e., a controlled reduction of
the TCP diameter L, increases the localization precision more
effectively than waiting for larger numbers N of detected photons.
This fundamental fact is at the heart of the MINFLUX iteration,
2

which plays out the central idea of bringing the donut zero virtually
to spatial coincidence with the probed ﬂuorophore, a procedure only
limited by background noise. For the general case of a TCP comprising a set of outer triangular plus central probing points14, a
successive zooming-in on the molecule with stepwise-reduced Lk
(with Lk chosen to be three times σ k1 , i.e., the uncertainty in the
previous iteration) is a workable strategy for reﬁning the position
estimate. After k iterations, and therefore for Nt ¼ k ´ N of detected
photons in the case of N photon counts per iteration, the CRLB
k1
k
Lk
k1
ﬃﬃﬃ ¼ 3 ´pσﬃﬃﬃ
¼ 3 ´pLﬃﬃﬃk12 ¼    ¼ 3pﬃﬃﬃ k L1 / k2 L1k 
becomes14: σ k ≥ γp
N
γ N
ðγ N Þ
ðγ N Þ
Nt2
Already four steps (k = 4), as demonstrated, yield σ 4 / 1=Nt2 , i.e.,
an inverse quadratic as opposed to an inverse square root dependence on the number of detected photons. More iterations readily
yield an even higher order reﬂecting an exponential relationship.
Crucially as well, the N collected in each iteration need not be
identical. Rather, the photon numbers may be individually adjusted
for their most efﬁcient expenditure in the iterative procedure.
As the three-dimensional (3D) localization precision attains
standard deviations of 1–3 nm, new challenges arise, in particular
with respect to vibrational isolation and adaptability to new
imaging situations. As a matter of fact, it has not been clear
whether these challenges can be met in regular microscopy settings and MINFLUX nanoscopy turned into a super-resolution
method that is broadly applicable. We here describe a solution
that maintains normal ﬂuorescence microscopy operations
while concomitantly enabling molecule-scale 3D resolution. Our
results—with demonstrated resolution on par with that from the
most recent report of cellular MINFLUX nanoscopy14—clearly
show that MINFLUX nanoscopy and single-molecule tracking is
transferrable to widely usable microscopy platforms, thus opening
up windows of investigation in the life sciences. Moreover, our
lipid molecule tracking data sets a spatiotemporal benchmark in
single-molecule tracking.
Results
Active-feedback position stabilization enables routine MINFLUX nanometric resolution on a standard microscope stand.
We reasoned that realizing MINFLUX on top of a typical inverted
microscope platform (Fig. 1a) facilitates the combination of
practicability with ultimate resolution. Microscopy workﬂows
usually entail prior steps before a nanometer resolution image is
recorded, in particular the selection of regions of interest (ROIs).
The option to switch between lenses of different magniﬁcations
and complementary imaging methods, such as camera- or
eyepiece-based epiﬂuorescence, transmission, or DIC contrast, is
invaluable and enables the investigation of complex biological
samples. Therefore, we expended considerable effort to ﬁnding an
approach for a robust stage stabilization in a closed feedback loop,
so as to allow both ﬂexible previews of large ROIs and precise
measurements in desired regions applying the MINFLUX
scheme.
To this end, we developed a beam scanning scheme with
galvanometer and electro-optical (EO) beam deﬂectors operating
in concert. Two pairs of galvanometer scanners implemented in a
custom QUAD-Scanner design21 achieve a state-of-the-art xyscan range, e.g. 80 × 80 µm with a ×100 objective lens or 200 ×
200 µm with a ×40 objective lens, that allows to conveniently
identify ROIs. In the hierarchically designed scan unit (Fig. 1a)
the galvanometer, which is attached to the camera port of the
microscope stand, serves as the coarser basis for additional ﬁner
and much faster electro-optic x- and y-displacements22. The EO
x- and y-scanners are implemented serially in the laser line
followed by a spatial light modulator (SLM), which introduces a
helical phase shift onto the laser beam, shaping it to a donut in
the focal plane. Jointly, both the galvanometer and the EO units
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are used to position the excitation beams in the microscope,
either as a normally focused beam for confocal scanning, or as a
donut with a central zero-point intensity for the MINFLUX
protocol. To enable 3D MINFLUX localization, we employ a
deformable mirror (DM). Appropriate alteration of the DM

curvature, i.e. adding defocus phase terms, shifts the focal zerointensity point along the z-axis. For 2D experiments, the DM is
set to a neutral (ﬂat-ﬁeld) conﬁguration. Fluorophore activation is
accomplished within a ~400 nm diameter region in the sample
using a regularly focused 405-nm beam co-aligned to the
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Fig. 1 MINFLUX ﬂuorescence nanoscope with optical-feedback stabilization on an all-purpose microscope stand: sub-nanometer stability. a Optical
arrangement. An excitation beam (shown in green) is electro-optically deﬂected in x,y, spatially phase-modulated for conversion into a donut-shape,
overlapped with an activation beam (purple) and, after passing a deformable mirror and a galvanometer scanner in a 3D scanning assembly, focused into
the sample on top of an all-purpose inverted microscope stand. Fluorescence from the sample (red) is descanned by the scanning assembly and passed to
a variable confocal pinhole for detection using two avalanche photodiodes (APD). A stabilization unit based on both near-infrared scattering from ﬁducial
markers and active-feedback correction provides sub-nanometer stability. b Layout of the stabilization unit including an example wideﬁeld image of the
scattered reﬂection signal of gold nanorods in the sample. c Sample displacements Δx,y,z from the target position as measured by the active stabilization
over 2.2 h, and their running standard deviations σx,y,z over a 1-min window. While varying vibrational interference from the surroundings is reﬂected in the
stabilization performance, σx,y,z typically stay well below 1 nm. d Histograms of the displacements and their standard deviations over the full 2.2 h interval
shown in (c). Source data are provided as a Source Data ﬁle. Scale bar: 2 µm (b).

