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Optical super-resolution microscopy is a key technology for structural
biology that offers high imaging contrast and live-cell compatibility.
Minimal (fluorescence) photon flux microscopy, or MINFLUX, is an
emerging super-resolution technique that localizes single fluorophores
with high spatiotemporal precision by targeted scanning of a patterned
excitation beam featuring a minimum. MINFLUX offers super-resolution
imaging with nanometre resolution. When tracking single fluorophores,

MINFLUX can achieve nanometre spatial and submillisecond temporal
resolution over long tracks, greatly outperforming camera-based
techniques. In this Review, we present the basic working principle of
MINFLUX and explain how it can reach high photon efficiencies. We then
outline the advantages and limitations of MINFLUX, describe recent
extensions and variations of MINFLUX and, finally, provide an outlook for
future developments.

Continuous advances in electron microscopy over the past century
have made it possible to resolve the structures of proteins and their
complexes with angstrom resolution, even in their native cellular
context’ (Fig. 1a). However, to reach a resolution that is sufficient to
identify individual proteins in the electron densities, typically many
identical structures need to be averaged. Optical super-resolution
microscopy, in comparison, uses fluorescent labels that allow inves-
tigation of individual structures without averaging and with high
contrast. Unlike electron microscopy, it is applicable to living cells
and can directly measure dynamics. In the past two decades, its reso-
lution has been pushed to the molecular scale. Thus, itis becoming
anincreasingly important complementary technology for structural
cell biology?.

Fluorescence microscopes are among the most important tech-
nologies for biology. They use either camera-based detection (wide-
field microscope) or a scanned laser focus and a point detector in
combination with a pinhole for rejecting out-of-focus fluorescence
(confocal microscope; Fig. 1b). Their spatial resolution, however,
is limited to >200 nm, about half the wavelength A of the excitation
light used and far worse than what is useful for structural biology.
The size (standard deviation of the Gaussian approximation, corre-
sponding to the microscope resolution/2.355) of the point spread

function (PSF) depends on the numerical aperture (NA) of the objective
andis’

0.211
Opsp = NA o

Super-resolution microscopy technologies use smart tricks to
circumvent this resolution limit for diffraction-unlimited resolution.
Stimulated emission depletion (STED) microscopy*° narrows the size
of the excitation beam of a confocal microscope by super-positioning
ofadoughnut-shaped depletion beam that quenches the fluorescence
emission outside of the doughnut centre (Fig. 1c). This usually leads to
anup to ~10-fold improved spatial resolution, which is determined by
theintensity /of the STED laser compared with the saturation intensity
I, leading to a PSF size of:

_ OpsF__ )
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Single-moleculelocalization microscopy®’ (SMLM) relies on label-
ling target structures with fluorophores that can be switched between
along-lived dark state and a bright state. On-switching of only asmall
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Fig.1| Comparison of super-resolution fluorescence microscopy techniques.
a, Super-resolution fluorescence microscopy has rapidly advanced in the past
20 years* 72101219203458-61 approaching the resolution of electron microscopy® ™’
with the advantages of molecular specificity and live-cell compatibility. SMLM
methods, including photoactivated localization microscopy (PALM)®, stochastic
optical reconstruction microscopy (STORM)”*’, DNA-PAINT’, MINSTED" and
MINFLUX'>?**, are marked with a cross. SEM, scanning electron microscopy,

TEM, transmission electron microscopy. b, Confocal microscopy illuminates

all fluorophores within the excitation PSF and achieves a resolution of ~200 nm
at best. ¢, STED microscopy combines confocal excitation (blue) with a
doughnut-shaped depletion beam (red) to quench fluorescence in the periphery,
which ensures that only signals from fluorophores at the low-intensity centre
(green) are detected, achieving aresolution of -35 nm. d, SMLM uses blinking
fluorophores covering the entire field of view, where few fluorophores emit in
any single camera frame. Each fluorophore position is determined by fitting to

*

aPSF model. Animage with -5 nm precision is reconstructed from the positions
collected across all frames. e, MINFLUX uses a doughnut-shaped PSF witha
near-zero intensity centre that is sequentially placed at several positions around
the fluorophore. From the measured intensities, N, where iindicates position
number, the fluorophore position is estimated. Iterative MINFLUX combines
several localization steps with decreasing diameter of the scan path L to achieve
single-nanometre localization precisions. A steep PSF gradient combined with
low intensities near the doughnut minimum improves the localization precision
per photon around fivefold compared with SMLM. f, Orbital tracking scans a
Gaussian beam circularly around a fluorescent particle with a scan path diameter
L toimprove particle localization precision by up to -1.7 times compared with
SMLM. The particle positionis inferred from measured intensities, which are
highly dependent on fluorophore position near the steep portion of the Gaussian
PSF. The scan path is continuously re-centred around the fluorophore. Panels c-e
adapted with permission fromref. 2, Annual Reviews.

