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The MINimal emission FLUXes (MINFLUX) technique in optical microscopy, widely recognized
as the next innovative °uorescence microscopy method, claims a spatial resolution of 1–3 nm in
both dead and living cells. To make use of the full resolution of the MINFLUX microscope, it is
important to select appropriate °uorescence probes and labeling strategies, especially in living-
cell imaging. This paper mainly focuses on recent applications and developments of °uorescence
probes and the relevant labeling strategy for MINFLUX microscopy. Moreover, we discuss the
de¯ciencies that need to be addressed in the future and a plan for the possible progression of
MINFLUX to help investigators who have been involved in or are just starting in the ¯eld of
super-resolution imaging microscopy with theoretical support.

Keywords: Fluorescence probes; MINFLUX nanoscopy; photoblinking; super-resolution imaging;
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1. Introduction

Microscopy has long been recognized as one of the
most valuable and rapidly evolving research tech-
niques, with numerous biological milestones coin-
ciding with the development of newer, more
powerful microscopes. Nonetheless, similar to any
other optical system, the spatial resolution (SR) of

°uorescence microscopy (FM) is con¯ned by the
di®raction limit, which was ¯rst recognized at the
end of the 19th century by Ernst Abbe.1 Several
processes commonly known as \super-resolution
microscopy" have exceeded this di®raction restric-
tion in recent decades. Among them are stimulated
emission depletion (STED)/reversible saturable
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optical linear °uorescence transitions (RESOLFT)
microscopy2,3 and photoactivated localization mi-
croscopy (PALM)/stochastic optical reconstruction
microscopy (STORM),4–6 which typically achieve
resolutions on the lateral in the 20–50 nm range,7–9

with the °uorophore photostability acting as a
constraint. Resolution in the axial direction is typ-
ically 2- to 3-fold worse in the 60–120 nm range.

The newly introduced MINimal emission
FLUXes (MINFLUX) technique has further pushed
the SR down to a few nanometers,10 which takes
advantage of coordinate targeting for single-mole-
cule localization. Although MINFLUX is still in its
early stages as far as applications are concerned, it
has demonstrated the ability to characterize sub-
cellular structures with nanometer resolution and to
discover supramolecular protein structures.11–13

However, the maximum capabilities of MINFLUX
have yet to be realized, particularly in the imaging
of living cells. Obtaining such high-accuracy data
necessitates more than just having access to
microscopes with high resolution. It also relies on
detecting molecules and the properties that are
generally linked to them. It is essential that the
evaluated signals generated by °uorophores are
completely tagged and distance away from the
target molecules.

Particular care must be taken to the sample
preparation, including selecting °uorescent mole-
cules and corresponding labeling methods appropri-
ate for the selected super-resolution microscopy
approach. Furthermore, a solid understanding of the
employed procedure is required to account for po-
tential issues throughout acquiring and processing,
and to properly scale up experimental studies to
collect large datasets for robust quantitative mea-
surements. As a result, the primary goal of this article
is to review theuse ofmultiple organic °uorophores in
MINFLUX, as well as their e®ectiveness in exploring
subcellular organelles by exceeding the di®raction
constraint. Another purpose is to attempt to provide
eligibility requirements for excellent °uorescent
probes and labeling methods to select or produce for
future MINFLUX-based improved learning.

2. Technical Principles of MINFLUX

2.1. The basic concept of MINFLUX

In terms of superresolution FM (nanoscopy)
concepts,14,15 MINFLUX imaging is notable for its

ability to achieve molecular-scale precision
regularly.10,11 The °uorophores in MINFLUX im-
aging switch separately, as in PALM/STORM im-
aging,16–19 while the localization is completed with a
structured (doughnut-shaped) higher speci¯c beam
zero point as close to the molecule as possible.
Preferably, the nearer this zero is to the °uorophore,
the weaker the °uorescence emitted will be and
°uorescence will stop when the zero placement
corresponds accurately with the location of the
°uorophore. So in MINFLUX the emitter position is
determined not by the presence of °uorescence, but
by where it is not present. MINFLUX achieves the
nanosized higher accuracy with a relatively small
number of identi¯ed photons, N, than centroid-
based localization. It should be noted that a single
emission (for example, because of a minor misusage)
might be su±cient to indicate that the molecule is
not at the place of the doughnut zero.