excitation beam; it is provided to the microscope without passing
the EO devices.
The active sample stabilization (Fig. 1b, c and Supplementary
Fig. S1) utilizes back-scattered light from reﬂective ﬁducials (e.g.,
gold (Au) nanorods) that are immobilized along with the
biological sample (Fig. 1b). Concretely, light from a 980 nm laser
source is transferred to the sample as wideﬁeld illumination by
focusing the polarization component reﬂected off a polarizing
beam splitter cube (PBS) through a quarter-wave plate retarder
(λ/4) into the back focal plane (BFP) of the objective lens. Light
reﬂected from the sample and entering the detection arm of the
stabilization is consequently orthogonally polarized with respect
to the incident light and thus transmitted by the PBS. To boost
the relative strength of high spatial frequencies in the CCD
camera image that is monitoring the sample position, we installed
a spatial ﬁlter that blocks the light near the optic axis in a Fourierconjugated plane with respect to the CCD camera sensor. As an
added beneﬁt, this conﬁguration also blocks light that is back
reﬂected from the objective lens. In a closed control loop,
positional changes of the sample are constantly measured at a rate
exceeding 40 Hz. We cross-correlate the live camera image with a
prerecorded reference (z-) stack of images from above and below
the axial setpoint and calculate the current xy- and z-position as
the interpolated point of maximum similarity between the shifted
image and the reference stack. Any deviation from the setpoint is
immediately counteracted by a piezo-driven (xyz-) sample stage.
Image correlation analysis using the combined signal of
multiple ﬁducials bears two major advantages over the tracking
of a single particle. First, a higher number of detected photons per
frame allows for a faster and/or more precise stabilization.
Second, routine operation is facilitated as it requires only minimal
effort to ﬁnd a suitable imaging region, where a few gold particles
fall within the 25 × 25 µm ﬁeld of view of the camera. Figure 1c, d
shows actual displacement data recorded during a >2-h long
stability monitoring measurement. For an imaging experiment
under normal laboratory environment conditions, the achieved
stability is remarkable, routinely exhibiting standard deviations
substantially below 1 nm over minutes and indeed up to hours if
agitation of the microscope by external sources such as rapid
walking or door closing are kept at a reasonable level. At these
timescales, other sources of image drift that are not covered by
the sample stabilization, such as overall beam line stability, may
affect the measured data depending on the environmental
conditions under which the microscope is operated. For the
presented data, however, neither measures for tight control of
temperature nor airﬂow had to be exerted apart from moderately
sealing the microscope itself.
Prelocalization steps for an enhanced ﬁeld of view. In practice,
the initial MINFLUX localization range L is about the wavelength
of the excitation light. To scan extended samples in a micrometersized ROI, our microscope spans the ROI with a hexagonal grid of
scanning positions, with a mutual distance of between 10 and 50%
4

of the excitation wavelength used. These positions are repeatedly
probed during a measurement and serve as starting points for the
activation, search, and localization (Fig. 2a) of ﬂuorescent
markers.
Following up to two lower precision prelocalization steps in
which the galvanometric and EO scanners act in concert with an
effective TCP diameter Lp = 300 nm and Np = 40 photons
(Fig. 2b), the iterative procedure (sequence) proceeds with
subsequent iterations k which quickly zoom in on the emitter
(Fig. 2c, d).
Localization with a hexagonal-targeted coordinate pattern for
iterative MINFLUX. For each localization, we targeted the
excitation donut zero to the TCP, probing at the TCP multiple
times during each iteration until the actual number of collected
photons surpassed the preset limit Nk. The diameter L of the
circle encompassing the TCP is a measure of how well the
zooming-in on the ﬂuorophore position has progressed. In each
iteration, we calculated the anticipated ﬂuorophore position. In
the subsequent iteration, the TCP was centered on the new
position and the diameter L decreased according to the updated
precision estimate, thus bringing the donut zero successively
closer to the ﬂuorophore. To compensate for the associated
reduction in excitation intensity and to maintain the ﬂuorescence
ﬂux, we increased the excitation power in each step accordingly. A
ﬁeld-programmable gate array board performed the iterative localization after identifying single active ﬂuorophores through emission
trace segmentation. Nonspeciﬁc ﬂuorescence and other background
contributions necessitate a compensatory procedure to render reliable, unbiased localization estimates without systematic errors12,14.
We implemented such a background compensation, performing it
in real-time instead of by data post-processing12,14.
In our experiments, we selected a TCP consisting of a hexagon
with an optional central seventh position (hexagon plus center)
because the resulting increase in angular uniformity of the
estimator bias over the reported triangular TCP (Supplementary
Fig. S2) allowed us to implement unbiasing as a simpliﬁed, onedimensional (radial) problem that is well suited for real-time
computation. The hexagonal TCP was applied in all iterations
except those where we aimed for highest localization rates and
avoided the additional overhead (Fig. 2d). Additional checks on
the localizations comparing emission frequencies measured with
the focal excitation intensity distribution being centered on the
circumference of TCP circle and at its origin (center frequency
ratio, CFR, see “Methods”) may serve as an additional test on
whether a single ﬂuorophore or a conglomerate is actively
emitting in the ﬁeld of view. In our experiments, a precision of
~2 nm is uniformly afforded within a ﬁnal TCP of Lf = 40 nm
diameter using only 350 photons (Fig. 2d). In total, a mere ~800
photons have typically been expended up to this point, and
subsequently emitted photons may be used to reﬁne the position
estimate. Precisions of 1 nm and below are quickly reached for
1800–2500 photons collected in total.
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Fig. 2 Targeted coordinate patterns (TCP) in sequential iterations for imaging and fast single-molecule tracking. a The TCP deﬁnes a set of relative
coordinates that are used to probe the position of the ﬂuorescent molecule (star) in the sample. In a typical 2D MINFLUX iteration, the central zero of the
donut-shaped excitation beam is targeted to these coordinates that are arranged in a hexagon with diameter L plus an optional midpoint (all in green).
After each iteration, the TCP is re-centered based on the prior estimate of the molecular position. A MINFLUX sequence deﬁnes the parameters of these
consecutive localization iterations, starting with a pre-scan, followed by intermediate and ﬁnal iterations which are processed during individual localization
events. Scale bar: 150 nm. b–d Typical parameters and estimator performances for imaging and tracking applications. While imaging sequences tend to
spend more photons on later iterations to maximize precision, tracking sequences are optimized for speed and thus spend only minimal photons on the
ﬁnal iteration, which tracks the molecule (d). Simulated molecules at positions (crosses) within the FOV and the distributions (red) of their respective
estimate represented by their mean (dot) and conﬁdence intervals (ellipsoids). Note the nonvanishing residual bias at the outmost grid locations which
marks the edge of the usable ﬁeld of view. In the tracking parts of (c, d), every second conﬁdence interval is shown for clarity of display. Source data are
provided as a Source Data ﬁle. Scale bars: 100 nm (b), 50 nm (c, d).