subset of fluorophoresin each of many cameraframes leads to sparse
images of single fluorophores. Their positions can then be determined
with nanometre precision by fitting amodel of the PSF to the recorded
pixel intensities (Fig. 1d). Because of shot noise, the intensity in each
pixelisarandom variable from a Poisson distribution, and the localiza-
tion precision depends strongly on the number of detected fluores-
cence photons N:

3)

Osm = ——

VN

Under realistic conditions, any fluorescence background degrades
05y, Which can be calculated, for example, as described in Mortensen
etal.®. The use of fluorophores that emit a large number of photons N
leads to a localization precision of a few nanometres’, and averaging

over repeated localizations of the same target protein has pushed the
localization precision towards the angstrém regime'. In contrast to
Opsr and osrp, Which denote the physical size of the PSF, the localization
precision g, denotes the expectation value of the standard deviation
of'the fluorophore position.

In SMLM, a super-resolution image is reconstructed by combin-
ing millions of fluorophore positions imaged in thousands of camera
frames. The principle of precise localization of single emitters with a
cameraisalso key inwidefield single-fluorophore tracking techniques”,
which quantify the spatial dynamics of single emitters.

Minimal (fluorescence) photon flux microscopy (MINFLUX)?,
developedin2017 by the group of Stefan Hell, outperforms the SMLM
localization precision limit (equation (3)) by targeted probing of a
single fluorophore with a patterned beam that features an intensity
minimum (Fig. 1e), reaching unprecedented photon efficiencies.
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Fig.2|Localization with maxima versus minimain one dimension. a, Two
maximum PSF measurements at x; = {-L/2, L/2} of an emitter at positionx, = 0.
Inset: the position error 8x, can be calculated from the error SN in measuring the
photons Nifthe gradient of the PSF df/0x is known. When the emitter is near the
PSF centre, 8N = \/N is large and the gradient is small, resulting in a poor
localization precision 6x,. b, Two minimum PSF measurements. When the
emitter is near the PSF centre, 5Nis small, and the gradientis large, resultingina
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good localization precision 8x,. ¢, Localization precision (Cramér-Rao (lower)
bound) for illumination of a fluorophore with two minima versus two maxima.
Here,x,=0,b=0, N, =100 photons and o,5; =250 nm. d, Even with background,
minima outperform maxima PSF measurements. For the minimum case, at

L =100, b=0.01corresponds to a signal-to-background ratioof 3and b= 0.1
corresponds to a signal-to-background ratio of 1.2.

In combination with switchable fluorophores, it allows for SMLM
imaging with single-nanometre precision with few photons. For track-
ing, itcanimprove the spatial resolution, temporal resolution and track
lengthby around one order of magnitude compared with camera-based
techniques.

Principle of MINFLUX
How does MINFLUX achieve a better localization precision than
possible with camera-based or confocal detection?

Let us consider a confocal microscope image of a single fluoro-
phore showing the (close-to-Gaussian) PSF of the microscope. PSF
fitting of this image would lead to the same localization precision
as with a camera (equation (3)). Interestingly, not all pixels in this
image carry equal position information: pixels at the flanks of the
Gaussian show a strong intensity dependence with small variations
of the fluorophore position, whereas pixels at the flat PSF centre
carry little position information. If we had prior information on the
approximate position of the fluorophore, we could omit the bright,
low-information pixels and achieve a similar localization precision
with fewer photons from the flanks.

To investigate the precision with which we can determine the
position of a fluorophore by targeted probing with focused light, we
will consider a simple one-dimensional scheme without background
and with aPSF of shapef(x, — x;) positioned atx;= 0. For afluorophore
at position x,, we detect N =/ f(x,) photons. From such a single meas-
urement, we can retrieve the fluorophore position as x,=f(N/I,),
provided we know its brightness /,. In a linear approximation, the
error of the position &x is proportional to the error 6N in measuring
the photons N (Fig. 2a):

SN = Iofl (XO) SXO (4)

Here, f' (xg) = (')f/ax|X0is the derivative of falongx, that s, the gradient
of the PSF, evaluated at x,. Because the detection of photons is a Pois-

son process, 8N = y/N. We can substitute /, = N/f(x,) and solve
for 6x,:

_ 1 fxo)
\/Nf'(xo)

S

X0

where we have taken the absolute value as localization precision is
always positive. Thus, inafirst approximation, the positionerror scales
inversely with v/Nand otherwise dependsonly onthe shape of the PSF:
both alow-magnitude f(x) and a strong-gradient £ (x) at the emitter
position x, lead to a good localization precision. For realistic

measurements, the fluorophore brightnessis typically not known, and
we need to perform additional measurements.
Theideaofusingastronggradient tolocalize anemitteris realized
in orbital tracking (Fig. 1f), where the steep part of the PSF is scanned
in a circular path around an assumed position of a single fluorescent
particle (to our knowledge, tracking of targets labelled with single
fluorophore molecules has not been demonstrated with this tech-
nique)” . Key for thisapproachis toiteratively estimate the position
ofthe particle fromtheintensity variation during the orbital scan and
torecentre the midpoint of the circular beam path on the best position
estimate. Using a two-dimensional Gaussian approximation of the PSF:

_ (’?0’5‘[)2
Imax ()_(0 —X)=lpe 2ops?