Unluckily, we cannot precisely position the
doughnut zero at the small molecules control point
in a single image. However, this Gedanken investi-
gation indicates that approaching the molecular
position by targeting the zero of the excitation
doughnut to the molecule must decrease the num-
ber of identi¯ed photons necessary for localization.
This is because the placement of the doughnut zero
is well known, and the subsequent °uorescence
suggests the molecule's remaining space to the zero.
As a result, in addition to verifying the molecule's
existence, the generated °uorescence contains in-
formation about the molecule's position.10 Fluores-
cence is the result of the mismatch between the
molecular location and the zero's position, which
indicates that the tinier the mismatch, the fewer are
the °uorescence photons required for localization.
For this reason, in the implementation of MIN-
FLUX,20,21 the molecule's location is investigated
with the driven beam scans around the preset lo-
cation of the °uorophore. The number of observed
photons is used to determine location. (Figs. 1(a)
and 1(b)).10

Speci¯cally, a laser beam with zero central in-
tensity was used as excitation, which was in the
shape of a horizontal doughnut at 2 D MINFLUX
(Fig. 1(c)) and a hollow sphere in space (bottle-
beam) at 3D MINFLUX (Fig. 1(d)). Based on the
predicted zero intensity position, the known exci-
tation beam shape, and the number of photons re-
leased by the °uorescent molecule at di®erent
positions of the excitation beam, the °uorescent
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molecule can be precisely located after several
iterations. In each iteration process, the doughnut-
shaped excitation beam is centered on the localiza-
tion of the latest °uorophore. The diameter L of the
doughnut movement is gradually reduced to
improve the resolution further. During the whole
iteration process, the location information of each
detected °uorescence molecule will be accumulated
into the information for the next detection. In
contrast, traditional super-resolution methods al-
ways detect all photons in the same way, each time
obtaining the same low amount of information as
the ¯rst photon.

Compared with the classical single-molecule lo-
calization microscopy (SMLM) technology, the
MINFLUX technology can use less than 1,000
photons and a lower light dose to achieve localiza-
tion accuracy at the molecular scale. MINFLUX
localization does not have to wait for huge numbers
of °uorescence photons, and it makes each emitted
photon more instructive. As a consequence, this nm
size localization is signi¯cantly quicker than the
\passive" camera-based localization in PALM/
STORM.

2.2. Technical development of

MINFLUX

Along with the basic MINFLUX imaging methods
listed above, many other MINFLUX imaging
methods have been reported, each of which has
signi¯cantly contributed to the advancement of
MINFLUX microscopy. In Ref. 22, Luciano A.
Masullo and co-authors introduced pulsed inter-
leaved MINFLUX (p-MINFLUX). p-MINFLUX is
a new version of the extremely photon-e±cient
single-molecule localization process which involves
°uorescence lifetime information. Unlike the origi-
nal MINFLUX implementation, p-MINFLUX
employs interleaved laser pulses to distribute the
doughnut-shaped excitation foci at the highest
possible repetition rate. p-MINFLUX nanoscopy
indicated localization exactness of � � 1–2 nm with
N � 1000 photons per localization. Furthermore, p-
MINFLUX is distinct in that it gives a link to en-
ergized lifetime data, allowing for single-molecule
identi¯cation (multiplexing) and FLIM nanoscopy
with molecular-scale resolution (Fig. 2); which is a
10–100 times advancement over earlier works.23,24