MINFLUX ﬂuorescence imaging in cells at down to 1 nm
resolution. For imaging with Alexa Fluor 64710, we transiently
switched on a single ﬂuorophore within the ~400 nm diameter
activation region, localized it by iterative MINFLUX, and ﬁnally
let it return to a long-lasting off-state. The same procedure was
applied to the next ﬂuorophore until sufﬁcient or representative
numbers of ﬂuorophores in the structure were registered.

To illustrate the performance of the instrument and benchmark against recent initial results14, we imaged Nup96, a nuclear
pore complex (NPC) protein, labeled with the organic ﬂuorophore Alexa Fluor 647 using SNAP-tag in ﬁxed mammalian cells
(Fig. 3a–e). Images of several square micrometers in size were
acquired using MINFLUX sequences with TCP diameters
and photon limits ranging from Lp = 300 nm to Lf = 40 nm and
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Np = 40 to Nf = 350 (Fig. 2b–d). The example shown in Fig. 3e
was acquired within ~10 min. The overall effective ﬂuorescence
detection rate of typically ~30 kHz allowed a complete localization within ~30 ms. To compensate for the reduction in excitation
intensity with increasing match between the central donut zero
and the ﬂuorophore, and to keep up the ﬂuorescence rate, we
increased the intensity with each TCP iteration. Concretely, our
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continuous-wave donut-shaped excitation beam carried between
6 and 31 µW of average power at the sample.
Note that the associated focal intensities are approximately
three times lower than in a confocal setting applying similar
average power, because the focal cross-section of a donut is
approximately three times larger than that of a regularly focused
(Gaussian) beam.
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Fig. 3 MINFLUX ﬂuorescence imaging of labeled cellular ultrastructure down to 1 nm (standard deviation) in ﬂuorophore precision. a Nup96 localizes
in two eightfold-symmetric rings within the nuclear pore complex. b Histogram of the standard deviation from sets of sequential localizations based on
2100 photons each taken from the uninterrupted photon emission traces at the ﬁnal MINFLUX iteration step (Nup96 data shown in (d)). Molecules
providing ≥ 4 localizations per trace were considered. c Histogram of the distance of a localization to the mean position of a single ﬂuorophore (data as in
(b)). The ellipses are displayed with semi-axes of σ, 2σ, and 3σ in length, with σ the precision obtained from a combined analysis of the statistical
localization spread (standard deviation) in x and y. d MINFLUX nanoscopy reconstruction of Nup96-SNAP labeled with Alexa Fluor 647 from raw
localization data and e with single-molecule ﬂuorescence events combined into aggregates of ~2100 photons. f BetaII spectrin in the axon of a hippocampal
neuron from rat. g PMP70 in peroxisomes in a Vero cell. A confocal scan of adjacently found peroxisomes is included for comparison. Please note that the
images shown in (e, f) were derived from samples created by indirect immunoﬂuorescence. Explanatory drawings adapted from ref. 34 (a) and ref. 15 (f).
Source data are provided as a Source Data ﬁle. Scale bars: 50 nm (a), 2 nm (c), 250 nm (d), 100 nm (e), 200 nm (f, g).