(6)

with I, (X — X;) denoting the intensity measured at position
X; = (x;, ), I, denoting the amplitude of the excitation beam and X,
denoting the position of the emitter, we can calculate the localization
precision for a fluorophore thatis centred at a circular orbit with a
radius L/2, in absence of any background fluorescence, as':

\/§0PSF

- )

Opt = Osm

Thus, we achieve an improvement over diffraction-limited PSF
localization if we choose the diameter of the orbit L > \/§0PSF, which
isinagreement with the expected value for orbital radiusin the original
orbital tracking paper, and the results of probing the fluorophore at
the half-maximum of the PSF™. In practice, background fluorescence
causes a drop in signal-to-background ratio as the Gaussian beam
moves away from the fluorophore and a suitable choice is L = 50,
which results in probing the fluorophore near, but before, where the
Gaussian tail flattens”, leading to an improvement of the localization
precision by a factor of o,; = 0.60y.

Toimprove thelocalization precisioneven further, we can gener-
ate PSFs with steeper intensity gradients, like the narrow and steep
STED PSF. When used for orbital tracking’®, this approach is termed
MINSTED'?, An alternative approach is to use a PSF featuring a local
intensity minimum with (near-)zero intensity. Here, fluorophores
experience asubstantial changein excitationintensity with the distance
from the minimum, while the intensity at the fluorophore position is
still low (Fig. 1e), leading to a high position information per detected
photon. Thisis the principle of MINFLUX.

During a MINFLUX measurement, the minimum of a patterned
excitation beam, typically adoughnut beam (not to be confused with
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the commonly used doughnut-shaped beam in STED used for deple-
tion instead of excitation) is positioned at different locations around
the assumed fluorophore position (Fig. 1e). From the detected number
of photons at each location and from the precisely known position of
thebeam, animproved position estimate can be calculated. Incase we
have a fluorophore centred in the field of view (FOV), a perfect inten-
sity minimum and no background, the two-dimensional localization
precisionis®

OmF = L (8)

V8N

Here, L is the diameter of the scan pattern, which is assumed to be
smaller than the size of the PSF, and Nis the number of detected pho-
tons. Compared with the diffraction-limited localization precision
(equation (3)), we gain in two ways: we find an additional factor of 872
and the size of the scan pattern L can be chosen much smaller than
the PSF size Ops;.

To intuitively understand why MINFLUX has a high localization
precision foralow number of detected photons, let us assume that we
already know the position of the fluorophore and can place the dark
doughnut centre precisely over it. As the fluorophore does not see any
light, we will not detect any photons. But if we moveit ever soslightly,
it will see some light and emit some photons, and we can easily distin-
guish no photons from a few photons and from more photons. Thisis
where the high position sensitivity per photon comes from.

Sowhy not simply use aninfinitely small L for infinite resolution?
The first reason is that in realistic measurements the intensity mini-
mum is not truly zero because of PSF imperfections and fluorescence
background. Theresult is higher shot noise and consequently aworse
localization precision, as discussed in detail below. The second reason
isthatequation (8) is only validifthe fluorophoreis close to the centre
ofthescan pattern, typically within L. Butin the beginning of the experi-
ment, only an approximate position of the fluorophore is known and
alarge L needs tobe chosen. This limitation is overcome withiterative
MINFLUX*, which zooms in on the emitter by decreasing L in each
iteration while re-centring the scan pattern on the newly estimated
position, allowing for a small final L with high localization precision
(Fig. 1e). Note that all photons detected during all iterations are part
of the total photon budget and should be included in estimations of
the photon efficiency.

Let us use the simple one-dimensional localization precision
describedin equation (equation (5) to examine the difference between
measuringafluorophore position with anintensity maximum (Fig. 2a),
asinscanning confocal and orbital tracking, or anintensity minimum
(Fig.2b), asinMINFLUX. For afixed PSF width determined by the optical
system, the maximum shows a larger photon count and therefore a
larger uncertainty 6N = v/N than the minimum at the fluorophore
positionx,. Furthermore, the gradient of the minimum can be stronger
than that of the maximum at this point. We caninvestigate this analyti-
cally by approximating the minimum with a quadratic function

