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Guide to technical specifications for STORM + PALM 

 

Single Molecule Localisation techniques are complex and every stage of the procedure needs to be 

optimised. Here are a collection of papers detailing each step of the procedure. 

 

1) Coverglass selection paper (NPL) 

2) dSTORM original paper with details about which fluorophores to use 

3) PALM resource paper with information about which fluorescent proteins are suitable 

4) Localisation microscopy immunolabelling NPL paper about technical specification for STORM 

written in 2013 prior to publication of paper about use of Vectasheild as a simple STORM 

buffer. 

5) Original paper about use of Nano-bodies which is a hybrid technique between STORM and 

PALM 

6) Super-resolution software benchmarking paper detailing what to expect from different 

algorithms 

7) My original paper about spinning disk super-resolution, this contains a discussion of the 

algorithms available at the time and considerations about when each one would be 

applicable. 

Please be aware the SMLM field moves very fast. By the time you read these papers they may even 

be out of date. For these techniques it is essential to keep on top of the published literature as the 

techniques do date very quickly at present. 

 

I will endeavour to update this document at reasonable intervals but have included the date on the 

cover page so people can be aware of when I last looked for these resources. 

 

Ann 
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IntroDuctIon
The availability of efficient fluorescent probes and labeling methods 
has made fluorescence microscopy one of the most successful tech-
niques for noninvasive three-dimensional biological and medical 
imaging. However, diffraction poses a historic limit on the reso-
lution power of fluorescence microscopy and limits the minimal 
distance at which two objects can be unequivocally distinguished 
to about half of the wavelength of light1. For visible light in the far 
field, the spatial resolution is around 200–300 nm in the imag-
ing plane2 and, therefore, does not provide insight into cellular 
structures and multiprotein complexes with a size of a few tens of 
nanometers.

After the introduction of the first concept for fluorescence imag-
ing beyond the resolution limit3–5, several methods have emerged that 
enable super-resolution imaging with optical resolution approach-
ing molecular scale6. Among them are stimulated emission depletion 
using a nonlinear saturation process for the controlled de-excitation of 
fluorophores5,6 and structured illumination microscopy7,8, in which a 
finely structured excitation pattern is used to demodulate high spatial 
frequencies that encode structural information beyond the diffrac-
tion limit. In parallel, alternative super-resolution imaging methods 
emerged that use precise position determination (localization) of indi-
vidual fluorophores by evaluating their diffraction patterns in the imag-
ing plane and, thus, are heavily dependent on the number of detected 
photons9–16. Ultimately, temporal separation of fluorophore emission17 
paved the way for single-molecule–based localization microscopy by 
stochastic photoswitching as in photoactivated localization microscopy 
(PALM)18, fluorescence PALM (FPALM)19, stochastic optical recon-
struction microscopy (STORM)20, direct STORM (dSTORM)21,22, 
spectral precision distance microscopy23–25, ground-state deple-
tion microscopy followed by individual molecule return26, blink 
 microscopy27,28, super-resolution optical fluctuation imaging29,30 and  
related methods31,32.

Microscopic methods that use single-molecule localization ran-
domly read out the emission of individual fluorophores. This is 
achieved by transferring the majority of fluorophores to a reversible 
OFF state and by stochastic activation of individual fluorophores, 
for example, upon irradiation with light of appropriate wavelength 
and intensity and subsequent single-molecule fluorescence detec-
tion using a wide-field fluorescence microscope equipped with a 
sensitive CCD camera. If the probability of activation is sufficiently 
low, then the majority of activated fluorophores residing in their 
ON state are spaced further apart than the resolution limit and their 
positions can be precisely determined (localized) by fitting a point 
spread function (PSF) to the measured photon distributions9,14,15. 
This cycle of photoactivation and readout is repeated to record an 
image stack of thousands of images. A prerequisite to minimize arti-
facts in data analysis is that only a single fluorophore is emitting at 
any time within a diffraction-limited area. A super-resolution image 
is finally reconstructed from all single-molecule localizations (typi-
cally several ten thousands to millions of localizations; Fig. 1).

Common to all single-molecule–based localization microscopy 
methods is a need for fluorophores that can be photoactivated or 
reversibly photoswitched by irradiation with light. Such fluoro-
phores have a fluorescent ON state, a nonfluorescent OFF state 
and a transition between these states. The most prominent vari-
ants are photoactivatable or photoconvertible fluorescent proteins  
(PA-FPs)33–35, as used in PALM and FPALM; standard organic fluor-
ophores (dSTORM)21,22; or pairs of organic fluorophores, that is, 
combinations of activator and reporter fluorophores (STORM)20. 
Even though all concepts are very similar and excellent reviews have 
already been published highlighting the strengths and limitations 
of the different methods6,34–38, dSTORM with standard fluorescent 
probes warrants special attention because it differs from PALM and 
FPALM on several important points.

