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ABSTRACT
MINFLUX nanoscopy relies on the localization of single fluorophores with expected ~ 2 nm precision in 3D mapping, roughly 
one order of magnitude better than standard stimulated emission depletion microscopy or stochastic optical reconstruction mi-
croscopy. This “brilliant” technique takes advantage of specialized localization principles and algorithms that require only dim 
fluorescence signals with a minimum flux of photons; hence the name follows. With this level of performance, MINFLUX im-
aging and tracking should allow for the routine study of biological processes down to the molecular scale, revealing previously 
unresolved details in cell structures, such as the organization of calcium channels in muscle cells or the clustering of receptors 
in synapses. Whereas the high localization precision is definitely a strength of the MINFLUX technique, limitations and chal-
lenges also exist, especially in the labeling procedures aiming at appropriate density and on/off switching kinetics. This primer 
presents some significant results achieved with MINFLUX so far and highlights specific operational procedures crucial for this 
technique.

1   |   Introduction: From Resolution to Precise 
Localization

The importance of high resolution and sensitivity in optical 
microscopy, especially aiming at advances in life sciences 
applications, is well known and recognized (Diaspro  2010; 
Diaspro & van Zandvoort, 2021). In the past two decades, most 
progress has been initially carried out by stimulated emis-
sion depletion microscopy (STED) (Vicidomini, Bianchini, 
Diaspro 2018; Cella Zanacchi et al. 2011; Galiani et al. 2012; 
Bianchini et al. 2015). More recently, localization techniques 
have promised to reach unprecedented results in this field 
(Scalisi, Pisignano, and Cella Zanacchi 2023). As compared to 
the standard localization approach, where precision σ  scales 

as 1∕
√

N , with N being the number of required photons, 
which is linked to the Abbe resolution limit formula (Diaspro 
and Bianchini 2020), the MINFLUX approach to localization 
minimizes N. This removes issues of either background (i.e., 
low signal-to-noise) or photobleaching (extreme exploitation 
of photon budget from the fluorophores) by actually retriev-
ing information from not-emitted light (Balzarotti et al. 2017). 
A smart scan is performed during MINFLUX measurements 
by combining a rough confocal Gaussian beam mapping with 
switching to excitation by a donut beam. This beam is shaped 
similarly to that used in STED (Hell and Wichmann  1994; 
Lukinavičius et  al.  2024) for engineering the point spread 
function, yet is used for excitation and is the key to obtain 
high-precision localization of the fluorophore with few 
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photons (see Figure  1a). The most accurate fluorophore po-
sition is given by probing along pre-defined spots in a circle 
(see colored dots in Figure 1b) and interpolating signal inten-
sities (Xiao and Ha, 2017) to find the position ideally provid-
ing the least amount of photons. Precision is then recursively 
improved by using a smaller and smaller circle (diameter L), 
moving it across several positions close to the estimated mole-
cule position. As a result, the typical improvement in imaging 
quality when compared with former localization techniques is 
shown in Figure 1c. For 3D, instead of a simple planar set of 
positions distributed along the circle as in Figure 1b, more po-
sitions also offset above and below the xy plane are considered. 
An optimized pattern is made by 7 positions arranged in an 
octahedron, which sometimes involves compromising in local-
ization precision (typically ~3 nm). The MINFLUX approach 
gives better precision than a camera (Gwosch et al. 2020), still 
a long acquisition time is required (~ 30 min) for the localiza-
tion image build-up to occur, emerging from accumulation of 
the dense fluorophores emitting in the field of view at separate 
time instants (Balzarotti et al. 2017; Gwosch et al. 2020).

2   |   Standard Imaging Test Sample: Nuclear Pore 
Complexes

A typical structure used as a standard benchmark for MINFLUX 
super-resolution demonstration is the protein complex of cell nu-
clear membrane pores (nuclear pore complex [NPC]). NPCs have 
been imaged with localization techniques even before the advent 
of MINFLUX (Owen, Sauer, and Gaus 2012) and are also rou-
tinely used as a calibration structure for example, expansion mi-
croscopy. However, they have become a kind of reference sample 
only with nm-scale resolution being reached more easily over 
the years and almost routinely today (Thevathasan et al. 2019). 
Here, the nucleoporins NuP107 from cell line HepG2, as imaged 
by 2D MINFLUX in our lab, are shown (Figure  2d, Flux640 
labeling). Sample preparation was done as described later in 
Appendix A.

It should be mentioned that we aim for the highest possible la-
beling density of the structure without over-labeling, in order 
to have the required density of fluorescent labels emitting at a 
single time instant: sparse enough to allow their individual lo-
calization, yet not so few to prevent fine image reconstruction. 
To this goal, given, for example, a blinking buffer strategy, a bal-
ance between active and inactive fluorophores has to be gained 
at the region of interest before starting the MINFLUX process. 
This is obtained by pushing the fluorophores into a triplet state 
of the excited electrons (which is “dark” for fluorescence due to 
the improbable transition down to ground singlet state, involv-
ing the electron spin flip) with the confocal laser and (re-)ac-
tivating them with a UV laser, respectively, until a reasonable 
count of events is seen in the software. For example, to obtain 

Summary

•	 MINFLUX is a recent single-molecule localization mi-
croscopy technique.

•	 The technique allows nanoscale resolution imaging 
and fast tracking.

•	 A number of biological problems can be addressed 
with this technique.

FIGURE 1    |    (a) combined scanning with Gaussian beams (UV for fluorophores activation, in violet, and orange for excitation) in raster scheme, 
for confocal identification of emitting fluorophores, and subsequent zooming-in and re-centering with donut beam (green), for precise localization 
(reproduced with permission from (Gwosch et al. 2020)). (b) MINFLUX procedure for increasingly precise localization: The colored spot positions 
are tested for the donut center, and the best (closest to the fluorophore—star) is that one giving the least number of fluorescence photons (cyan in this 
case), (reproduced with permission from (Balzarotti et al. 2017)). (c) example of localization maps obtained by Minflux as compared to traditional 
localization approaches (PALM and STORM), (reproduced with permission from (Gwosch n.d.).
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our image of Figure 3d, in a typical 2D fictitious map of signals 
showing bursts over time, for a scan size of 2 μm correspond-
ing to 100 pixels each with a dwell-time of, 5 μs, before starting 
the actual MINFLUX acquisition, strikes should appear with a 
fluctuating frequency in the order of few Hz. Usually, turning 
the fluorophores dark is the most required action rather than 
(re-)activation, as confirmed by the dark regions shown in 
Figure 2b (see legend for details). It should be stressed that this 
switching off the fluorophores is not photobleaching but just a 
temporary transition to a long-lived yet reversible dark state.

The MINFLUX image in Figure 2d points out the eight nucle-
oporin sub-units of one of the two rings (see the biochemical 
model in Figure 2a). On the contrary, in the confocal image ob-
tained previously in the same region (Figure 2c), one can hardly 
identify the single pores as blobs. After the MINFLUX mapping, 
the scanned regions appear to have been turned off (dark state) 
by the confocal scan occurring before the MINFLUX process 
(Figure 2b).