To prompt a single active ﬂuorophore per activation area,
10–700 nW of 405-nm light was applied until a ﬂuorescent
molecule appeared. To avoid simultaneous activation of several
ﬂuorophores, we interrupted the activation laser upon ﬁrst
detection of a ﬂuorescence signal above the background level.
From here, it took the microscope 28 ms on average to provide
the ﬁrst valid ﬁnal localization of a newly activated ﬂuorophore.
Altogether, the acquisition of the NPCs in Fig. 3d (e) required
about 40 (10) min, resulting in about 19,400 (410) ﬁnal
localizations. Our experiments demonstrated that our MINFLUX
system, which is based on a standard inverted microscope stand,
resolved the symmetry of Nup96 in single NPCs (Fig. 3e),
distributed along a ring of ~110 nm in diameter, in line with
previous initial results14. The localizations typically formed eight
clusters of roughly two to four localization subclusters, displayed
as the sum of Gaussian distributions, one for each localization,
revealing individual Nup96 proteins through their individual
ﬂuorescent markers4.
MINFLUX imaging of the well-characterized Nup96-SNAP cell
line23 also allows drawing quantitative conclusions on the
localization precision achieved. To this end, we calculated the
standard deviation σ in the x and y directions of the estimated
emitter positions from localization traces with four and more
localizations per ﬂuorophore. Each localization was obtained
from an independent, aggregated segment of ~2100 photons from
consecutive ﬁnal (Lf = 40 nm) iteration steps (see “Methods”).
The resulting distribution of σ featured a median of 0.9 nm
(histogram in Fig. 3b). For a 2D assessment of the underlying
precision, the mean established position of an emission train was
subtracted from all individually obtained localizations. A single
plot that compiles these differences for many localizations
(Fig. 3c) highlights the precision attained and exhibits σ ~ 1 nm,
in agreement with Fig. 3b. An analysis of the scaling of σ with
photon number N in the ﬁnal MINFLUX iterations is provided in
Supplementary Fig. S3, revealing the known inverse square root
relation. Supplementary Fig. S4 further explores this precision
scaling and the nanoscope’s present technical precision limit of
~0.2–0.3 nm for N = 105 photons at L = 40 nm (Supplementary
Note 1).
Notably, although it is advantageous to use samples for
MINFLUX which feature a short distance between ﬂuorophore
and structure of interest, we were able to acquire images with ~3nm (standard deviation) localization precision (Supplementary
Fig. S3), and consequently resolution of individually active
ﬂuorophores using classical indirect immunoﬂuorescence labeling. We applied MINFLUX to immunolabeled spectrin residing
in the highly periodic actin–spectrin protein lattice of a rat axon
(Fig. 3f) and we visualized the protein PMP70 on the surface of
peroxisomes (Fig. 3g) in Vero cells.
Tracking biomolecules with microsecond-range time resolution with small ﬂuorescent probes. We further illustrate the

capabilities of MINFLUX for fast localization by tracking ﬂuorescent lipid analogs in a defect-free supported lipid bilayer prepared on a coverglass, serving as a model membrane for lateral
diffusion4,24. Lipids exhibit a high 2D diffusivity, and characterizing details of their diffusion in various biophysical contexts,
including the plasma membrane of living cells24–29, is an
important pursuit. We demonstrate that the diffusion of a 1,2Dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) lipid
labeled with the lipophilic dye ATTO 647N can be followed over
extended spatial regions at time steps well below those accessible
by popular camera tracking (Fig. 4). Operating at ﬂuorescence
count rates of 200 kHz (Fig. 4a) and ~30 photons per localization
on average (Fig. 4b), MINFLUX tracking measured this diffusion
at effective time steps down to Δt ≈ 80.5 µs (Fig. 4c, g). Assessments of the lateral displacements Δx and Δy of consecutive
localizations provide a conservative upper bound on the precision
of individual localizations, which is <20 nm for localization frequencies up to 8.5 kHz (Δtmean ≈ 117 µs) effective position sampling (Fig. 4d, h).
The long trajectories (Supplementary Fig. S6) illustrate the
capability to follow the diffusing lipid and reveal its intricate
movement in high detail (Fig. 4e), making statistical evaluations
more robust due to ﬁner sampling. A slightly modiﬁed
MINFLUX protocol in which the ﬁnal-step TCP consists of
three points rather than a hexagonal pattern additionally reduced
the time required per localization (Fig. 2d). The result is a singleﬂuorophore tracking procedure that almost breaks the 100-µs
mark of time resolution in the observation of single-ﬂuorophore
motion (Fig. 4f).
Due to the limited ﬂuorescence rate afforded by small organic
ﬂuorophores, the high diffusivity exhibited by diffusing lipids was
previously only just about within reach for a specialized
confocalized tracking experiment that operated at the photon
detection limit, albeit only over substantially smaller spatial
domains24. Camera-based tracking remains substantially slower,
averaging over at least a millisecond.
A spatiotemporal tracking method based on sequential position
determination inevitably coarse grains the measured mobility of
the moving molecule. This blurring effect arises from temporal
averaging of position during the time interval elapsing while a
localization is obtained. Signatures of hindered diffusion on small
length scales, such as hop diffusion within nanoscale compartments or hierarchical interactions among lipids, proteins and
cholesterol (CHOL), or any other transient effects, require very
high temporal sampling for their visualization. This is why most
studies of lipid diffusion have so far relied on labeling the lipids
with strongly scattering but bulky gold particles of several tens of
nanometers in size27. While the chemical nature of the
ﬂuorophore tag in the ﬂuorescent lipid analog and potential
effects of its interactions with other molecules remain highly
relevant, an organic label that is at least ten times more compact
than the gold particle is clearly more adequate. Besides, organic
ﬂuorophores seamlessly integrate into the membrane as a
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provided as a Source Data ﬁle. Scale bars: 200 nm (e, f).

replacement of the lipid acyl chain. Owing to its strongly relaxed
requirements on collected photon numbers required for
nanometer-range localization, ﬂuorophore tracking by MINFLUX should greatly propel the understanding of the diffusion of
lipids and proteins in the cell membrane.
3D MINFLUX ﬂuorescence imaging in cells. Finally, we
extended our MINFLUX imaging scheme to three spatial
dimensions, following a similar approach as described in ref. 14.
We programmed the SLM to shape the excitation focal intensity
distribution into a 3D donut (also known as “bottle beam”), with
8