Direct stochastic optical reconstruction microscopy 
with standard fluorescent probes
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Direct stochastic optical reconstruction microscopy (dstorM) uses conventional fluorescent probes such as labeled antibodies 
or chemical tags for subdiffraction resolution fluorescence imaging with a lateral resolution of ~20 nm. In contrast to 
photoactivated localization microscopy (palM) with photoactivatable fluorescent proteins, dstorM experiments start with 
bright fluorescent samples in which the fluorophores have to be transferred to a stable and reversible oFF state. the oFF state 
has a lifetime in the range of 100 milliseconds to several seconds after irradiation with light intensities low enough to ensure 
minimal photodestruction. either spontaneously or photoinduced on irradiation with a second laser wavelength, a sparse subset 
of fluorophores is reactivated and their positions are precisely determined. repetitive activation, localization and deactivation 
allow a temporal separation of spatially unresolved structures in a reconstructed image. Here we present a step-by-step protocol 
for dstorM imaging in fixed and living cells on a wide-field fluorescence microscope, with standard fluorescent probes focusing 
especially on the photoinduced fine adjustment of the ratio of fluorophores residing in the on and oFF states. Furthermore, we 
discuss labeling strategies, acquisition parameters, and temporal and spatial resolution. the ultimate step of data acquisition and 
data processing can be performed in seconds to minutes.
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(1)  PA-FPs18,19,39–41 are genetically fused to target proteins and endo-
genously expressed in cells and organelles. Moreover, stable 
cell lines can be prepared that achieve protein-labeling effici-
ency of nearly 100%, a level impossible to achieve by chemical  
staining with synthetic fluorophores.

(2)  Furthermore, fluorescent proteins are smaller (a barrel with 
dimensions 2.4 nm × 4.2 nm)42 than fluorophore-labeled anti-
bodies, which are typically used in dSTORM and STORM 
applications (the size of an IgG antibody is ~7–8 nm). 
Therefore, the density of fluorophores tagging a structure 
is generally lower compared with endogenously expressed  
PA-FPs. Whereas the smallest resolvable distance between two 
fluorophores determines the optical resolution, the structural 
interpretation of localization microscopy data is determined 
by the labeling density. According to information theory, the 
required density of fluorescent probes for super-resolution 
imaging has to be sufficiently high to satisfy the Nyquist-
Shannon sampling theorem43. In essence, it states that the 
mean distance between neighboring localized fluorophores 
(the sampling interval) must be at least twice as fine as the 
desired resolution. For example, to resolve 20 nm structural 
features in one dimension, a fluorophore must be localized at 
least every 10 nm. Extended to a two-dimensional structure, 
this corresponds to a labeling density of ~104 fluorophores 
per µm2 and translates to 600 fluorophores present within a 
diffraction-limited area with a diameter of ~250 nm. Only 
one of these 600 fluorophores should reside in its fluorescent 
state at any time of the experiment, thus implying that the 
lifetime of the OFF state has to be at least 600 times longer 
than the lifetime of the fluorescent ON state. Here it must be 
pointed out that, in practice, the density of fluorescent spots 
should be substantially lower to enable reliable spot finding 
and fitting.

(3)  On the contrary, PA-FPs as used in PALM show a lower photo-
stability and brightness than standard organic fluorophores44. 
The number of detectable photons of PA-FPs is typically a 
few hundred photons before they bleach, whereas synthetic 
fluorophores can emit more than 1,000 photons per cycle22,45. 
This has a direct consequence on the localization precision: 
for negligible background fluorescence and detector noise, 
the localization precision depends only on the number of 
 collected photons N and on the standard deviation of the PSF 
(σ), and can be approximated by σ/N14,15. Another issue is that 
PA-FPs need to be photobleached before a next subset can 
be activated. To maximize the number of detected photons 
from each PA-FP, the frame rate should be adjusted to the 
average photobleaching time under the applied experimental 

conditions. Typical frame rates used for PA-FP in PALM and 
FPALM experiments are 10–25 Hz33,34,40,41.