In Figure 2d, the valid localization positions are rendered, with 
the color scale intensity (the brighter the higher), representing 
just the number of repeated localizations in the same pixel po-
sition. Alternative renderings can be set, representing different 
parameters that quantify the image quality. The most important 
is probably the center frequency ratio (cfr), that is, the ratio of 

emission frequency in the center of the excitation pattern over the 
mean emission frequency across all outer positions. Normally, 
single fluorophore emission events occur in the system at a fre-
quency peak around 40 kHz, whereas a second broad peak oc-
curs at ~ 80 kHz for double emission from the same fluorophore. 
In this case, “cfr” (comprised between 0 and 1) is better being 
higher, for example, 0.8 versus 0.5 (Salerno and Bazzurro n.d.). 
Another useful parameter is “tim” (Abberior  n.d.), namely the 
time (in seconds) of localization during the accumulated scans: 
when no more localizations with recent time (bright color) ap-
pear, it means that most of what could be extracted from the 
given sample area in current conditions was done, and image 
collection can be stopped.

As previously mentioned, NPCs can be imaged also in 3D 
(Gwosch et  al.  2020; Schmidt et  al.  2021) and with additional 
mapping at the pore center of wheat germ agglutinin (Gwosch 
et al. 2020; Thevathasan et al. 2019), which is a lectin known to 
inhibit the nuclear transport by binding and aggregating at the 
cytoplasmic face of the nuclear pores. Dual-color simultaneous 
mapping is obtained by exploiting the possibility to spectrally 
separate the emission from different fluorophores that can be 
excited by the same donut laser line, while photons are collected 
by two detectors tuned on different spectral windows. The re-
sult is rendered as “dcr” (detector channel ratio), representing 
the ratio of emission events detected around 680 nm wavelength 

FIGURE 2    |    (a) Biochemical model of a human NPC (reproduced with permission from (Petrovic et al. 2022)). (b) dark squares inside a cell nucle-
us point out the regions of interest where fluorophores were brought into the dark state by pre-scanning with the confocal laser before starting the 
MINFLUX localization process. (c) confocal image (before starting the MINFLUX process) and (d) MINFLUX 2D image (rendered xy map of local-
izations) obtained in the same region. Some details of the imaging method for this sample are reported in Appendix A.



1267

to those at 640 nm, and then segmenting the so-obtained gray-
scale image to a two-color only one (Abberior n.d.-a). Of course, 
the MINFLUX can have different donut-shaped excitation laser 
beam lines to be used, depending on the fluorophores to be lo-
calized. DNA-PAINT is one approach alternative to the blinking 
buffer one, which has also made NPC sub-units imaging possi-
ble (Schlichthaerle et al. 2019) (see Appendix A).

In addition to imaging static samples, microscopy—when fast 
enough—also allows to follow moving samples, which is defi-
nitely a case of interest in the life sciences for experiments on 
living systems. Whereas in vivo experiments pose additional chal-
lenges of sample stability that are difficult to overcome, at least 
in vitro experiments on living cells can be addressed routinely.

3   |   MINFLUX Tracking Capabilities

An application of MINFLUX alternative to nanoscale imag-
ing (nanoscopy) and, probably, even more promising, is that of 
tracking single molecules. Typically, in this implementation, 
some localization precision is traded in (accepting values up to 
~ 20 nm) to gain, instead, in terms of localization time and fi-
nally tracking speed. This allows for following in live cells, for 
example, lipids or membrane proteins moving with a few 100 μs 
step, that is, almost 100× faster than with cameras, which is the 
most common approach. The first example of MINFLUX track-
ing was given in the original paper of Balzarotti et  al., where 
the trajectories of 30S ribosomal subunit proteins inside an E. 
coli bacterial cell were reconstructed (Balzarotti et al. 2017) (see 
Figure 3a). Lipids diffusing through a lipid-bilayer model of cell 
membrane were tracked instead in (Gwosch et al. 2020). More 
recently, the famous walk of kinesin along microtubules has 

also been imaged and characterized for its specific mechanism 
by Deguchi et al. (Deguchi et al. 2023; Wirth et al. 2023) (see 
Figure 3b,c).

4   |   MINFLUX Requirements

In addition to the dedicated high-quality electronics and search 
software algorithms workflow, the powerful MINFLUX tech-
nique poses some stringent requirements as for both sample 
preparation and environmental conditions. First, for nanoscopy 
imaging, the samples have to be very still. To this goal, an active 
piezoelectric stabilization is run against thermal drift, keeping 
the field of view position displacement below 1 nm. This is done 
thanks to fiducial gold beads used as a reference, which are 
tracked and kept in the same position by a closed-loop feedback 
on the piezo (this system being similar to the closed-loop me-
chanical scan correction of piezo actuators used for sample scan 
in atomic force microscopy since the early 2000s). Obviously, 
this requirement means that usually only chemically fixed sam-
ples are imaged at the highest resolution. In fact, for live-cell 
imaging, the fiducial gold beads have to be immobilized on the 
substrate before cell culture—or other types of fiducial markers 
have to be used—while the cells themselves can move several 
hundreds nm within imaging time.

A second requirement is for fluorescent tags (labels), which have 
to be physically as small as possible to guarantee the expected 
nm-scale super-resolution. Therefore, conventional indirect im-
munofluorescence is usually not appropriate in this respect, as 
in that case the average distance between the fluorophore label 
and actual imaging target can be as long as 20 nm, making 
the localization precision ineffective (see Figure  4), so-called 

FIGURE 3    |    Examples of MINFLUX tracking: (a) 77 trajectories (in different colors) of 30S ribosomal subunit proteins in a E.coli cell (reproduced 
with permission from (Balzarotti et al. 2017)). (b) model of kinesin hand-over-hand walk and (c) long-term (10 s) trajectory of a single kinesin on mi-
crotubule (scale bar: 10 nm, black line: 20 ms running mean displacements), (reproduced with permission from (Deguchi et al. 2023)); more recently 
(Wirth et al. 2023; Wirth et al. 2024), the occurrence of 8 nm long steps instead of the full 16 nm ones has been ascribed to a different type of step, 
called chasse-inchworm, with the trailing foot following the leading one without overcoming (instead of the explanation suggested in (b), of different 
position for the labeling, at stem instead of foot).
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linkage-error (Grabner et  al.  2022). In fact, small-molecule 
probes or protein tags are used to enable imaging of nanoscale 
structures, and, for example, nanobodies are synthesized for use 
in this case in place of traditional antibodies (Sahl et al. 2023).

Additional requirements are those common to other localization 
microscopy techniques (Deschout et al. 2014) and already pointed 
out previously, namely fluorophores in the sample should be sep-
arated over time—by, for example, blinking, which is mainly 
ensured by using a properly formulated blinking buffer—and 
samples should be labeled at the appropriate density, that is, nei-
ther too low, which will not guarantee full reconstruction of the 
target object shape, nor too dense, which would eventually result 
in cross-talk at any given time instant. Detailed practical consid-
erations on sample preparation are provided in Appendix A.