Fig. 1. The MINFLUX concept. (a) Scanning °uorescent microscope with confocal identi¯cation and a donut-shaped excitation
beam. (b) At 04 di®erent sites, an emitter (star) is sequentially subjected to the excitation beam, trying to collect distinct
°uorescence signals. (c) By sequentially localizing blinking molecules, the concept can be applied to imaging. (d) 2D MINFLUX uses
a hexagonal pattern with a central point as the preset detection position for the donut excitation beam. (e) In 3D MINFLUX, the
exciting light spot is a 3D donut, a hollow sphere, and an octahedron preset detection position constitute the beam detection mode.
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More recently, Zhao et al. presented a 02-photon
MINFLUX conceptual framework (2p-MIN-
FLUX).25 Their simulation studies show that the
square of °uorescence intensity results in a 2-fold

rise in the highest localization accuracy over
1p-MINFLUX. As shown in Fig. 2(b), when com-
paring with 1p-MINFLUX with N ¼ 1000, 2p-
MINFLUX with N ¼ 250 achieves comparable

Fig. 2. (a) The p-MINFLUX concept: 4 pulsed interpolated doughnut-shaped signals are concentrated on the specimen in a
triangular pattern, with the 4th beam positioned in the triangle's center. Each pulse's arrival time is represented as � i. The positions
of °uorescent molecules are indicated by stars. The picture showed the 2D localization image and the p-MINFLUX °uorescence
lifetime image for one DNA origami structure. (b) Comparison of localization precision and Cram�er-Rao Bound (CBR) with respect
to N and L, between single-photon and two-photon MINFLUX. (c) Imitation on the origami of 2p-MINFLUX and1p-MINFLUX.
Principles of MINSTED localization: (d) Schematic representation of the MINSTED setup. In the focal plane, a 633 nm CW laser
beam was used for °uorophore pre-identi¯cation. An electro-optical de°ector directs the co-aligned pulsed lasers for excitation and
STED at 635 and 775 nm in the focal plane of the objective lens (EOD). For helical phase modulation, a vortex phase plate (VP) was
used to shape the STED beam into a doughnut; (e) Circular X–Y scans were used to locate the active °uorophore (red among grey
stars) at unidenti¯ed position rFL. Only Ci is modi¯ed when a minimum radius Rmin (yellow) is achieved, and the localization ends
when the °uorophore becomes inactivated (N detections). The column diagrams show how Ri and di minimize as doughnut
intensity Ii increases.(F) Normalized probability of excitation (green) and °uorescence detection (E-PSF, yellow) as a function of
radial distance � from the focal point, along with a non-normalized intensity pro¯le of the STED beam doughnut (red). although Ii
is constantly increased during the localization to sharpen the E-PSF, the intensity experienced by the °uorophore remains about Is
within the ��C position range of the center positions Ci highlighted in grey.
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localization distributions, verifying 2p-ability
MINFLUX's to decrease the number of photons
needed. Following the MINFLUX enabled molecu-
lar precision, a similar resolution is obtained in
MINSTED nanoscopy.26,27 Speci¯cally, in nano-
scopy of MINSTED, just one °uorophore is acti-
vated at a time inside a di®raction-limited zone.
Like MINFLUX, MINSTED also uses the STED
doughnut's intensity least as a moving reference
collaborative for °uorophore localization. The rela-
tively closer it is to the °uorophore, the lesser the
likelihood of STED and the higher the likelihood of
°uorescent emission. Compared to the related con-
cept of MINFLUX, looking for the doughnut posi-
tion with the least STED is equivalent to looking for
the position with the most °uorescence.