a singular point of nearly zero intensity at its center, and modiﬁed
the acquisition logic to scan TCPs that were constructed from the
vertices of an upright octahedron (two opposing vertices each per
x-, y-, and z-axis) and its center (Fig. 5a). To rapidly (~1 kHz)
target out-of-plane (z ≠ 0) coordinates, we applied a variable
amount of defocus to the DM in the common beam path of the
microscope (Fig. 1). The obtained 3D images of SNAP-labeled
Nup96 and Clathrin samples (Fig. 5e–g and Supplementary
Movie S1) illustrate the 3D imaging performance of our setup.
Based on the data obtained from aggregation of ~1200 photons
from ﬁnal iterations (Lf = 40 nm, Nf = 150), cluster analyses of
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these data sets as in the previous 2D experiment suggest a 3D
localization precision of ~2.4 nm in the focal plane and ~1.9 nm
along the optic axis (Fig. 5 and Supplementary Fig. S5).
As emphasized in this context before14, advanced data
interpretation efforts will need to consider that ﬂuorescence
microscopes map (nothing but) the ﬂuorophores as the observed
molecules; they cannot map the targeted biomolecules by
deﬁnition. In the case of MINFLUX nanoscopy, the ﬂuorophore
distribution is imaged with nanometer (3D) precision. Depending on the labeling strategy employed, displacements of the
ﬂuorophores from the actual target proteins can be substantial,
in fact >10 nm in the case of indirect immunoﬂuorescence
labeling. Therefore, at this resolution, an image showing the
ﬂuorophore distribution cannot be readily equated with an
image showing the respective distribution of the target
biomolecule. The resolution obtained on the biomolecules

inevitably depends on the ﬁdelity and completeness30 of the
biomolecular labeling.
Another factor to be observed is that ﬂuorophores closer than
10 nm, i.e. within the FRET range, may increasingly show
collective behavior. In particular, if their independent on/off
switching is compromised, so is the ability of this concept to
separate individual ﬂuorophores. Further research of the
ﬂuorophore behavior at these distances is required. In any case,
with the ﬂuorophore resolution having reached fundamental
limits, the restrictions set by labeling and the ﬂuorophores
themselves become increasingly relevant when drawing conclusions on the biomolecules at sub-10-nm length scales.
In the coming years, we expect a number of studies based on
the application of MINFLUX to least-invasive small-molecule
ﬂuorescent tags. Our expectation is also based on the fact that,
within <5 min after placing the sample on the microscope stage,
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our MINFLUX setup localized individual ﬂuorophores with a
standard deviation of ~1 nm, and ~2 nm in 3D. Thus true single
digit nanometer far-ﬁeld ﬂuorescence imaging resolution and
localization precision has become practicable. This and related
instruments may therefore serve as a powerful and truly
nanoscale imaging platform that is readily amenable to a wide
range of applications in the life sciences.
Methods
Image rendering. Localization images are commonly rendered as a convolution of
a point map of localizations with a Gaussian function. If the dynamic range
becomes high, these images are often difﬁcult to interpret as blooming from
densely populated regions introduced by the tail of the Gaussian function obscures
sparse events in the neighborhood. We therefore replaced the Gaussian with a twodimensional top-hat-function of unity volume that, due to its limited support, does
not induce blooming artifacts, and rendered MINFLUX raw data (Figs. 3d and 5e)
and data from immunolabeled samples (Fig. 3f, g) accordingly. 3D localizations
(Fig. 5) were rendered likewise as plain circles with diameter 3 nm and opacity 0.4
in Paraview31. The 2D data from the SNAP-labeled sample in Fig. 3e were rendered
as described14, following the above-mentioned Gaussian approach using a sigma of
2 nm and a color map with a nonlinear brightness progression.