It is due to these significant requisites on experiment design 
and sample preparation that, so far, the best demonstrations of 
the possible high performance of MINFLUX have been mostly 
limited to imaging of well-characterized biological systems 
(e.g., the already mentioned NPCs or molecular rulers (Sahl 
et al. 2023)) and tracking of molecules with already partly known 
behavior (kinesin (Deguchi et al. 2023; Wirth et al. 2023; Wirth 
et al. 2024)).

5   |   Sample Preparation Approaches

To have the fluorophore labels emitting separately in time be 
sparse enough in space and still silent ones being so densely 
present to finally allow for the whole picture to be built (at res-
olution better or comparable to the localization precision), dif-
ferent strategies can be pursued. For example, in a standard 

blinking-buffer approach as also used for STORM (such as ad-
opted for the fixed cells shown in Figure 2), organic fluorophores 
are immersed in a buffer with reagents that enable the switching 
between fluorescent and non-fluorescent state. The commonly 
used buffer, containing glucose oxidase, is called GLOX. The 
GLOX buffer is prepared shortly before imaging, starting from 
a tris(hydroxymethyl)aminomethane (TRIS) buffer (contain-
ing 50 mM TRIS/HCl, 10 mM NaCl, 10% w/v glucose, pH 8.0), 
which is very stable and can last on the shelf for years. To this 
buffer, the solutions of enzymes as detailed in Appendix A are 
added, which can be prepared and stored in the fridge (4°C) for 
few weeks. β-mercaptoethylamine (MEA) thiols are also added 
as blinking compound (Lampe et al. 2012), which should come 
from an aliquot of the stock solution previously frozen that can 
be used only for up to 1 week after melting.

The thiol acts as a reducing agent for the fluorophore, converting 
it to non-fluorescent (dark state). The back-conversion to the flu-
orescent state may either occur spontaneously after some time or 
be induced by UV light (photoactivation), making the stochastic 
process somewhat tunable. The GLOX buffer is an oxygen scav-
enging system used to reduce the risk of bleaching and to favor 
long-lived triplet states, allowing the blinking to be controlled 
by the combination of the amount of MEA (bringing to a dark 
state) and UV exposure (bringing to a bright state). This GLOX-
MEA approach has shown success for a number of traditional 
fluorophores, such as AlexaFluor 647 or other carbocyanine-
based dyes, typically excited at 640 nm wavelength, for example, 
CF660C, CF680, or sCy5.

PALM-like photoconvertible proteins can also be used to ex-
change between OFF and ON states in a controlled way, such 
as the case for mMaple, adopted as well for imaging NPCs in 

FIGURE 4    |    Images representing the relative size of different fluorophore labels and constructs ensuring their binding to the targets of interest 
(reproduced with permission from (Sahl, Hell, and Jakobs 2017), structures come from the protein data bank).
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(Gwosch et  al.  2020). This approach is especially useful for 
tracking experiments, where spontaneous fluorophore blink-
ing is undesirable and, on the contrary, photostable and bright 
fluorophores are desirable not to lose the moving target (e.g., 
ATTO647N, abberior STAR RED, JFX650, JF646, mEOS3.2) 
(Abberior n.d.-b). In this application, even quantum dots fluo-
rescing at the appropriate wavelength can, in principle, be used.

Another route to get the stochastic blinking of the fluorophores is 
the DNA-PAINT approach (Ostersehlt et al. 2022). This method 
uses binding and unbinding kinetics equilibrium of short oligonu-
cleotides, instead of manipulating the fluorophore photophysics, 
that is, making it blink. The target is labeled with a docking strand 
that is complementary to another one holding the fluorophore. 
Same as in case of tracking, the fluorophore should be stable and 
bright here. Dyes often used in this method are Atto655 and Cy3B.

Additional methods have emerged, based on enzymatic labels, 
so-called self-labeling enzymes, namely SNAP-tag (Keppler 
et  al.  2004) or HaloTag (Los et  al.  2008). Both methods were 
demonstrated for example in (Scalisi, Pisignano, and Cella 
Zanacchi 2023) for imaging of NPCs based on labeling nucleop-
orin Nup96 in the nuclei of U2OS cells. In short, the tag is a spe-
cific functionalization of the protein of interest, which allows for 
easy binding of an appropriately engineered fluorophore. Several 
genetically encoded tags exist for fluorescence microscopy today 
(Liss et al. 2015). SNAP-tag can also be coupled for dual-color with 
CLIP-tag, which specifically reacts with orthogonal substrates.

Still, new solutions are expected in the future thanks to the 
click-chemistry. Finally, even spontaneous blinking fluoro-
phores exist, which need neither a reducing buffer nor action 
of light to be activated, but this is presently limited to rare cases 
such as that of HM-SiR (Gerasimaitė et al. 2021).

In any case, each labeling strategy should consider the size of the 
fluorophore label and the distance between the label and target 
likely occurring in the labeled sample (see Figure 4). In there, 
nanobodies (nb) are listed as a possible alternative to traditional, 
large antibodies (Ab). A nb is nothing else than a smaller unit 
working as an Ab, namely a single-domain recombinantly-
produced antigen binding protein or Ab fragment.

6   |   Recent MINFLUX Applications in the Life 
Sciences

A number of different nanoscopy investigations in biology 
have been recently made viable by MINFLUX (van den Berg 
et al. 2023; Binotti et al. 2024; Jackson et al. 2022; Pape 2009; 
Wolff et al. 2020; Stephan et al. 2019; Carsten et al. 2023; Gürth 
et al. 2023). Among the many, our personal list of particularly 
notable ones includes the following examples.

In molecular neurobiology, Grabner et al. (Grabner et al. 2022) 
have used MINFLUX in 3D to resolve the molecular morphology 
of rod photoreceptor pre-synaptic active zone, where transmitter 
is released on fusion of synaptic vesicle. In that study also a spe-
cial sample immobilization technique was implemented, called 
heat-assisted rapid de-hydration to allow a thin layer of rod syn-
aptic terminals (spherules) being transferred onto glass substrate 

from retinal slices. The active zones were labeled by immunos-
taining, and the shape of the molecular complex at the release site 
was mapped with nanometer precision for the first time.

Another notable application of MINFLUX was carried out by 
Clowsley et al. (Clowsley et al. 2024), who investigated success-
fully the distribution in HEK293 cells and mouse cardiac my-
ocytes of cardiac type 2 ryanodine receptor (RyR2). This large 
homotetramer (~ 560 kD) represents the molecular pathway 
through which most Ca2+ enters the cytosol during cardiac acti-
vation. Since the process of Ca release is in turn Ca-induced and 
locally regenerative, characterizing the distribution of RyR2 is of 
great interest. The authors used single-domain Ab against fluo-
rescent protein domains engineered in RyR2 protein fusions and 
could map RyR2 subunits with 3 nm precision in 3D, allowing 
to understand also the molecular complex orientation in space. 
The obtained information was critically compared with electron 
microscopy data.