2
Imin X0 —X;) = Io (M + b)- 9)
20,

Here, I,,(x, — x;) denotes the collected intensity, that is, the number of
photons, at positionx;, /,is a proportionality factor that describes how
the brightness of the emitter depends on theillumination laser power,
X,isthe position of the emitter, and o, parameterizes the steepness of
the PSF. b describes a background due to either animperfect zero of
the PSF or autofluorescence of the sample or out-of-focus fluorescence
from nearby fluorophores. As all these background contributions scale
with the amplitude of the excitation, we multiply b with /,in equation
(9); thus bitselfis independent of the excitation intensity. If we set
the background term to zero, we can substitute the one-dimensional

case of equations (6) and (9) into equation (5) to see how 6x, varies as
afunction of x,. In this simple scheme

2
<

Xo\/N

X
and 8xq min = ——

2JN

(10)

8XO,max =

For the minimum case, thelocalization precision 8x, .;;,isimproved the
closer we measure to the centre of the PSF, whereas 6x; ., improves
the farther away we measure.

Thebestachievablelocalization precision canbe calculated as the
Crameér-Rao (lower) bound as detailed in Masullo et al.”. Here we follow
thisapproachand extract the localization precision o, of the emitter
position measurement from the corresponding matrix element. In a
realistic experiment, the brightness of the fluorophore and withit the
total number of detected photons, Ny, = >, N;, and the fluorophore
positionx, are unknown. Thus, we need at least two measurements to
recover these two unknown parameters. If the background b is not
known, we need at least three measurements to determine N, X, and
b(ref.16).Letus assume that the background is known, and we measure
atx;={-L/2,L/2}. Then, we can calculate the localization precision of
the minimum case (equation (9)) as™®

Omin

1
TN ™

(L2433 48b02)\ | (12—4x2)’ +16602 (12442 +4602)
L2—4x] +8b0

(11)

whichreduces to the reported minimum one-dimensional MINFLUX
precision®

OMF,1D = Omin (Xo =0, =0) = (12)

tot

whenx, =0andb = 0. Note that thisis equivalent to the simple approxi-
mation, equation (10), evaluated at x, = L/2.

We could alternatively localize the same fluorophore with two
Gaussian maxima (equation (6)). This results in a precision similar
to orbital tracking (equation (7)). We can see (Fig. 2¢c) that this per-
forms poorly compared with the minimum, as suggested by the sim-
ple approximation, even when there is reasonably high background
(Fig. 2d).

Tosummarize, the conceptual requirements for MINFLUX toreach
photon-efficient, diffraction-unlimited resolution are:

 Singleisolated fluorophores

« APSF with a near-zero minimum to generate a steep intensity
gradient

« Targeted positioning of the PSF in a defined pattern

« Iterativereal-time feedback onthe position of the scan patternor
sufficiently precise prior information on the fluorophore position

In addition to these fundamental requirements, the success of a
MINFLUX experiment depends on several practical requirements and
considerations, as follows.

Attaching a fluorophore to the target biomolecule comes with
two challenges. First, the labelling process should not influence the
function of the protein. Second, the distance of the fluorophore to the
target protein should be minimal, otherwise this linkage error will be
the main source of the position error rather than the photon limit on
localization precision. The common approach of labelling with antibod-
iescanleadto linkage errors of up to15 nm. Nanobodies, self-labelling
enzymes (for example, SNAP-tag or HaloTag), unnatural amino acids
or genetic tagging with fluorescent proteins have lower linkage errors
and are preferable for MINFLUX?.
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Fig. 3| MINFLUX imaging achieves molecular resolution. a, Left: electron
microscopy density of the nuclear pore complex with C-termini of Nup96
indicated in red. Right: side and top view schematic showing eight-fold symmetry
and distances between Nup96 proteins. b, Nuclear pore compleximaged in
live cells with MINFLUX?. ¢, Comparison between different super-resolution
techniquesimaging Nup96 in nuclear pore complexes in fixed cells: MINFLUX?,
STORM®, 4Pi-STORM®, DNA-PAINT and RESI". d, Left: structural model of the
ion channel PIEZOL. Labels are shown as magenta stars. Right: representative
PIEZO1 trimer recorded with 3D MINFLUX. e, Proposed targeted activation/
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deactivation scheme for live-cell imaging. High-intensity ultraviolet activation
(purple) isused with the excitation laser (green) until a fluorophore on-switching
eventis detected, upon which the ultraviolet laser is switched off (1). MINFLUX
localization is performed until enough photons are detected (2). High-intensity
illumination with the excitation laser quickly switches the fluorophore off (3) and
the cycleis repeated. Scale bars, 100 nm. Panels adapted from: a, ref. 28, Springer
Nature America, Inc; d, ref. 38, under a Creative Commons licence CC BY 4.0.
Panelbreproduced fromref. 21, Springer Nature America, Inc.