Experimental setup
Fluorescence microscope. The optical setup (Fig. 1a, Supplementary Figs. S1, S4, S7,
and Supplementary Notes 1 and 2) is based on a common ﬂuorescence microscope
(IX83, Olympus) that provides routinely needed features such as compatibility with
standard stages (U-780.DOS, Physik Instrumente), sample holders (P-545.SH4,
Physik Instrumente), brightﬁeld and epiﬂuorescence illumination (CoolLED pE4000, CoolLED) with ﬁlter sets and eyepieces for quickly checking large ROIs in the
sample. A 642 nm cw laser (2RU-VFL-P-1000-642-B1R, MPB Communications
Inc.) was installed and focused in the focal plane of the ×100 magniﬁcation NA 1.4
oil objective lens (UPLSAPO100XO/1.4, Olympus). Two EODs (311A-AD*P/2,
Conoptics) were installed in series with crossed (90°) deﬂection planes to enable
fast lateral beam steering for MINFLUX measurements. A λ/2-plate placed in
between the EODs rotates the laser beam polarization accordingly. A SLM (LCOS
SLM X13268-13-01, Hamamatsu Photonics) controls the focal intensity distribution of the excitation light, which is subsequently superimposed with the detection
beam path using a custom-made interference ﬁlter. A mirror-based beam scanning
assembly consisting of a DM (Multi-C-1.5, Boston Micromachines Corp.) and a
galvanometer scanner (QUAD Scanner) at the camera port of the microscope body
steers the light to the sample, addressing a ﬁeld of view up to 80 × 80 µm (for a
×100 objective). Supplementary Fig. S7 and Supplementary Note 2 detail the
calibration of the EODs with respect to the galvanometer scanner. For activation of
single ﬂuorophores, we used a 405 nm wavelength laser (Cobolt MLD 405 nm 50
mW, HÜBNER Photonics) whose intensity was attenuated into the nW region by a
neutral-density ﬁlter. After passing through a polarization-maintaining ﬁber, the
activation laser was superimposed with the detection and the excitation beam path
using a long-pass ﬁlter (ZET405NF, Chroma Technology). Fluorescence light
emitted by the sample was collected by the objective lens, descanned by the
scanning assembly, transmitted through the aforementioned ﬁlters, and passed to a
confocal detection unit where ﬂuorescence photons were counted by two avalanche
photodiodes (SPCM-AQRH-13, Excelitas Technologies) detecting different spectral
ranges. Data were collected using Abberior Instruments Imspector software (version 16) with MINFLUX drivers.
Stabilization unit. The stabilization beam path was largely distinct from the imaging arrangement (Fig. 1b and Supplementary Fig. S1). Light from a linearly
polarized 980 nm cw laser (LP980-SF15, Thorlabs Inc.) was reﬂected by a polarizing beam splitter that separated the excitation from the detection path of the
stabilization unit. Following a λ/4-plate for circular polarization, the laser beam was
lifted by a periscope and passed a beam combiner that facilitated epiﬂuorescence
illumination. The beam entered the microscope stand (IX83 Two-deck System,
Olympus) via the back port of the upper microscope deck where it was superimposed with the excitation beam path by reﬂecting of a short-pass ﬁlter (ZT1064
RDC-SP, Chroma Technology). The 980 nm laser was focused into the back
aperture of the objective lens to illuminate the focal plane homogeneously. The
light reﬂected by the sample (e.g., by the Au nanorods) took the same path back,
reentering the stabilization unit. After passing the λ/4-plate for polarization
transformation, the reﬂected light was transmitted by the PBS, ﬁltered by an
amplitude ﬁlter in a plane conjugated to the objective BFP, and focused onto a
camera (DMK 33UX178, The Imaging Source) where it formed a wideﬁeld
reﬂection image of the sample. To increase the signal-to-noise ratio, we suppressed
light of wavelengths < 980 nm by placing a long-pass ﬁlter (808 LP Edge Basic,
Semrock Inc.) in front of the camera. The sample was mounted on a three-axis
piezo stage (P-545.3D8H, Physik Instrumente) that facilitated live sample realignment with respect to the objective lens.
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Acquisition of localization traces and event ﬁltering. Starting from the coordinates
of the last successful localization or from a node of the search grid, the localization
of a single emitter proceeds through a sequence of MINFLUX iteration steps. The
position estimate obtained from a successful prior iteration is registered as the
emitter coordinate, and a new localization round is initiated at this position. This
new round involves the (re)centering of the EOD deﬂection ﬁeld on this coordinate
by the galvanometer scanner. As the emitter position is known at this point, the
starting iteration is usually set to a late iteration step to conserve photons for
subsequent localizations. A trace of localizations acquired in this manner stops as
soon as one of two abort conditions comes into effect: (1) the emitter enters a dark
state and does not reemit until a dark time of 3 ms is exceeded; (2) an iteration has
been conﬁgured to include a probe position po at the TCP origin and a CFR test
(related to the central donut ratio12), which then failed. For probe positions pj with
individual dwell times tj, the CFR:
P
 
p0 ´ m
j¼1 tj
Pm
CFR pj :¼
t0 ´ j¼1 pj

ð1Þ

should stay <1 for a single emitter. If the CFR exceeds a set limit repeatedly (i.e.,
not due to transient background), the localization process abandons the last known
emitter position.
A valid measure of the localization precision of a single immobile emitter is the
spread of the estimated coordinates derived from its emission trace14. Likewise,
individual trace entries can be aggregated into localizations with a higher number
of contributing photons and thereby increased precision. We aggregated up to 6
(Fig. 3b, c, e and Supplementary Fig. S1) or 12 (Fig. 5) consecutive trace entries into
ﬁnal localizations, while allowing the last aggregate of a trace to comprise a lower
number of entries. For moving emitters, a localization trace corresponds to a
particle track. Tracking and imaging operation is therefore very similar, using
sequences that are optimized for either speed or precision. While we did not
further explore this option, this scheme lends itself to a combined imaging/tracking
experiment during the same measurement.
By tuning the power of the activation light that is applied to the sample, the
condition of one emitter in a bright state within the TCP can usually be satisﬁed
with regard to separated emitters. However, ﬂuorophores in closer proximity to
each other (<about 6 nm) tend to interact and switch on together, which increases
the probability of localizing their (emission weighted) mean instead of their
individual positions. Transient background also has the potential to shift apparent
emitter coordinates away from their true position in the sample. In practice, these
effects contribute to a hazy background of localizations that can be reduced by
subjecting the localization data to a cut with respect to the detected ﬂuorescence
rate and CFR. We applied upper limits for the effective ﬂuorescence rate and CFR
that has been detected during the ﬁnal iteration of 50 kHz and no limit, or 200 kHz
and 0.5, respectively, to the 2D data from Nup96-SNAP (Fig. 3d) and
immunolabeled (Fig. 3f, g) samples.
Sample preparation
Cell culture and immunolabeling. Mammalian cells were cultured in DMEM
(Gibco) + GlutaMAX (Thermo Fisher Scientiﬁc) supplemented with 10% FBS (FBS
Superior; Sigma-Aldrich), 1 mM sodium pyruvate (Thermo Fisher Scientiﬁc), and
Penicillin-Streptomycin (100 µl/ml and 0.1 mg/ml; Sigma-Aldrich) at 37 °C and 5%
CO2. Peroxisomes in Vero cells were labeled as described4. In brief, cells were ﬁxed
in 8% paraformaldehyde (PFA) in phosphate-buffered saline (PBS), permeabilized
(0.5% Triton X-100/PBS), and blocked (2% BSA/0.1% Tween20/PBS). Then cells
were incubated for 1 h using antibodies against PMP70 (1:200; abcam, code:
ab3421). Primary antibodies were detected using secondary Alexa Fluor 647
AfﬁniPure Donkey Anti-Rabbit IgG (H + L) antibodies (1:400; Jackson ImmunoResearch, 711-605-152). Secondary antibodies were as well incubated for 1 h.
Samples from neurons were prepared using primary antibodies against betaII
spectrin (BD Biosciences, 612563) as described32. In brief, cultures of hippocampal
neurons were prepared` from Wistar rats of mixed sex at the 1st postnatal day.
After 20–30 days of cultivation on coated coverslips, cells were washed in PBS and
ﬁxed (4% PFA/PBS). After quenching the PFA (100 mM NH4Cl and 100 mM
Glycine), permeabilization (0.1 % Triton X-100), and blocking (1% BSA/PBS),
primary and secondary antibody incubations were performed (in PBS) for 1 h at
room temperature.
SNAP labeling. NUP samples were prepared as described previously23. In brief,
U2OS cell stably expressing Nup96-SNAP (ATCC-HTB-96, Lot # 61074667) were
seeded on coverslips. After a preﬁxation (2.4% PFA; 30 s) and permeabilization
(0.4% Triton X-100; 3 min), cells were ﬁxed in 2.4% PFA for 30 min. After
quenching the PFA (50 mM NH4Cl) and washing (PBS; 2x 5 min), blocking was
performed with ImageIT Signal Enhancer (Thermo Fisher) for 30 min. For staining, cells were incubated with 1 µM SNAP-Surface Alexa Fluor 647 (Thermo
Fisher) in PBS/0.5% BSA/1 mM DTT for 50 min. Before mounting, the samples
were washed three times with PBS for 5 min. For imaging clathrin coated vesicles,
HeLa cells were transfected with SNAP-CLC33 using Turbofect (Thermo Fisher)
according to the manufacturers' protocol. Then the cells were labeled as described
for Nup96-SNAP cells. The coverslips carrying the cells were prepared as described
in the sample mounting and imaging buffers section.
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Sample mounting and imaging buffers. For the sample stabilization during MINFLUX measurements, gold nanorods (A12-40-980-CTAB-DIH-1-25, Nanopartz
Inc.) were used as ﬁducials as described before12. In brief, an undiluted dispersion
of the nanorods was applied to the ready-made samples. Before mounting the
samples in imaging buffer, the coverslips were rinsed several times with phosphatebuffered saline (PBS) to remove unbound nanorods. For MINFLUX imaging of
samples labeled with Alexa Fluor 647, GLOX buffer (50 mM TRIS/HCl, 10 mM
NaCl, 10% (w/v) Glucose, 64 µg/ml catalase, 0.4 mg/ml glucose oxidase, 10–25 mM
MEA, pH 8.0) was used12,14. Samples were sealed with twinsil (picodent).
Supported lipid bilayers. For tracking, a solution consisting of 1,2-dioleoyl-sn-glycero-3-phosphocholine (Avanti): CHOL (Avanti) and Abberior STAR 488-CHOL
(50:49.5:0.5), doped with ATTO 647N-DPPE (ATTO-TEC GmbH) was dissolved in
50/50 chloroform/ethanol. Supported lipid bilayers were created by spin coating
(3000 rpm for 30 s) this solution onto coverslips. To keep the layer hydrated, the
coverslip was placed in a sample chamber and covered with PBS.
Statistics and reproducibility. All experiments were repeated three or more times
with similar results.
Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. The authors declare that all other data
supporting the ﬁndings of this study are available within the paper and its Supplementary
information ﬁles.