Finally, we would like to cite the work of Mulhall et  al. 
(Mulhall et al. 2023), who observed the conformational states 
of PIEZO1. This protein belongs to a class of mechanosensitive 
ion channels that convert force into chemical and/or electrical 
signals. Whereas it is supposed that this occurs by deformation 
of its large propeller-like three blades of transmembrane do-
mains, the actual mechanism of this transduction is not fully 
clarified. The authors observed in direct space the morpholog-
ical modifications of working PIEZO1 in action, correlating 
it with channel activation, in native environment. Detection 
of conformational changes down to single nm resolution was 
possible using the MINFLUX. Good agreement with both 
cryo-EM and AI-based simulation tools (AlphaFold II) results 
was found.

7   |   Perspectives

Similar 3D resolution as the MINFLUX can be obtained by other 
single-molecule localization systems such as the 4Pi; however, 
this comes at the cost of much more complex operation, due to the 
required work with two opposing objectives (Wang et al. 2021). 
Also, the current commercial implementation of MINFLUX ac-
tually comes after a complex combination of hardware and soft-
ware systems, which obviously means high cost of the setup (in 
the order of 1 M€) and consequently still low overall accessibility. 
However, researchers are working on the development of a pos-
sible future simplified open-source setup (see, e.g., (Deguchi and 
Ries 2024)).

One current limitation of MINFLUX is in multi-color imaging. 
For example, for dual-color, to avoid the complex duplication 
of the scanning-localizing procedure with two different ex-
citation lines, the two colors are obtained on emission by two 
fluorophores that can be excited by the same laser line and still 
have emission spectra different enough to allow for spectral 
separation. These “color” maps are obtained by rendering the 
previously mentioned parameter dcr, representing the fraction 
of photon counts for each spectral detection window (see, e.g., 
(Remmel et al. 2024)). This approach can be used, for example, 
for the pairs of fluorophores abberior FLUX 640 and FLUX 680, 
or CF680 and sCy5.
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It is also partly due to this limitation, as well as the continu-
ously improved localization precision also occurring for other 
single-molecule localization microscopy techniques, that it is 
a general feeling in the community that MINFLUX will be 
more likely used in the future mainly in tracking experiments 
rather than for nanoscopy of static samples. For example, a 
new promising technique, apparently a variant of MINFLUX 
according to the name yet more similar to STED, is MINSTED 
(Weber et al. 2021, 2023). In MINSTED the donut is used again 
for depletion instead of excitation, same as in STED, but the 
raster scan of STED is combined with a local circular scan of 
the depletion donut, coupled with subsequent displacement 
toward the position on the circle where photon detection oc-
curs, together with progressive donut shrinking, pretty much 
in the fashion of MINFLUX. This approach may reach simi-
lar single-nm resolution levels than MINFLUX, thanks to the 
donut being used not much to separate fluorophores at small 
distances but rather to establish the fluorophore's position. In 
addition, the requested photon budget is lower than for stan-
dard STED or STORM (Weber et al. 2021).

Another advancement, possibly obtained by combining dif-
ferent optical techniques, may be represented by two-photon 
MINFLUX (Zhao et al.  2022). This variant holds promise for 
doubling localization precision in 3D thanks to non-linear ef-
fects, requiring only ¼ photon budget as standard MINFLUX.

Clearly, significant progress is expected on a monthly base 
thanks to the continuous effort made by companies at syn-
thesizing more and more fluorophore systems specifically de-
signed for localization microscopy and especially MINFLUX 
(Wang et al. 2023; de Beer and Giepmans 2020; Prakash 2022). 
The future is obviously “bright” for this non-invasive, high-
precision technique, and other nanoscopies, when appropri-
ate biological questions will be addressed by the scientific 
community.
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Appendix A

Imaging method details for the NPCs sample in Figure 2

Same as in a typical sample preparation procedure, 18–25 mm diameter 
coverslips (#1.5 or #1.5H for the thickness) can be used as the substrates 
for the biological sample (e.g., cultured cells). For piezo stabilization, 
100 μL of 150 nm diameter fiducial gold beads (at a stock solution 
concentration of 3.6 109 particles/mL) are added and let to adsorb for 
typically 5 min at room temperature. Then, the gold beads solution is 
discarded and the coverslip is rinsed with phosphate buffer saline (PBS) 
three times.

The blinking buffer used in this case was prepared by adding to the 
GLOX buffer the following concentrations of the respective solutions: 
0.064 g/L catalase (stock solution: 20 g/L in Milli-Q water, prepared 
from powder); 0.4 g/L glucose oxidase (stock solution: 70 g/L in TRIS 
buffer without glucose); 10–30 mM MEA (stock solution: 1 m in PBS, 
prepared from powder). Variability in the amount of MEA is key to 
proper sample working. A cavity microscope slide is then filled with 
70 μL GLOX buffer and the coverslip with sample is then placed upside-
down onto the filled cavity such as to avoid any air bubbles. The edge is 
sealed against diffusion of oxygen from ambient air with silicone-based 
two-component elastomeric products used for dental impression repli-
cas, for example, Picodent or Twinsil (Gürth et al. 2023).
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Abstract
We have collected fluorescence images of fixed cell nuclei of two different types—HeLa and HepG2—with DNA labeled 
by a standard fluorophore, and have devised three different quantitative parameters aimed to describe the distribution of 
the nuclear chromatin. The parameters are the fractal dimension, associated with the intricacy and hierarchical structure of 
chromatin; the total perimeter of local maxima, associated with the amount of chromatin domains; and the radial distance of 
angularly averaged intensity profile maximum, associated with the possible occurrence of a peak density at a characteristic 
distance from the nucleus center. Our results suggested that it was possible to differentiate the two types of cells in the 3D 
space of the defined parameters. Therefore, these parameters appear promising in identifying specific functional patterns in 
chromatin. At the same time, the negative control of different runs of measurements on the same cell type also showed at 
least partial differentiation. Thus, the tool proposed here for nuclear chromatin pattern characterization is probably sensitive 
to the cell life cycle moment almost as much as to the cell type and should be tested further on cells synchronized at the 
same phase during their cycle.

Keywords  Cell nuclei · Chromatin compaction · Confocal microscopy · Hoechst · Fractal dimension

Introduction

Pointing to the importance of chromatin is an easy task, 
supported by such a wide variety of literature background 
(Van Steensel 2011) (Mishra et al. 2023). In short, chroma-
tin is a complex of nucleic acids and proteins responsible 
for packing genetic information in living cells and for its 
transfer to daughter cells. To this goal, the extraordinarily 
long DNA chain in humans (almost two meters) is packed in 
the 10 µm-scale size of the cell nucleus in such a way that it 
is still ready to be unzipped and accessed for replication at 
the right moment (Kak 2023). The chromatin structure pre-
sents multiple organization levels, spanning from microm-
eter down to nanometer scale (Mirny 2011), from the single 
DNA chain size, wrapped around histones octamers to form 
nucleosome spools, to the bead-on-a-string chromatin fiber 