From this point of view, dSTORM is advantageous because small 
organic fluorophores survive moderate excitation conditions 
for longer time periods (i.e., they have a higher photostability), 
emit thousands of photons and their photoswitching rates can 
be controlled by external means21,22. Thus, the time the fluoro-
phores reside in the ON and OFF states can be sensitively adjusted. 
Furthermore, a large number of commercially available fluorescent 
probes spanning the entire visible spectral range22 can be directly 
used as photoswitches in aqueous solvents simply by adding milli-
molar concentrations of reducing thiols. Therefore, dSTORM has 
been used successfully to study the number, distribution and den-
sity of cellular or membrane proteins in fixed cells46–50 and the  
in vitro dynamics of molecular motor proteins51. Appropriate 
reducing conditions inside a living cell (all cells contain reduc-
ing agents such as glutathione (GSH)) enable live-cell dSTORM, 
which has been used to study the distribution and dynamics of 
core histone proteins52,53 applying real-time data analysis54. This 
opens the potential to combine dSTORM with (F)PALM to per-
form multicolor super-resolution imaging experiments in living 
cells, profiting from orthogonal labeling strategies. In summary, 
the tunability of photoswitching allows frame rates of 10–1,000 Hz  
at excitation intensities between 0.5 and 50 kW cm − 2 such that data 
acquisition takes only seconds to a few minutes. dSTORM is not 
restricted to biological samples; it could, in principle, also be used 
to study, for example, polymers or other nonbiological, optically 
transparent samples that can be labeled with fluorescent probes 
and measured in aqueous solvents in the presence of thiols.

Even though (F)PALM and dSTORM experiments using PA-FPs 
and standard fluorescent probes, respectively, can be performed 
under similar experimental conditions, for example, in the presence 
of millimolar concentrations of reducing GSH in living cells, the ini-
tial situation of a super-resolution imaging experiment is completely 
different. PA-FPs are essentially nonfluorescent at the beginning of 
the experiment, allowing the number of fluorescent molecules, i.e., 
the density of fluorescent molecules, to be tightly controlled by the 
irradiation intensity of a 405 nm laser. In contrast, one of the key steps 
of single-molecule–based localization microscopy with synthetic 
organic fluorophores is the efficient transfer of the fluorophores  

Figure 1 | The dSTORM concept. The target molecule of interest is labeled with 
photoswitchable fluorophores. The top image on the right side shows labeled 
microtubules in a mammalian cell. At the beginning of the experiment, all 
fluorophores are transferred to the nonfluorescent OFF state upon irradiation 
with light of appropriate wavelength and intensity. Either spontaneously 
or photoinduced upon irradiation with a second laser wavelength, a sparse 
subset of fluorophores is reactivated. If the probability of activation is 
sufficiently low, then the activated fluorophores residing in their ON state 
are statistically spaced further apart than the resolution limit and their 
positions can be precisely determined. Repetitive activation, localization and 
deactivation allow a temporal separation of spatially unresolved structures in 
a reconstructed image (image below). Scale bar, 2 µm.
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to a reversible, relatively stable OFF state at the beginning of the 
experiment20–28. In other words, a bright fluorescent sample has to 
be turned ‘dim’ by increasing the irradiation intensity in a way that 
ensures that only a sparse subset of fluorophores remains fluores-
cent. The challenge of the procedure is twofold because damage of 
the sample and photobleaching of the fluorophores must be avoided. 
These considerations show that the photoswitching mechanism is 
of central importance for dSTORM.

The photoswitching mechanism 
dSTORM takes advantage of the fact that standard fluorophores 
(most Alexa Fluor and ATTO dyes) belong to the class of rho damine 
and oxazine dyes, and are photoreduced in the presence of potent 
electron donors such as aromatic amines (e.g., guanosine or tryp-
tophan)55–57. In other words, the electronically excited fluorophore 
is reduced upon collision or contact with guanosine or tryptophan. 
Thiols such as β-mercaptoethylamine (MEA) or GSH are generally 
weaker electron donors than aromatic amines58,59. Their reduction 
efficiency increases up to pH ~9 because the thiolate anion (RS − ) 
is the reducing species60,61. Nevertheless, quenching of the first 
excited singlet state (fluorescence quenching) of rhodamine and 
oxazine dyes with a lifetime of a few nanoseconds by thiols is neg-
ligible. The triplet state, however, is energetically stabilized and has 
a lifetime of several microseconds in air-equilibrated aqueous solu-
tions. Therefore, the triplet state is also quenched by millimolar 
 concentrations of MEA or GSH (Fig. 2). As a result, the triplet state 
of commercially available ATTO and Alexa Fluor dyes is reduced 
on irradiation in the presence of millimolar quantities of thiols in 
aqueous solvents, and the corresponding dye radical anion and 
thiyl radical is formed62.

Whereas thiyl radicals efficiently react with molecular oxygen by 
the formation of superoxide radicals and hydrogen peroxide58,59, 
rhodamine radical anions are more stable to oxidation and survive 
for several hundred milliseconds to seconds in the presence of molec-
ular oxygen (naturally present at concentrations of 200–250 µM  
in aqueous solutions at room temperature (20 °C))22,28,47,49. On 
removal of oxygen, rhodamine dyes can be easily trapped in their 
radical anion state for several hours62. On the other hand, thiazine 
and oxazine dyes such as methylene blue and ATTO 655 or ATTO 
680 show a higher electron affinity56. Hence, the semireduced 
fluorophore radicals (F●) are intermediary reaction products that 
accept a second electron in the presence of thiols, forming the 
corresponding fully reduced leuco dye (FH; Fig. 2a)62–65.