Many fluorophores show intensity changes (flickering) on the
micro- to millisecond timescale®*. If, for example, the emitter goes
to an off-state when the minimum is at a peripheral position, fewer
photons will be detected, leading to a wrong position calculation by
the MINFLUX estimator?*, which assumes constant intensities. This
error canbereduced by averaging over the flickering by using many fast
scan cycles forasingle localization. Alternatively, one can select more
suitable fluorophores for MINFLUX with inherently low flickering and
high brightness. Live-cell measurements require live-cell compatible
fluorophores and come with the danger that phototoxicity induced by
the MINFLUX laser can potentially perturb the process under investiga-
tion.In general, the laser intensities in MINFLUX (-10-50 kW cm™) are
comparable to those used in confocal imaging® and hence are roughly
anorder of magnitude higher than that for SMLM*?°, But, as the cell is
illuminatedinonly asmall region correspondingto the size of the PSF,
theaverage laser intensities a cell sees can be much smaller thaninwide-
field excitation. Inany case, careful controls are necessary to exclude
artefacts by photo toxicity in any live-cell fluorescence measurement.

Atthe nanoscale, the resolution is in many cases limited not only
by the number of photons but also by instabilities of the microscope
(drift, vibrations), which can easily exceed the nominal localization
precision, underscoring the need for extremely precise stabilization
of'the microscope.

Asthessignal of the target fluorophore comes from the vicinity of
the dark doughnut centre, whichis easily outshone by signal generated
by perturbing fluorophores illuminated by the bright part of the PSF,
therisk of multiple emitters beingin their on-state needsto be reduced
by activating only a very low fraction of emitters at a time. This is why
MINFLUX is implemented with confocal detection, where the pinhole
rejects out-of-focus and peripheral fluorescence. For highly dense
samples with a substantial (auto-)fluorescent background, MINSTED
might be superior to MINFLUX due to its smaller PSF size”.

MINFLUX imaging

MINFLUX requires low fluorophore densities and low fluorescence
background. As such, to use MINFLUX for super-resolution imaging,
it needs to be combined with SMLM, that is blinking/photoactivat-
able fluorophores that are stochastically activated at ultralow den-
sities. The bright fluorophores are sequentially localized by several
MINFLUX iterations with successively decreasing L. Because of its
higher photon efficiency, MINFLUX canimprove the localization preci-
sion compared with camera-based SMLM whenthe resolutionis photon
limited. This comes at the expense of a much smallerimaged FOV and
thus the recording of larger FOVs is slow compared with camera-based
techniques. Therefore, precise drift compensationis especially crucial
for MINFLUX imaging.

The pioneering work that introduced MINFLUX resolved
fluorophore distances of 6 nm on DNA origami, achieving an aver-
age localization precision of 1.2 nm with 1,000 photons®. In cells,
MINFLUX resolved nuclear pore complex test structures®® with a preci-
sionofunder 2 nm (refs. 21,29-33), easily showing the 8-fold symmetry
of nuclear pore complexes (Fig. 3a). These were the first structures
imaged in living cells that provided a clearly superior resolution
(Fig. 3b) compared with previous live-cell SMLM?*%, On purified pro-
teins, distances in the range of 1-15 nm between up to 4 fluorophores
have been measured with angstrom precision, demonstrating that
MINFLUX can be a powerful alternative to Forster resonance energy
transfer (FRET)*.

As biology is not two-dimensional, the extension of MINFLUX to
threedimensions?*****>*was of highimportance. Inthree-dimensional
(3D) MINFLUX imaging, a so-called 3D doughnut or bottle beam—
effectively asphere of light with a dark centre—is positioned around the
fluorophore in three dimensions to localize it in x, y and 2%, Equally
important was the extension of MINFLUX to multiple colours for study-
ing proteininteractions and spatial context. Chromatic shiftsbetween
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Fig. 4 | MINFLUX tracking follows fast movements. a, lllustration of the DNA
origami construct with a single ATTO 647N fluorophore attached at the centre
ofthe bridge (10 nm from the origami base). The emitter can move on a half-
circle above the origami and is thus restricted to a projected one-dimensional
movement. b, MINFLUX traces showing clear oscillation of the fluorophore on
the origami alongy’ and negligible movement along x’ with a standard deviation
along the principal axis of movement of -1.7 nm using on average 94 photons
detected within 400 ps bins. ¢, lllustration of the molecular motor kinesin-1
with its two heads (green) on amicrotubule (grey). d, Kinesin-1trace (1 mM ATP)
showing substeps (arrows). The raw data points (faint blue line) are overlaid
witha 5 ms moving median filter (bold blue line). e, Live-cell tracks of kinesin
(HaloTag-K560) show 16 nm steps. Coloured tracks are overlaid with confocal

. . .
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images of the microtubules. Scale bar, 1 um. f,g, The tracks indicated ine
rendered as a super-resolution image (f) and line plots connecting localizations
(g), showing clear walking steps (localization precision, 2 nm; temporal
resolution, 1 ms). Scale bars, 100 nm. h, One-dimensional dual-colour trace of
kinesin, walking in anin vitro microtubule assay. The heads are labelled with
different dyes and tracked simultaneously. Between A and B, kinesin walks in
ahand-over-hand mode with the rear always overtaking the leading head. The
other parts of the trace are best explained by a chassé-inchworm mechanism,
where the rear lags the leading head. Panels adapted with permission from:
a,b, ref.39,PNAS; d, ref. 44, AAAS; e-g, ref. 45, AAAS; h, ref. 47, under a Creative
Commons licence CCBY 4.0.

the colour channels can be minimized by using spectrally close fluo-
rophores that are excited with the same wavelength, and emission
events are assigned to the respective fluorophore depending on the
ratio obtained from spectral splitting with a dichroic mirror. Using
thisapproach, Pape etal. investigated the proximity of different mito-
chondrial subcomplexes®.