in the scale of 10 nm. Nowadays, even the lower levels are 
accessible thanks to super-resolution microscopy (Kostiuk 
et al. 2019) (Benke and Manley 2012) (Burgers and Vlijm 
2023) (Lakadamyali and Cosma 2015)(Burgers and Vlijm 
2023) (Pierzynska-Mach, Czada, et al., 2023b), which can 
primarily be used for addressing specific interactions occur-
ring in live cells during transcription, translation and even 
repair of DNA. Therefore, the relevance of a study based on 
imaging with diffraction-limited resolution (as large as at 
least 200 nm) by simple confocal microscopy could be ques-
tioned. However, the size scale of the chromatin structure 
is already known, mainly after cryo-electron microscopy 
studies (Takizawa and Kurumizaka 2022), and the closest 
higher level has also been clarified by small-angle X-ray 
scattering (SAXS) studies (Nishino et al. 2012). For exam-
ple, more than one decade ago, the latter technique made 
it possible to clarify about the hypothesized existence of a 
higher level of chromatin fibers in the size scale of 30 nm, 
concluding that there is not necessarily such a regular struc-
ture in human mitotic chromosomes (Hansen 2012). Nishino 
et al. also investigated the size range of 50–1000 nm by 
ultra-SAXS, showing that no regular structures are present 
in human mitotic chromosomes even on that scale (Nishino 
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et al. 2012). On the other hand, with chromatin not really 
being regular, yet somewhat hierarchically arranged in an 
efficient way to allow for its high level of compaction, over 
the years several researchers have put forward the hypothesis 
of a fractal arrangement extending in the submicrometric 
size scale. In this intermediate mesoscale size, chromatin 
structure analysis falls under the domain of confocal micros-
copy. Therefore, we have tried to use this imaging technique 
to investigate chromatin organization, as we think that, even 
on such a relatively large scale across the micrometer, chro-
matin organization still has to disclose helpful information. 
This has already been observed in the past (Mascetti et al. 
1996), yet should be reconsidered with current image analy-
sis capabilities (see, e.g., Pierzynska-Mach, Cainero, et al. 
2023a). Indeed, in this work, one of the parameters extracted 
from our images is the fractal dimension (FD). However, we 
have worked out two more parameters, trying to express both 
the level of chromatin density and its distribution with the 
distance from the nucleus center, namely the total perimeter 
of domains (TPD) of chromatin and the radial position of 
maximum density, Rmax, respectively. The goal was to find a 
set of descriptors that will allow the distinction of chromatin 
arrangement between different cell types and, in perspective, 
also between healthy and diseased cell conditions.

The high complexity of the cell nucleus (Maraldi et al., 
2003) goes along with chromatin organization. Investiga-
tions of chromatin distribution patterns started already sev-
eral decades ago, by simple methods such as evaluation of 
optical density, which disclosed differences between cell 
types or functioning conditions (Durie et al. 1978; Sahota 
et al. 1986). More recently, changes in chromatin patterns 
of neurons were associated with developmental disorders 
(García-Cabezas et al. 2018). Our preliminary work was not 
intended to provide insights into the functional properties 
of this organization. Rather, we aim to suggest a tool for 
future studies correlating functional characterization with 
the structural distribution of chromatin, as observable in 
conditions not too far from native ones, by optical fluores-
cence microscopy.

Experimental

Sample preparation

Both cell types, namely HeLa and human hepatocellular car-
cinoma (HepG2) cell line, were cultured in 90% Dulbecco’s 
modified Eagle’s medium–high glucose (DMEM, Sigma-
Aldrich, St. Louis, MO, USA, product No. D5796), 10% 
fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA, 
product No. F9665), 2.0 mM glutamine (Sigma-Aldrich, St. 
Louis, MO, USA, product No. G7513), and 100 IU/mL peni-
cillin–streptomycin (Sigma-Aldrich, St. Louis, MO, USA, 

product No. P4333) and maintained at 37 °C in a humidified 
atmosphere of 95% air and 5% CO2. The passage number 
of the cell cultures was eight for HeLa (P8) and seven for 
HepG2 (P7). The cells were plated at a density of 5.0–10 
× 104 cells on 18 mm diameter poly-L-lysine-coated glass 
coverslips (Sigma-Aldrich, St. Louis, MO, USA, product 
No. P2636). For the labeling, the cells were fixed with for-
maldehyde solution 4%, buffered, pH 6.9 (Sigma-Aldrich, 
St. Louis, MO, USA, product No. 1.00496) for 15 min at 
room temperature. After washing twice with Dulbecco’s 
phosphate-buffered saline (DPBS, Sigma-Aldrich, St. Louis, 
MO, USA, product No. D8662), the cells were stained with 
2.5 µM Hoechst (Sigma-Aldrich, St. Louis, MO, USA, prod-
uct No. 14533) at room temperature for 30 min. Following 
three washes of 5 min each with DPBS, the coverslip was 
mounted on a microscope glass slide (1″ × 3″) with Pro-
Long™ Glass Antifade (Thermo Fisher Scientific, product 
No. P36980).

Fluorescence microscopy imaging of cell nuclei

We used a confocal inverted microscope Stellaris 8 by Leica 
Microsystems (Mannheim, Germany), utilizing the dough-
nut-shaped laser for stimulated emission depletion (STED), 
with 775 nm wavelength, at maximum available intensity 
(100% power), for two-photon excitation (2PE) of Hoechst 
as the nuclei labeling fluorophore (see Discussion for more 
detailed considerations). For each sample, we collected sev-
eral images (8-bit intensity scale) of different regions, each 
containing, in turn, several different nuclei (see Fig. 1a). 
The expected resolution in confocal mode was diffraction 
limited, i.e., around 250 nm in the xy focal image plane. 
Therefore, according to the Nyquist–Shannon rule (Diaspro 
and van Zandvoort 2021), we set a pixel size of 100 nm, a 
little less than half the expected resolution, which allowed 
us to cover several nuclei with a typical image digital size 
of 512 × 512 pixels.

Image analysis

The images, saved with the proprietary Leica software LasX, 
were then processed with Fiji distribution of ImageJ (Abrà-
moff et al. 2004) according to the protocols described next 
for each of the three parameters of interest to be extracted. 
The first step for all parameters was cropping the image 
(command Image-Crop) to isolate the single nucleus of 
interest; see, e.g., the rectangular region of interest (ROI, 
yellow edges) in Fig. 1a.

Fractal dimension, FD

The FD of the patterns inside the images of nuclei was 
obtained with a dedicated Fiji plugin, based on the 
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common method known as “box counting” (Russ 1994, 
2011). After cropping, we first equalized the distribution 
of intensity levels (Process-Enhance contrast, Equalize 
histogram, with Saturated pixels set to 0.35%), such that its 
histogram appeared to be similar to that shown in Fig. 1b. 
Then, we binarized the image of the single-nucleus set-
ting the manual threshold (Image-Adjust-Threshold) to the 
peak position of the intensity levels associated with the 
fluorophore (center of the broadband on the right side, see 
arrow in Fig. 1b). The result of this binarization was typi-
cally as shown in Fig. 1c. On this image, we applied com-
mand Analyze-Tools-Fractal box count, setting the Black 
background option. The result is a log–log plot, as shown 
in Fig. 1d, whose slope is the FD value.