3. The Application of MINFLUX

Nanoscopy Imaging

Thus far, MINFLUX imaging has been performed
on NPCs,10 MICOS proteins in mitochondria,13

axonal bII spectrin in primary hippocampal neu-
rons,12 and several kinds of presynaptic Active
Zone.28 To continue pursuing e®ective bio-imaging,
the emission and excitation wavelength ranges of
the selected °uorophore must match those of the
given microscopic system. MINFLUX imaging has
been successfully deployed in several dyes, such as
Alexa Fluor 647, CF660C, and CF680. They are all
around its typical excitation wavelength of 642 nm
(Table 1). For instance, Roman Schmidt et al.12

resolved the symmetry of Nup96, a protein from the
nuclear pore complex (NPC) (Figs. 3(a)–3(d)),
dispersed along a 110 nm diameter ring, in line with
previous initial results.11 The localizations generally
constructed 8 clusters, each of which contains 2 to 4

subclusters, representing the sum of Gaussian dis-
tributions, one for every localization, showing per-
sonal Nup96 proteins via their speci¯c °uorescent
markers.29 Roman Schmidt et al.12 also used MIN-
FLUX to visualize immunolabeled spectrin in the
extremely periodic actin–spectrin protein lattice of
a rat axon (Fig. 3(f)) and the PMP70 protein on the
surface of peroxisomes (Fig. 3(g)) in Vero cells.
Gwosch et al.11 con¯rmed the distribution of Mic60
clusters in two narrow opposite bands along the
mitochondrion of a Mic10-KO cell (Fig. 3(e)), which
is entirely di®erent to their stripe-like distribution
in WT cells.30

The random blinking guarantees that °uor-
ophores are distributed sparsely, and the high con-
trast enables us to record MINFLUX images of
densely labeled microstructures. Currently, a ran-
dom conversion similar to STORM4,31 was used to
switch the °uorophore between °uorescent and
dark states by combining organic dyes with bu®er
solution. The reducing agent mercaptan in the
bu®er can be combined with the dye to convert the
°uorophore to a dark state. The transition to a
°uorescent state can occur spontaneously or be in-
duced by ultraviolet light. Hypoxia can reduce
bleaching and spontaneous scintillation of dyes so
that the °uorescence scintillation can be controlled
by ultraviolet light. The photophysical properties of
traditional °uorophores are strongly environment-
(bu®er)-dependent, limiting their use for super-res-
olution imaging to particular environments and
only for ¯xed cell imaging.

In 2020, for the ¯rst time, Gwosch et al. achieved
nanometer resolution in biological specimens from
living cells with the photo-converting °uorescent
protein mMaple.11 In order to better use MINFLUX
to study dynamic problems, probes that can be used
in living cells need to be further developed.

Table 1. Summary of the °uorophores used in MINFLUX imaging.

Fluorophore �ex (nm) �em (nm) �on=off (nm) "ðM�1 � cm�1Þ References

Alexa Fluor647 650 665 405/642 239000 10–12
Atto647N 646 664 405/642 150000 12, 13
CF660c 667 685 405/642 11
CF680c 681 698 405/642 210000 11
Hydroxymethyl Silicon-rhodamine (HMSiR) 650 671 self-blinking 36
Photoactivatable Xanthones (PaX) 560 598 405/560 66000 37

Notes: �ex, the wavelength of excitation; �em, a wavelength of emission; �on=off , wavelengths for turning on and
o® °uorescence, correspondingly; ", coe±cient of extinction.
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4. Future Perspectives of Fluorescent

Probes Development for MINFLUX

MINFLUX has allowed biologists to visualize
structures of the cells with molecular exactness,
providing unique insights into the sizes, quantities,
as well as spatial proportions of macromolecules
within the cell. High-quality super-resolution