Combined with DNA pointaccumulationin nanoscale topography
(DNA-PAINT)’, where fluorophores transiently attach to the target via
DNA strands, MINFLUX can record multicolour images of fixed cells
by sequentially using different DNA strands for different targets. How-
ever, for such bright labels, the advantage of MINFLUX compared with
camera-based approaches diminishes. Forexample, the camera-based
DNA-PAINT approachresolution enhancement by sequentialimaging
(RESI)'°, which sequentially images sparse target subsets at moderate
spatial resolution and then averages localizations in close proxim-
ity in each of these subsets, achieved dngstrom resolution on large
FOVs (Fig. 3c).

Commercialization of MINFLUX boosted the accessibility of the
technology® and allowed its application to numerous biological sys-
temsincluding the photoreceptor active zone* and the injectiosome,
a bacterial molecular machine®. Furthermore, statistical analysis of
MINFLUX images of the PIEZO1 ion channel resolved few-nanometre
conformational shifts caused by chemical and mechanical modula-
tors, giving better insightinto the activation of the mechanosensitive
channel® (Fig. 3d).

MINFLUX imaging shows its full potential when fluorophores of
low brightness need to be used”, when small FOVs are sufficient and
when labelling schemes with minimal linkage error can be employed.
Althoughithas provided nice results on fixed samples, MINFLUX is hard
to use for dynamic imaging in live cells because of its slow speed. Any
motion of the target structure of more than the localization precision

within the measurement time will lead to motion blur. However, as
the measurement time scales with the FOV, tiny regions of interest,
for example, a single nuclear pore complex, can be imaged relatively
quickly (Fig. 3b). In the future, MINFLUX has the potential to outper-
form SMLM for dynamic live-cell imaging with a targeted activation/
deactivation approach (Fig. 3e): here, photoswitchable fluorophores
areilluminated with a highintensity of the ultraviolet and imaging laser.
After the on-switching of afluorophore, the ultraviolet laser is stopped
to avoid activation of a second fluorophore. After its localization and
off-switching/bleaching with theimaging laser, the next emitter can be
activated and localized in rapid succession. Such an approach neces-
sitates new and faster microscopes, but most importantly live-cell
compatible fluorophores that perform well for MINFLUX and that
can be switched on rapidly by light. However, for imaging of protein
assembliesin fixed cells, there might be only afew applications where
MINFLUX will outperform state-of-the art SMLM (Fig. 3¢c), for example,
whenimaging photoactivatable fluorescent proteins or when high 3D
resolutionis required.

MINFLUX tracking

An application where MINFLUX already clearly outperforms
camera-based localization is single-fluorophore tracking. During
MINFLUX tracking, the position of the scan pattern is recentred to
the estimated fluorophore position after each iteration and thus the
MINFLUX pattern effectively follows the fluorophore. Compared with
camera-based tracking, the high photon efficiency leads to three
advantages: a high spatial precision with few detected photons, high
temporal resolution because detection of fewer photons is faster and
long tracks because the fluorophore close to the dark doughnut centre
is not bleached quickly. The drawback is that ultralow fluorophore
concentrations are required.
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Fig. 5|New approaches to MINFLUX with simplified set-ups, alternative PSF
shapes and multi-emitter separation. a, lllustration of the pMINFLUX set-up. A
pulsed laser is splitinto four beams and coupled into optical fibres, which delay
thelaser pulses. The beams are recombined, and doughnut-shaped beams are
created with a vortex phase plate (VPP). The beams are focused onto the sample
inatriangular pattern with one beamin the centre of the triangle. APD, avalanche
photodiode; Pol., polarization optics; TCSPC, time-correlated single photon
counting unit; At, time delay; T, period of original pulse train. b, Super-resolved
FRET in pMINFLUX. Top: illustration of the dynamic DNA origami with three
protruding strands spaced ~6 nm apart, to whichan ATTO 542 (AT542)-labelled
DNA pointer transiently hybridizes. Bottom: MINFLUX localizations of the