Total perimeter of chromatin domains, TPD

In Fig. 2, the protocol used to extract parameter TPD from 
the nuclei images is shown. After cropping and equalizing 
the single-nucleus image, as in Fig. 1a, b, the image was 
first low-pass filtered by Process-filters-Gaussian blur with 
sigma radius 2 to remove possible noisy pixels. Then the 
edges of the high-intensity domains were identified by Pro-
cess-find edges, which implements a Sobel filter for edge 
detection (basically, 2D derivative along major image axis 
x and y), see Fig. 2a (Russ 2011). Then, the image of edges 
was thresholded by Image-adjust-threshold, B&W option 
with dark background, setting the top range cursor in the 
middle (highest point) of the right band in the histogram. 

Fig. 1   Extraction of FD value. a Original image, with selection of 
ROI to be cropped. b Histogram of intensity levels obtained after 
equalization, used to find the threshold for binarization (see arrow). 

c Resulting binarized image. d Log–log plot of intensity versus box 
size, the slope is the FD
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The so-binarized edges of the chromatin domains are shown 
in Fig. 2b. This image was then skeletonized by Process-
binary-skeletonize (Fig. 2c). The whole nucleus area was 
obtained next by applying to the former stage image (Fig. 2b) 
the command Process-binary-fill holes (See Fig. 2d). The 
final goal was to isolate the nucleus outer edge, to be able 
to remove it from the inner chromatin domain edges. To 
this aim, the whole white image of the nucleus was eroded 
one pixel in width, by Process-binary-erode, and the outline 
was obtained by Process-binary-outline. Next, we used the 
Process-image calculator to subtract the last obtained out-
line (Fig. 2e) from the previous skeletonized image (Fig. 2c). 
We then went back to the filled nucleus image (Fig. 2d) and 
selected Analyze-Set measurements, Area fraction. With 
Analyze-Measure, the % Area of the rectangular image cor-
responding to the inner nucleus region was obtained and 
annotated. On the skeletonized image, again we applied 
Analyze-Measure and obtained the total length of chromatin 
domains. The TPD value was finally obtained by normal-
izing the latter value to the previous one obtained for the 
nucleus area, such as to remove the effect of nucleus size.

Radial position of maximum intensity, Rmax.

In Fig. 3, the protocol used to extract parameter Rmax from 
the nuclei images is shown. In particular, to determine this 
parameter, we discarded nuclei with clearly asymmetric 
shape (protrusions or dents), and considered only nuclei 
with roughly elliptical shape. Examples of the shapes of 
discarded nuclei have been shown in Fig.S3. After crop-
ping and equalizing the single-nucleus image (Fig. 3a), the 
main axis of the—approximately—elliptical nucleus was 

aligned with the rectangular image axis by rotation, with 
Edit-Selection-Rotate. The following step consisted of a 
new cropping operation, aiming to select just the rectan-
gle containing the nucleus and almost touching its edges; 
only 1 pixel outside the edge was maintained for the sake 
of avoiding any possible loss of information (see Fig. 3b). 
Then, we performed what we called a “circularization” of 
the nucleus, meaning that the shorter size of the rectangu-
lar image was stretched until it reached the same pixel size 
as the long one, by Image-Adjust-Size, (Fig. 3c; the “Keep 
aspect ratio” option was de-selected during this operation). 
Next, we applied the Fiji plugin Radial_class (Baggethun 
2002). All the 360 profiles starting from the center of the 
image—and circularized nucleus—and pointing around each 
at 1° angular spacing were so averaged to provide a single 
profile (Fig. 3d). To compare the profiles from nuclei of 
different sizes, the x-axis in the plots (radial distance) was 
normalized for each profile to its maximum value, such that 
it then appeared to span the range from 0 to 1. At this point, 
we sought the x position at which the absolute maximum in 
the profile occurred, which was called Rmax.

Plotting and statistical analysis

For the basic 1D graphic profiles, SciDAVis 2.7 was used 
(SciDAVis Plotting Software, n.d.). For 3D scattering plots in 
the space of chromatin describing parameters, we used Sig-
maPlot 12.0 (Grafiti, Palo Alto, CA, USA, (SigmaPlot Web 
Page, n.d.)). This software was also used for comparing the 
populations with one-way ANOVA; the Tukey’s pair test was 
carried out, looking at different statistically significant levels 
for the differences, i.e., p < 0.05 (identified with a single star 

Fig. 2   Extraction of the TPD 
value. a Result of Sobel edge 
detection filter. b Same image 
as in (a), after binarization. 
c Result of skeletonization. 
d Same image as in (b) after 
filling holes operation. e Result 
of erosion of (d) by 1 pixel and 
outline detection. f Result of 
subtraction (c)-(e); the TPD is 
calculated after the total length 
of these white lines, divided 
by the nucleus area in (d) (for 
normalization purposes)
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symbol, *), p < 0.01 (two stars, **), and p < 0.001 (three 
stars, ***). For the 3D rendering with ellipsoidal volumes 
(Fig.S4), MATLAB R2023b was used (The MathWorks, 
Inc., Natick, MA, USA, (MATLAB Web Page 2023)).

Results

In Fig. 4a, the data resulting from the experiment called 
run#1 are reported to compare the two cell types, HeLa and 
HepG2. The images of the nuclei used to extract those data 
have been included as Fig.S1,2 for each cell type, separately. 
Clearly, on inspection of those images from a first sight by 
the naked eye, no significant difference emerges between 
the two populations, given the intra-population variability. 
Nevertheless, a deeper insight is expected based on the dis-
tribution of values for our three selected parameters.

In Fig. 4a, b, the 20 data points of each of the HeLa 
and HepG2 cell nuclei in the 3D space of the parameters 
are shown, respectively. In Fig. 4c, both are shown again 
together, each with the additional mean data point, in the 
same respective color—namely green for HeLa and red for 
HepG2—in a darker shade to be recognized. For the mean 
points, the projections to the three embedding planes of the 
parameters in the space have also been traced, to allow for 
better identification of the 3D position. Additional alterna-
tive representations of these data in the 3D space are shown 

in Fig.S4, which allows to visualize the overall positions of 
the respective populations as ellipsoidal clusters. Finally, in 
Fig. 4d, the same mean values of 3D coordinates are plotted 
for each cell type, with error bars representing ± 1 standard 
deviation. For all three parameters, statistically significant 
differences appeared between the populations of the two cell 
types. The difference between the mean values of FD seems 
to be very low; nevertheless, the error bars are also much 
smaller for this parameter than for the other two—probably 
due to a more robust measurement procedure or intrinsically 
characteristic nature of the FD quantity itself. As a result, 
the means are statistically different, with very high signifi-
cance level (***). The same marked statistical difference 
appears for TPD (***). Finally, for Rmax, where apparently 
some overlap of the respective distributions emerges, the 
means are still significantly different, even if with a lower 
significance level (**).