imaging requires high photophysical and chemical

characteristics of °uorescent analyses. Su±ce it to

say, the choice of appropriate °uorophore must

satisfy some crucial characteristics to possibly be

used in MINFLUX imaging. In this segment, we

describe the unique properties of °uorescent probes

in MINFLUX imaging, focusing on the de¯ciencies

Fig. 3. Nanometric highly precise °uorescence imaging of labeled cellular ultrastructure using MINFLUX. (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 ¯nal MINFLUX iteration step.
(c) Histogram of the distance of a localization to the mean position of a single °uorophore (data as in (b)). The ellipses are displayed
with semi-axes of �, 2�, and 3� in length, with � 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. (e) 3D
MINFLUX nanoscopy. Mic10-KO cells were immunolabeled for Mic60 using a directly labeled antibody. Colors encode depth
information. (f) BetaII spectrum from hippocampal neuron axon of rat. (g) PMP70 in Vero cell peroxisomes. A confocal scan of
peroxisomes found nearby is included for comparison. Scale bars; 50 nm (a), 2 nm (c), 100 nm (d), 200 nm (f, g).
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of traditional sample preparation methods and the
importance of optimal labeling of molecular targets.

4.1. Spontaneous blinking probes

In the localization mode, MINFLUX microscopy
uses blinking °uorophores, or switches on and o®
probabilistically. Generally, to cause the °uor-
ophore to switch on and o®, powerful laser beam
and additives, for example, thiols (10–100mM) in
shape referred to as blinking bu®ers are required,
restricting live-cell applications of this technique.
Moreover, for traditional redox-active blinking
bu®er probes, the image processing bu®er compo-
nents must be carefully optimized for every °uor-
ophore. As a result, ¯nding optimum conditions
that stimulate the blinking of various °uorophores
to visualize two distinct targets simultaneously is
especially di±cult. Fluorophores that instan-
taneously blink and can switch on/o® probabilisti-
cally without using a high-powered laser or any
additives (Fig. 4(a))32,33 are more suitable for multi-
color and live-cell MINFLUX imaging. For exam-
ple, Urano20 established silicon-rhodamines dyes
with an appending inner nucleophilic attack at
the 2-position, such as HMSiR. Comparable to
2 0-carboxyrhodamines, they generally create a
non°uorescent spirocyclic pattern in thermody-
namic equilibrium with their °uorescent form in the
ground state (Figs. 4(b) and 4(c)).34,35 Ruta Ger-
asimaite et al. have successfully used it for Tubulin-
targeted MINFLUX imaging (Figs. 4(d)–4(g)).36

Very recently, Richard Lincoln et al. developed a
new kind of photoactivatable xanthones (PaX) dyes
which can be used in live-cell labeling for MIN-
FLUX nanoscopy imaging.37 In addition to organic
molecules, several nanomaterials also have a ran-
dom blinking e®ect, which is expected to be used in
MINFLUX imaging in the future.38–41

4.2. Ultra-small size probes

It is essential to mention that the evaluated signals
are generated by °uorophores separated by a full
tag length of the desired molecules. If the labels are
greater than the method's resolution, any assump-
tion of molecule position cannot be completely ac-
curate. Therefore, we should carefully choose
°uorophores and a proper labeling strategy. A±ni-
ty-based labeling is arguably the most adaptable

and extensively used method in all °uorescence
microscopy applications.42,43 However, a usual pri-
mary and secondary antibody combination is fre-
quently quite large; as a result, the e®ective
resolution is limited in MINFLUX nanoscopy im-
aging. Its disadvantage is background due to non-
speci¯c staining.44 Another commonly used label is
the appearance of °uorescent protein (FP) fusions
to study target distribution within the cells.45 FPs
covalently bind the cellular proteins through tar-
geted genetic modi¯cations.46 It has the apparent
bene¯t of allowing for live-cell imaging. However,
this method is used to obtain unmarked proteins,
which are not observed in °uorescent assessments.47

Instead of appearing as an FP, desired proteins can
be hereditarily attached to a sca®old that entangles
free °uorescence substances in solution. This is the
main method for MINFLUX imaging.10–13 SNAP
proteins are very widely used \self-labeling" pro-
teins.48 Moreover, HaLo49 labels, can be responded
covalently with the molecules chloralkane (CA) and
benzylguanine (BG), correspondingly. The primary
bene¯t is that these substances are attached to or-
ganic dyes, which are frequently shiner, more pho-
tostable, and much more varied than FPs. Smaller
probes virtually eliminate this size problem, such as
nanobodies,50 which are predicted to play a sub-
stantial role in MINFLUX imaging. In Table 2, we
assess the most commonly used strategies.