DNA pointer (blue, green, red). Scale bar, 5 nm. Inset: the position of Cy5 was
deduced from the calculated FRET distances. Scale bar,1 nm. ¢, Comparison of
theline-shaped minimum LS, and doughnut excitation intensity distribution
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inthe focal plane. Scale bars, 100 nm. d, Multi-emitter MINFLUX. Top: two non-
blinking emitters/scatterers (shown as stars) of the same colour canbe localized
simultaneously below the diffraction limit as one of them can be ‘turned off’ by
the excitation minimum. Inset: the profile of the average intensity profiles of each
point scatterer and their joint signal. Bottom: boxplot of the measured over the
expected distances d between fluorophores on nanorulers of different lengths.
Recording the photons originating near the illumination minimum (see inset)
suffices to separate simultaneously emitting fluorophores down to 8 nm. The
boxes extend from the lower to upper quartile values of the data. Error bars mark
theinterval from the median (black line within box) to the last point withina1.5
interquartile range (IQR). Outliers are shown as black dots. FWHM, full-width at
half-maximum. Panels adapted with permission from: a,b, ref. 49, Springer Nature,
Ltd.; ¢, ref.44, AAAS; d, ref. 56, under a Creative Commons licence CC BY 4.0.

Thefirst MINFLUX study demonstrated tracking of single 30S ribo-
somal subunits labelled with a fluorescent protein in living bacteria'.
On DNA origami test structures (Fig. 4a), MINFLUX tracking achieved
alocalization precision of ~2 nm with a 400 ps time resolution using
<100 fluorescent photons per localization® (Fig. 4b).

Because single-colour tracking cannot easily distinguish con-
formational changes of proteins from overall motion, it is especially
useful to study either diffusion'>* or conformational changes when
the overall motionis well defined, as for motor proteins such as kinesin
(Fig. 4¢).Its stepping motion has been studied extensively in vitroon
purified proteins*°~*, but many details are still debated, for exam-
ple, due to the large (bead) label size or low temporal resolution of
the established techniques. Some of these controversies have been
resolved by MINFLUX'’s high spatio-temporal resolution combined
with a small fluorophore label. For example, kinesin substeps last-
ing only a few milliseconds were observed via MINFLUX tracking
(Fig. 4d) and it was concluded that this motor protein binds its fuel,
ATP, during this state**. Furthermore, a concurrent rightwards rota-
tion of the so-called heads and a rotation of the stalk were identified
by observing fast movements on the scale of only afew nanometres. A
switching of protofilament lanes was observed on purified proteins?
and in fixed cells®.

Because of insufficient spatial and temporal resolution of
live-cell compatible tracking techniques, kinesin stepping had not

been previously observed directlyin cells. Live-cell MINFLUX tracking
(Fig. 4e—g) overcame this limitation and resolved the 16 nm steps in
2 dimensions and in 3 dimensions* and allowed characterizing step
size and dwell time distributions. In addition, motors were tracked in
motorPAINT*¢, where labelled motors walk on microtubules of fixed
and permeabilized cells, and were used to map out cellular microtu-
bules with down to protofilament resolution.

Dual-colour MINFLUX co-tracking**® will be the next transforma-
tive development of MINFLUX, as it allows studying conformational
changes of proteins during their action, ultimately inliving cells. Label-
ling of two parts of a protein or protein complex with two different
dyes and tracking them simultaneously allows for determining of
their relative positions with nanometre spatial and (sub-)millisecond
temporal resolution. Afirstimplementation of MINFLUX co-tracking*’
usinganinvitro assay observed conformational changes that suggest
anovel walking mode of kinesin-1 (Fig. 4h), highlighting the potential
of MINFLUX to enable biological insights.

New approaches to MINFLUX

MINFLUX is anew technology, and the development ofimproved con-
cepts, implementations and analysis approaches is already an active
field of research.In the following, we discuss new technicalimplementa-
tions that willimprove the performance and accessibility of MINFLUX
and enable novel applications.
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Withaspatial resolution in the single-nanometre range, MINFLUX
rivals FRET in studying small distances between fluorophores, with the
added advantage that the MINFLUX distance measurement is absolute
and not limited in scale*. Pulsed interleaved MINFLUX (p-MINFLUX)
allows for simultaneous MINFLUX and FRET tracking® (Fig. 5a,b).
The microscope was implemented by modifying the excitation path
of a time-correlated single-photon counting confocal microscope®
and performing fast scanning by using four beam paths of different
lengths, so that the laser pulses arrive at the four scanning positions
at different times. The advantage is a simple set-up, but this comes at
the expense of flexibility, as the scan size L cannot be changed during
the experiment—hence, zooming-in on the fluorophore to increase
photon efficiency is not possible.

Simplifying MINFLUX microscopes will be key to enable more
groups to endeavour in technical developments and to give access to
the many potential biological users. Animportant step in this direction
was the simple extension of standard confocal microscopes with minor
modifications to enable MINFLUX-like measurements in a technique
called single-molecule localization by RASTer scanning a MINimum
of light (RASTMIN)*, although it remains to be seen whether such
an implementation has sufficient flexibility to unlock the full poten-
tial of MINFLUX. The development of a fast variable phase plate has
the potential to enable multi-colour 3D MINFLUX with a stable and
simple set-up*.