One critical point was to evaluate if the observed differ-
ences were simply due to the random occurrence of other 
factors not associated with the intrinsic differences between 
the nuclei populations. Therefore, as a first step, the experi-
ment was repeated, which provided the dataset called run#2. 
These results are shown in Fig.S5 and basically confirm the 
differences between the two populations of cells. Not only 
were the pairs of values for each parameter in Fig.S5 differ-
ent, as previously observed in Fig. 4, but—above all—the 
observed differences pointed to the same direction. Actually, 

Fig. 3   Extraction of Rmax value. 
a Typical image of a single 
nucleus after cropping. b The 
same nucleus as in (a) after 
rotation to align the main axis 
of the ellipsoidal nucleus to the 
horizontal and vertical axis of 
the image, and cropping further 
close to the nucleus edges (1 
pixel background only). c Image 
after stretching the short side in 
(b) to the same size as the long 
side to make it square (nucleus 
circularization). d Mean radial 
profile averaged across all direc-
tions at 360° (step 1°) around 
the center of the circle in (c), 
with renormalization of circle 
radius to 1
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also in run#2, HeLa nuclei showed higher TPD (***), lower 
Rmax (*), and higher FD (***) than HepG2 nuclei, with only 
a minor decrease in overall difference scores (with a total 
score of seven “star” units instead of eight).

Discussion

One technical limitation during our measurements was 
that the Hoechst fluorophore is usually excited—by single 
photons—in the UV range of the light spectrum and under-
goes consequent emission in the blue region. However, our 

confocal microscope has no UV excitation source; instead, 
it has a supercontinuum white light laser in the 440–800 nm 
range. Initially, we also tried to excite Hoechst in the long 
wavelength foot of its absorption spectrum at 440 nm, but 
the signal was of too low quality (SNR ≈1). Therefore, we 
used the other laser available in the system for stimulated 
emission depletion, working at 775 nm wavelength, in two-
photon excitation mode (2PE) (Diaspro et al. 2007). This 
way, two photons impinging simultaneously on the sample 
(on the timescale of the order of 1 fs) can contribute each 
roughly half the energy—and thus have twice the wave-
length—than the single-photon excitation case. Of course, 

Fig. 4   Experimental data for comparison of HeLa and HepG2 cell 
nuclei chromatin patterns during run#1 experiment. a Data points 
for HeLa cells, b data points for HepG2 cells, c combined data of (a) 
and (b) with the respective mean points, d plot of means ± standard 

deviation for each of the three parameters for the two cell types (TPD 
in shown red, Rmax in green, and FD in blue); results of ANOVA 
showed significant difference in all cases
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much higher peak laser power is required for 2PE (we used 
it at 100% power, corresponding to ≈400 mW at the focal 
plane), which obviously is still not too invasive, thanks to the 
point of the laser being pulsed (at 80 MHz). Therefore, our 
source used in 2PE mode was equivalent to single-photon 
excitation with a wavelength of ≈388 nm, well within the 
Hoechst absorption spectrum. Whereas using a doughnut-
shaped beam is expected to somewhat diminish the confo-
cal resolution expected after the theoretical diffraction limit, 
it has been shown in (Bianchini and Diaspro 2012) that in 
practice only a minor effect is observed in this direction, 
when a good signal-to-noise ratio is obtained.

Since our confocal images were diffraction-limited to 
≈250 nm resolution, according to the Nyquist–Shannon 
sampling rule we selected a pixel size ≈100 nm. This rela-
tively large pixel size, associated with an image size of 1024 
× 1024 pixels, i.e.,102.4 × 102.4 μm2, allowed us to image 
several nuclei within a single image scan. Thus, we had quite 
some redundancy in the number of nuclei to select for analy-
sis in our experiment. We decided to select the nuclei that 
showed best contrast and were neither affected by protrud-
ing bumps or intruding cavities, nor too much elongated or 
deviating significantly from oval shape (see Fig.S3). The last 
requirement was due to the point of having to approximate 
the nuclear envelope with an ellipse, see"Image analysis". 
As mentioned in the Experimental section, we found it con-
venient to acquire images with a field of view sufficiently 
large to collect several nuclei per image instead of a single 
one. This is because the typical size of a single nucleus is 
relatively small (maximum around 10 µm diameter), and at 
the set digital resolution (around 100 nm per pixel), scan-
ning single-nucleus images would require little more than 
100 × 100 pixels, which would have definitely been unnec-
essarily small. This allowed us to work pretty fast in the 
imaging step. Most of the work done in this experiment actu-
ally focused on defining the protocols for calculating the 
parameters, applying them to our images, and analyzing the 
statistical significance of our results.

The importance of FD in describing chromatin structure 
has already been pointed out extensively in the literature 
(Almassalha et al. 2017; Boettiger et al. 2016; Metze et al. 
2019; Mirny 2011; Yi et al. 2015). There exist several other 
methods for carrying out the fractal analysis of images in 
Fiji, according to different plugins (e.g., Fraclac (Karper-
ien 2012), which can also calculate lacunarity (da Fonseca 
de Albuquerque et al. 2022; Ţălu et al. 2020)). However, 
we decided to keep extraction of this traditional image 
parameter as simple and straightforward as possible, using 
the default FD calculation method of Fiji. Binarization for 
subsequent extraction of FD is a somewhat arbitrary step in 
that the result depends critically on the position set for the 
threshold on the signal intensity of DNA inside the nucleus. 
We initially tried several automated criteria available in Fiji 

for this binarization operation (the better ones apparently 
being, in our case, Moments or Otsu). However, we did not 
find consistent results throughout all the nuclei images when 
doing so. Therefore, we preferred to set the threshold manu-
ally. Since we did not subtract the background offset and 
set the threshold considering all the pixels in the cropped 
nucleus image (rectangular area including background), the 
narrow population of lowest background counts appeared in 
the distribution of intensity levels, which was clearly distin-
guishable from the population of bright pixels corresponding 
to labeled nucleus regions, recognizable as a much broader 
symmetric band centered around higher intensity levels. In 
all cases, we set our threshold to the peak position of this 
band (corresponding also to the median value).

The parameter called here TPD has already been used 
in Irianto et al. ((Irianto et al. 2014)), where it was used to 
describe the change in chromatin pattern of chondrocytes 
on altering their osmotic pressure. They called this quantity 
with the different name of CCP, namely chromatin conden-
sation parameter. We preferred not to adopt the same name, 
as we think that this parameter, while useful, is not by itself 
alone a full descriptor of the chromatin condensation. Actu-
ally, the two parameters of CCP and FD together describe to 
deeper extent the chromatin compaction, in terms of inten-
sity and characteristic sub-structure spacing, respectively.

The third parameter Rmax was selected to identify the 
characteristic distance from the nucleus center at which 
the maximum chromatin compaction, described by FD and 
TCP, would eventually occur. One possible criticism about 
Rmax points to the nonlinear change applied to the nuclei 
center-to-edge distances during circularization. However, 
the advantage of making it possible to compare all radial 
distances and—after normalization to 1—for nuclei of all 
size, makes this parameter interesting. In perspective, Rmax 
could eventually be associated with the amount of balance 
between euchromatin, which is assumed to stay closer to the 
nuclear lamina, and heterochromatin, which is supposed to 
remain closer to the inner regions of the nuclei. However, for 
the moment this is just bare speculation, as we have already 
pointed out that insight in functional interpretation of the 
observed differences is beyond the scope of the present 
work. So, we limit our comments to the performance of our 
three parameters in describing the differences between the 
two populations of test cell nuclei studied here.