Code availability
A software package of custom-written Python scripts and illustrative data sets is included
in the Supplementary Software ﬁle.

Received: 3 August 2020; Accepted: 4 February 2021;

References
1.
2.

3.

4.
5.
6.

7.
8.
9.

10.

11.

12.
13.

14.
15.

Hell, S. W. Far-ﬁeld optical nanoscopy. Science 316, 1153–1158 (2007).
Hell, S. W. & Wichmann, J. Breaking the diffraction resolution limit by
stimulated emission: stimulated-emission-depletion ﬂuorescence microscopy.
Opt. Lett. 19, 780–782 (1994).
Klar, T. A., Jakobs, S., Dyba, M., Egner, A. & Hell, S. W. Fluorescence
microscopy with diffraction resolution barrier broken by stimulated emission.
Proc. Natl Acad. Sci. 97, 8206–8210 (2000).
Göttfert, F. et al. Coaligned dual-channel STED nanoscopy and molecular
diffusion analysis at 20 nm resolution. Biophys. J. 105, L01–L03 (2013).
Hell, S. W. Toward ﬂuorescence nanoscopy. Nat. Biotech. 21, 1347–1355
(2003).
Hofmann, M., Eggeling, C., Jakobs, S. & Hell, S. W. Breaking the diffraction
barrier in ﬂuorescence microscopy at low light intensities by using reversibly
photoswitchable proteins. Proc. Natl Acad. Sci. USA 102, 17565–17569 (2005).
Grotjohann, T. et al. Diffraction-unlimited all-optical imaging and writing
with a photochromic GFP. Nature 478, 204–208 (2011).
Betzig, E. et al. Imaging intracellular ﬂuorescent proteins at nanometer
resolution. Science 313, 1642–1645 (2006).
Hess, S. T., Girirajan, T. P. K. & Mason, M. D. Ultra-high resolution imaging
by ﬂuorescence photoactivation localization microscopy. Biophys. J. 91,
4258–4272 (2006).
Rust, M. J., Bates, M. & Zhuang, X. Sub-diffraction-limit imaging by stochastic
optical reconstruction microscopy (STORM). Nat. Methods 3, 793–796
(2006).
Sharonov, A. & Hochstrasser, R. M. Wide-ﬁeld subdiffraction imaging by
accumulated binding of diffusing probes. Proc. Natl Acad. Sci. 103,
18911–18916 (2006).
Balzarotti, F. et al. Nanometer resolution imaging and tracking of ﬂuorescent
molecules with minimal photon ﬂuxes. Science 355, 606–612 (2017).
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. 115, 6117–6122 (2018).
Gwosch, K. C. et al. MINFLUX nanoscopy delivers 3D multicolor nanometer
resolution in cells. Nat. Methods 17, 217–224 (2020).
Sahl, S. J., Hell, S. W. & Jakobs, S. Fluorescence nanoscopy in cell biology. Nat.
Rev. Mol. Cell Biol. 18, 685 (2017).