4.3. High contrast ratio and low
duty cycle

In principle, one of the most crucial aspects for
obtaining a high-resolution imaging is to reduce the
background signal. The background in MINFLUX
nanoscopy can be caused by the auto-°uorescence of
the reagents or by the °uorophores. A °uorophore
with photoswitchability, for example, is predicted
to switch between the °uorescent \on" and \o®"
states, with the °uorophore preferably not emitting
any photons in the \o®" state. Moreover, the °uo-
rescent \o®" state does not always indicate zero
photon output. Triplet °uorescent probes, for in-
stance, can discharge weakly and contribute to the
background even though they lack signi¯cant
emission pro¯les. As a result, the organic dyes se-
lected for MINFLUX must emit as few photons as
feasible in the \o®" state and have a better contrast
ratio. Another factor to consider when choosing
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probes for MINFLUX image analysis is the duty
cycle. When a °uorophore is excited at a speci¯c
wavelength, it gives o® °uorescence, referred to as
the °uorescence \on" state, while the nonemitting

state is referred to as the °uorescence \o®" state.
The duty cycle is determined as the percentage of
time being spent in the \on" state to time being
spent in the \o®" state for a °uorophore.51

Fig. 4. (a) A traditional °uorophore and an instantaneously blinking °uorophore were used in a single molecule localization
pattern. (b) Intramolecular spirocyclization thermal equilibrium between non-°uorescent closed-form and °uorescent open form.
The equilibrium constant for intra-molecular spirocyclization is pKcycl, and the entire life of the open form is (the time it takes for
the open form to switch back to the closed-form). (c) Representative pH titration curves of rhodamine derivatives with pKcycls of
8.5 (red) and 6.0 (blue). (d) Image of microtubules in speci¯ed U-2 OS cells colored with HMSiR tubulin using MINFLUX. 500 nm
scale bar. (e, f) The inset shows a pro¯le of the line zone (200 nm in width). (g) SMLM and MINFLUX nanoscopy were used to
evaluate microtubule fwhm.
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Therefore, a °uorescent molecule with an extreme
duty cycle remains in the °uorescence \on" state for
a prolonged duration of time, while a molecule with
a low-duty cycle consumes very little time in the
\on" state and spends a large part of its time in the
\o®" state. For MINFLUX image analysis, very few
of the °uorophores must emit simultaneously. In
contrast, the majority of the °uorophores stay \o®"
so that the likelihood of two compounds having
existed at the same time under the di®raction limit
is reduced. Fluorophores with a limited duty cycle
are thus advantageous in this regard.

4.4. Brightness and photostability

The photophysical and chemical characteristics of
°uorescent probe are also essential for MINFLUX
imaging. The ¯nal resolution of MINFLUX

microscopy can be presented as �CRBð�r ¼ �0Þ ¼
L=2

ffiffiffiffiffiffiffi

2N
p

(�CRB: the localization precision of MIN-
FLUX nanoscopy; �r: vector of the donut's position;
L: the diameter of targeted coordinate pattern cir-
cle; N: the number of detected photons).10 Elevated

Table 2. Comparison of potential labeling strategies used in MINFLUX nanoscopy.

Label Ref Size Description Characteristics

A±nity
binding

Antibody
IgG or
Fab

fragment

42, 43 �12 nm/150 kDa IgG: antigen-speci¯c Immunoglobulin G
antibodies with 02 similar massive
chains and 02 identical light chains
light chained together in a Y-shape.
Fab: Antigen-speci¯c monovalent
pieces of IgG and IgM made up of
changeable light and heavy chain
zones linked by disul¯de bonds.