In calculating Rmax, we made a selection of nuclei of 
elliptical shape only, discarding the irregularly shaped ones 
(for details see Experimental section and Fig.S3). The dis-
carded nuclei were actually a small part of the total, around 
30%, for both cell types. Additionally, whereas we are aware 
that nuclei can have irregular morphology due to a num-
ber of factors, both physiological and pathological, as well 
as an effect of sample preparation, there are no reasons to 
doubt that also the subset of regular (i.e., elliptical)-shaped 
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nuclei is anyway representative of the whole population of 
the respective cell type.

The significance of the differences between the means 
of all Rmax between HepG2 and HeLa cell nuclei was 
assessed with the ANOVA test shown in Figs.4d and Fig. 5 
(and confirmed with the same in Fig.S5d). However, we 
can also wonder if the means of all radial profiles for a sin-
gle nuclei population can give similar insight, and how the 
positions of the maximum for the mean profile compares 
with the mean positions of the maxima for each individual 
profile. Therefore, we carried out a similar analysis for 
the dataset of experiment run#1, the same represented in 
Fig. 4, and the results are shown in Fig.S6 (details see 
Supplementary Information). Obviously, the position of 
the maximum of the mean plots does not coincide with 

the mean of the positions of each maximum, as the process 
of extracting a maximum is nonlinear. Nevertheless, quali-
tatively the information obtained is similar: we see from 
Fig.S6 that the HepG2 nuclei exhibit a maximum of the 
mean profile shifted quite close to the outer edge, at ~ 0.85, 
whereas for the HeLa nuclei this maximum occurs at 
~ 0.13. These positions are clearly more spaced apart from 
each other than those resulting from the means (0.57 and 
0.25, respectively), yet they rank in the same order. In Fig.
S6, the bands around the mean profile in both cases show 
the observed uncertainty: in red, the band associated with 
± 1 standard deviation width is shown, whereas in green 
is the band with ± 1 standard error. In both cases, despite 
the relatively large uncertainty, the different behavior is 

Fig. 5   Experimental data for comparison of run#1 and #2 datasets. 
a Run#1 and run#2 data points for HepG2 cell nuclei, b run#1 and 
run#2 data points for HeLa cell nuclei. c and d present the respective 
plots (for HepG2 and HeLa nuclei) of means ± standard deviation for 

each of the three parameters for the two runs of the experiment (TPD 
in shown red, Rmax in green, and FD in blue); results of ANOVA 
showed significant differences in several cases (for details see main 
text)
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clear and confirms and strengthens the difference observed 
based on the population of single Rmax values.

Overall, Fig. 4 (run#1) and Fig.S5 (run#2) show signifi-
cant differences between the cell types considered. How-
ever, despite the results being confirmed during the second, 
repeated experiment, these could still be due to a lucky and 
unlikely occurrence of, e.g., systematic errors and possess 
no real physical meaning. Therefore, the final cross-check 
requested to validate our observations would be that the two 
datasets, run#1 and run#2, do not show statistically signifi-
cant differences—at least not to the same degree—between 
the old (run#1) and new (run#2) set of data for the same cell 
type. To test this null hypothesis, we carried out a similar 
comparison as that between the cell types, and the results 
are presented in Fig. 5. Actually, from the panels in Fig. 5c, 
d one can see that the ANOVA pointed out some statisti-
cally significant differences also in these two comparisons. 
In particular, FD differed between run#1 and #2, both for the 
HepG2 (**) and—even more—for the HeLa nuclei (***). 
However, for the other two parameters, only in one case out 
of four a significant difference appeared, for the TPD val-
ues of HeLa nuclei, which was at the lowest significance 
level (*). HeLa cells appear to be more variable across their 
own total population (a total of four "stars" difference for 
all parameters vs the two "stars" of HepG2). In particular, 
FD is the most sensitive parameter (2 "stars" on average): it 
may be the case that the evaluated uncertainty for this figure 
is somewhat underestimated. We conclude that its apparent 
robustness is more from the point of view of mathematical 
calculation rather than in the physical contents. Neverthe-
less, overall, a total—average—score of 3 "stars" emerged 
(2 for HepG2 and 4 for HeLa), as compared to the average 
score in the difference of 7.5 "stars" between cell types (8 for 
run#1 and 7 for run#2). Therefore, this much lower extent of 
observed differences at least partly confirms our hypothesis 
in support of using the selected parameters. The minor dif-
ferences between different sampling datasets for the same 
cell type may be due to a relevant intrinsic variability of 
each cell population, following the point that the cells are 
not synchronized in a given phase of their life cycle, as well 
as to the limited statistics, an effect that could be mitigated 
in the future by taking a larger number of images for each 
case, e.g., N = 40 or 60.

Another limitation of our work is in the actual biological 
scope. In fact, the selection of the cell lines did not cor-
respond to any particular biological question, nor did we 
intend to draw any conclusions about the compared cell 
lines. We are aware that, for example, even the prolonged 
passaging of cell cultures may affect nuclear morphology 
and chromatin compaction, and this effect should be taken 
into account when comparing cells with a precise biological 
goal. However, the present types of cells have been selected 
only as representative of different cell populations, as test 

samples to see if any difference may be found by our set of 
describing parameters, and how strong this discrimination 
can be.

In view of possible future refinement of the image anal-
ysis protocol presented in this work, averaging the radial 
profiles of nucleus intensity (here aimed at obtaining the 
Rmax values) appears to be the procedure with the most 
potential for additional insight. As shown previously, the 
results occurring after averaging Rmax values in a population 
can be cross-checked by looking at the single Rmax from the 
mean profile obtained after averaging them altogether (as 
in Fig.S6). Additionally, the absolute maximum is probably 
just a piece of information hidden in the respective profile. 
Complementary data could be the prominence of such a 
maximum—how much above the mean intensity—and the 
possible occurrence of a minimum (other than the zero close 
to normalized radial distance x = 1) or the presence of a 
secondary maximum in a different position.

Conclusion

In this work, three parameters were defined to describe the 
different patterns in chromatin distribution inside cell nuclei. 
These parameters were tested on fixed cell samples of cell 
types available at our laboratory, representing two types of 
cancer cells, as test samples. Altogether, the identified 3D 
space of parameters appeared to allow successful distinction 
of the cell types. Some variations between different subsets 
of the same type of cells also appeared. This is probably 
due to the dependency on the cell life cycle, which adds 
to the different types of tissue cells. Nevertheless, we have 
here laid the foundations for a methodological approach 
to cell nuclei image analysis, which could be used in the 
future for more comprehensive studies, including improved 
control of cell samples, for example, including controls of 
healthy cells with the same type of tissue as the sick ones 
(e.g., healthy cervix and liver cells, to be compared with 
our HeLa and HepG2 cells). Even more interestingly, hav-
ing the capability to fix cells at different times during their 
life cycle will likely make it possible not only to have more 
narrow distributions of the three characteristic parameters, 
but also to define characteristic values thereof for each phase 
of the cell life, more readily associated with the presence of 
hetero- and euchromatin. The present method, applied here 
on diffraction-limited resolution images of confocal micros-
copy, would also be viable with images obtained with more 
advanced imaging techniques such as STED or MINFLUX 
and benefit of the respective super-resolution.
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