ARTICLE

16. Sigal, Y. M., Zhou, R. & Zhuang, X. Visualizing and discovering cellular
structures with super-resolution microscopy. Science 361, 880–887 (2018).
17. Gahlmann, A. & Moerner, W. E. Exploring bacterial cell biology with singlemolecule tracking and super-resolution imaging. Nat. Rev. Microbiol. 12, 9–22
(2014).
18. Hell, S. W. Method of and apparatus for tracking a particle, particularly a single
molecule, in a sample. Patent application WO 2013/072273 A1 B2 (2013).
19. Hell, S. W. High-resolution ﬂuorescence microscopy with a structured
excitation beam. Patent application WO 2015/097000 A1 (2015).
20. Hell, S. W. Nanoscopy with focused light (Nobel lecture). Angew. Chem. Int.
Ed. 54, 8054–8066 (2015).
21. Bingen, P., Reuss, M., Engelhardt, J. & Hell, S. W. Parallelized STED
ﬂuorescence nanoscopy. Opt. Express 19, 23716–23726 (2011).
22. Schneider, J. et al. Ultrafast, temporally stochastic STED nanoscopy of
millisecond dynamics. Nat. Method 12, 827–830 (2015).
23. Thevathasan, J. V. et al. Nuclear pores as versatile reference standards for
quantitative superresolution microscopy. Nat. Methods 16, 1045–1053 (2019).
24. Sahl, S. J., Leutenegger, M., Hilbert, M., Hell, S. W. & Eggeling, C. Fast
molecular tracking maps nanoscale dynamics of plasma membrane lipids.
Proc. Natl Acad. Sci. 107, 6829–6834 (2010).
25. Eggeling, C. et al. Direct observation of the nanoscale dynamics of membrane
lipids in a living cell. Nature 457, 1159–1162 (2009).
26. Mueller, V. et al. STED nanoscopy reveals molecular details of cholesteroland cytoskeleton-modulated lipid interactions in living cells. Biophys. J. 101,
1651–1660 (2011).
27. Fujiwara, T., Ritchie, K., Murakoshi, H., Jacobson, K. & Kusumi, A.
Phospholipids undergo hop diffusion in compartmentalized cell membrane. J.
Cell Biol. 157, 1071–1082 (2002).
28. Sahl, S. J., Leutenegger, M., Hell, S. W. & Eggeling, C. High-resolution tracking
of single-molecule diffusion in membranes by confocalized and spatially
differentiated ﬂuorescence photon stream recording. ChemPhysChem 15,
771–783 (2014).
29. Kusumi, A., Tsunoyama, T. A., Hirosawa, K. M., Kasai, R. S. & Fujiwara, T. K.
Tracking single molecules at work in living cells. Nat. Chem. Biol. 10, 524–532
(2014).
30. Lau, L. et al. STED microscopy with optimized labeling density reveals 9-fold
arrangement of a centriole protein. Biophys. J. 102, 2926–2935 (2012).
31. Ayachit, U. The ParaView Guide: A Parallel Visualization Application.
(Kitware, 2015).
32. Heine, J. et al. Adaptive-illumination STED nanoscopy. Proc. Natl Acad. Sci.
114, 9797–9802 (2017).
33. Bottanelli, F. et al. Two-colour live-cell nanoscale imaging of intracellular
targets. Nat. Commun. 7, 10778 (2016).
34. Wickramasinghe, V. O. & Laskey, R. A. Control of mammalian gene
expression by selective mRNA export. Nat. Rev. Mol. Cell Biol. 16, 431–442
(2015).

Acknowledgements
This research project was funded by the German Ministry for Education and Research
(BMBF) through grants to Abberior, Abberior Instruments, and the Max Planck Society
(Grant 13N14122; LiveCell3DNanoscopy). We thank the Ellenberg and Ries Laboratories
at the EMBL (European Molecular Biology Laboratory) Heidelberg for providing the
Nup96-SNAP cell line. We thank Francesca Bottanelli (Freie Universität Berlin) for
providing the SNAP-CLC plasmid, and Jasmine Hubrich and Elisa D’Este (MPI for
Medical Research) for the neuronal samples.

Author contributions
R.S. led the project, designed and implemented instrument control, stabilization, and the
analysis of emission photon traces. R.S. and T.W. designed and built hardware and
performed experiments and data analysis. I.J., J.R., T.W., and C.A.W. prepared samples
for biological imaging demonstrations. S.W.H. devised the MINFLUX concept and
provided project guidance, supported by S.J.S. All authors discussed the data, its interpretation, and the conclusions. S.W.H., S.J.S., R.S., and T.W. wrote the paper with input
from all authors.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare the following competing interests. The Max Planck Society holds
patents on MINFLUX. R.S., T.W., C.A.W., and I.J. are employees of Abberior Instruments manufacturing MINFLUX microscopes. C.A.W. and J.R. are employees of
Abberior commercializing ﬂuorophores for super resolution. C.A.W. and S.W.H. hold
shares of Abberior Instruments, S.W.H. also of Abberior. S.J.S. declares no competing
interests.

NATURE COMMUNICATIONS | (2021)12:1478 | https://doi.org/10.1038/s41467-021-21652-z | www.nature.com/naturecommunications

11

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-21652-z

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-21652-z.
Correspondence and requests for materials should be addressed to R.S. or S.W.H.
Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2021

12

NATURE COMMUNICATIONS | (2021)12:1478 | https://doi.org/10.1038/s41467-021-21652-z | www.nature.com/naturecommunications