Although MINFLUX is often associated with a doughnut-shaped
PSF, it is by no means necessary and alternative PSFs featuring a local
minimum might even outperform doughnut-based MINFLUX?***
(Fig.5c). Using destructive interference of two laser beamsin the focus
creates a line of minimum intensity that can be quickly scanned by
changing the phase of one of the beams**. In a similar way, a bi-lobed
PSF can be generated and scanned rapidly by a variable phase plate*.
This allows for a one-dimensional MINFLUX localization. To enable
two-dimensional and 3D MINFLUX, separate patterns for each dimen-
sionare used sequentially. 4Pi-MINFLUX> creates striped PSFs along 3
directions and comes with the advantage of doubling the detection effi-
ciency by using 2 opposing objectives and hence achieving the highest
3D precision per detected photon so far (0.5nm, 0.5nmand 0.3 nmin
thex,yandzdirections, respectively, for-400 photons per dimension).

Because only a single beam is used, the strongest limitations on
MINFLUX are low throughput and long measuring times. Acquisitions
could be markedly sped up by parallelization, that is, simultaneous
imaging with multiple beams. This is challenging, as the scan path of
each beam would need to be updated in real time and centred at the
corresponding fluorophore. Modulation-enhanced SMLM methods**
canbethought of as acombination of structured illumination micros-
copy withSMLM. However, as they lack fluorophore-specific feedback,
they achieve, on average, only twofold improvements in resolution
over SMLM and thus cannot be considered parallelized versions of
MINFLUX.

MINFLUX needs ultralow concentrations of fluorophores because
background fluorophores in the periphery of the doughnut can eas-
ily be much brighter than the fluorophore of interest at the intensity
minimum. Interestingly, it has been demonstrated that multiple fluoro-
phores of the same colour can be resolved with multi-emitter MINFLUX,
provided that they are in close vicinity*®. For multi-emitter fitting in
SMLM, the added shot noise of both fluorophores quickly degrades
the precision®. In contrast, keeping the fluorophores close to the
minimum in MINFLUX, where one of the fluorophores can effectively
be ‘turned off’ when centred at the minimum, allows for a far better
separation than in multi-emitter SMLM (Fig. 5d). This approach could
become a useful alternative to multi-colour co-tracking, as it allows
tracking distances among several positions on asingle proteinlabelled
with the same colour. It needs to be seen how this approach performs
under the high background conditions found inliving cellsand how it
scales with the number of emitters.

Conclusion

Because of its photon efficiency in localizing single fluorophores,
MINFLUX has a high potential to become a key technology for struc-
tural biology, ideally complementing electron microscopy and other
super-resolution techniques. In fixed cells, it reveals precise arrange-
ments of proteins, but optimized SMLM techniques with bright
labels currently achieve asimilar, if not better, resolution'® combined
with a much larger FOV. The standout feature of MINFLUX imaging
might become fast live-cell imaging of cellular structures in a small
FOV. Currently, the most transformative impact of MINFLUX is in
single-fluorophore tracking, with the development of multi-colour
co-tracking opening the possibility to directly watch conformational
changes of proteins performing their functions in living cells.

As a young technology, MINFLUX is continuously evolving. To
become a standard technique with high impactin structural biology,
several challenges still need to be overcome. Live-cell MINFLUX would
greatly profit fromimproved fluorophores for dynamic live-cell imag-
ing and higher robustness against autofluorescent background and
higher labelling densities. Multi-fluorophore tracking, using either
separate colours or multi-emitter MINFLUX, is limited by the need for
very high labelling efficiencies (so that a sufficiently high fraction of
targets is labelled in all colours) in combination with ultralow densi-
ties, whichis difficult to controlinliving cells. Throughputis stillmuch
lower compared with camera-based techniques and new parallelization
approaches, especially forimaging of larger structures, will be crucial
toreduce measurement times to acceptable levels. Often, the accuracy
in MINFLUX experiments is not limited by the detected photons, but
byinstabilities of the set-up. Thus, ultrastable microscopes will be key
toreach the full potential of MINFLUX. In-depth theoretical analysis of
the MINFLUX principle in combination with simulations might yielda
way to improve accuracy, robustness and throughput of the technique.

Commercialization of MINFLUX has improved accessibility and
ease of use. Further reducing the complexity and difficulty of MIN-
FLUX experiments will help to enable non-expert users to obtain data
of the highest quality. The development of a robust, affordable and
easy-to-build open-source MINFLUX system would further spread the
use of this technology to researchers for which a commercial system
isoutofreach.

With these developments, the future of MINFLUX looks bright as
astandard technique for structural biology that can bring molecular
resolution to the living cell.
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