Classic immuno°uorescence by
primary and secondary
antibody Combination Ctotal
length: 20–30 nm Large tags
limit the image resolution. Not
cell-permeable, thus, limiting
live-cell staining as a specialized
delivery method is needed.

Nanobody 50 �3 nm/�15 kDa Single antigen-speci¯c variable single-
chain domain (VHH)Nanomolar
a±nity antibody

Anti-GFP nanobody is a popular
stain. Live-cell stain results in a
nonspeci¯c background due to
lack of washing.

Genetic
fusions

SNAP 48 �3 nm/�20 kDa Ligand binding genetic fusionenzyme to
a target protein.

Large selection of ligands coupled
to various °uorophores.

HALO 49 �30 kDa Genetic fusion may interfere with
protein localization and
function. Live-cell staining is
only possible for cell- permeable
°uorophores or specialized
delivery methods.

Fluorescent
proteins

45 �3 nm/�25 kDa Fluorophore genetic fusion to a protein
of interest

Live-cell imaging. No need for a
staining step in adding external
°uorophores during the sample
preparation. Highly speci¯c
tag. Genetic fusion may
interfere with protein
localization and function.
Factors like maturation time or
misfolding must be taken into
account. Some °uorescent
proteins tend to arti¯cially
aggregate for concentrations
above a certain threshold.

Fig. 5. A schematic diagram of several labeling strategies in
Table 2 (¯gure was created with Biorender.com).
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ultra-resolution microscopy cannot be accomplished
without using an appropriate °uorophore. The il-
lumination of the molecules displays the proportion
of visible photons, which has a signi¯cant e®ect on
the accuracy of the localization. The photostability
of substances under constant laser illumination
seems to be the most signi¯cant factor in°uencing
image quality from a photochemical standpoint.
Only °uorophores capable of switching for hundreds
or thousands of cycles are suitable for MINFLUX.
As a consequence, it is critical to fully understand
these photophysical and chemical aspects to better
comprehend the context for selecting optimal
°uorophores for MINFLUX. The brightness of a
particular °uorogenic system is determined by two
signi¯cant aspects: (a) the coe±cient of extinction,
and (b) the quantum yield of °uorescence.52 In the
overwhelming bulk of ¯xed cell MINFLUX research,
the °uorophore of choice is Alexa Fluor 647 because
of its good photon yields and robust photoswitch-
ing. Unfortunately, the °uorophore of Alexa Fluor
647 requires bu®er assistance for blinking and can-
not be used for living cell MINFLUX imaging. Un-
doubtedly, live-cell imaging will reveal extra
nanoscopic information about living biological
systems.

Creating biocompatible °uorophores with small
molecules that enable optimized imaging situations
is critical for enabling live samples imaging with
limited invasiveness.

5. Conclusion and Future Perspectives

The recently introduced MINFLUX nanoscopy
method has been very in°uential. However, its ca-
pabilities have several limitations. The most signif-
icant constraint preventing further advancement is
the scarcity of appropriate probes. In this paper, we
have illustrated the latest improvements in MIN-
FLUX-based super-resolution imaging applications
using organic °uorescent probes for small molecules.
We have also brie°y discussed the selection of
°uorophores appropriate for e®ective MINFLUX
imaging. The key criteria for selecting and devel-
oping new organic °uorescent probes for MINFLUX
have been highlighted. With the continued devel-
opment of MINFLUX-based image processing
technology and new labeling techniques in the
coming years, the utility of this imaging strategy
will certainly be improved. It is necessary to

envisage the sub-di®raction resolution in sub-cellu-
lar organelles using live-cell MINFLUX microscopy,
which could potentially open a new window for
attempting to resolve biologically derived illnesses
related to dysfunctions in cells. Because the selec-
tion of appropriate °uorophores is the most signif-
icant component in obtaining a successful picture of
excellent quality, it can be expected that great
e®orts will be made to build new °uorophores that
are °exible with remarkable characteristics for the
advancement of imaging reliability.
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