The fundamental mechanism of dSTORM, that is, photoinduced 
formation of intermediate radical anions for most Alexa Fluor and 
ATTO dyes in aqueous solvents in the presence of millimolar con-
centrations of thiols, can be easily shown by ensemble absorption 
and electron paramagnetic resonance experiments62. To close the 
photoswitching cycle, the fluorescent state of the fluorophores is 
recovered upon oxidation by molecular oxygen (Fig. 2). Both pro-
cesses, reduction of the triplet state by thiols and oxidation of the 
intermediate reduced state by oxygen, are facilitated on irradiation. 
Excitation of the fluorescent form pumps the fluorophore into the 
triplet state, which is reduced by the thiolate, and direct excita-
tion of the radical anion (all radical anions show a pronounced 
absorbance at ~400 nm)62 at 405 nm facilitates recovery of the 
fluorescent form (Table 1). As animal cells contain oxygen as 
well as millimolar concentrations of GSH66, dSTORM can also be  
performed in living cells52,53.

In this respect, it is interesting to relate the mechanistic con-
siderations of rhodamine and oxazine photoswitching to the first 
class of fluorophores used for dSTORM imaging, i.e., carbocyanine 
fluorophores. Photoswitching of carbocyanines such as Cy5, Cy5.5, 
Cy7 or Alexa Fluor 647, 680 and 700 is performed under identi-
cal conditions for all of these fluorophores, but the reversibility of 
photoswitching is dramatically improved when the oxygen concen-
tration is reduced by application of an enzymatic oxygen scaveng-
ing system67,68. The reason for this is that cyanine fluorophores are 
far more easily oxidized than rhodamine or oxazine derivatives56. 
In addition, oxygen removal increases the stability or lifetime of 
the generated semireduced radical anions absorbing at ~500 nm69. 
The recently observed formation of a thiol adduct in cyanine dyes70 
might well be explained by a follow-up reaction, similar to the 
photoinduced formation of stable leuco dyes in the case of thiazine 
and oxazine dyes62. Table 1 summarizes all standard fluorophores 
used successfully so far in reversible ensemble and single-molecule 
photoswitching experiments according to the dSTORM concept. 
Most of the fluorophores listed show remarkably stable nonfluores-
cent OFF states that absorb at shorter wavelengths, in the range of 
350–550 nm, and survive the entire photocycle several times with 
only minimal photobleaching.

For dSTORM experiments in fixed cells (Table 1), the sample is 
embedded in aqueous buffer (e.g., PBS (pH 7.4)) in the presence of 
10–200 mM thiol (MEA). For cyanine fluorophores, the application 
of an oxygen scavenging system significantly improves photoswitch-
ing. After proper sample alignment by fluorescence imaging under 

Figure 2 | Reversible photoswitching of Alexa Fluor and ATTO dyes in the 
presence of thiols. (a) The fluorophore is either cycled between its singlet 
ground and excited state emitting fluorescence photons or can undergo 
intersystem crossing with rate kisc upon irradiation. The triplet state (3F) can 
react with molecular oxygen to recover the singlet ground state and produce 
singlet oxygen or react with the thiolate with rate kred to form the radical 
anion of the fluorophore (F•) and the corresponding thiyl radical. The radical 
anion can be oxidized by oxygen with rate kox to recover the singlet ground 
state. Because radical anions of most rhodamine and oxazine derivatives 
show pronounced absorption at ~400 nm irradiation, for example, at 405 nm 
promotes recovery of the fluorescent form (i.e., OFF- and ON-switching are photoinduced). Whereas the thiyl radicals formed react efficiently with molecular 
oxygen to produce superoxide radicals and hydrogen peroxides, the fluorophore radical anion is very unreactive and survives for up to several seconds even in 
the presence of molecular oxygen. Fluorophores such as ATTO 655 and ATTO 680 accept a second electron to the fully reduced leuco-form (FH). Oxidation of  
FH with oxygen also recovers the ON state. (b) Absorption spectra of Alexa Fluor 488 in PBS (pH 9.3) in the presence of 100 mM MEA. After irradiation at  
488 nm (light blue), the absorption at 488 nm decreases and the radical anion absorbing maximally around 400 nm appears. The fluorescent state is recovered 
spontaneously or by direct excitation of the radical anion at ~400 nm (dark blue). The stability (lifetime) of the radical anion is mainly determined by the 
oxygen concentration and can easily exceed several hours62.
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table 1 | Standard organic fluorophores and experimental conditions for dSTORM.

Fluorophore
on state  

labs/lem (nm)
oFF state labs  
350–550 nm experimental conditions  reference

Alexa Fluor 488 491/517 √ 100 mM MEA, pH 7.4,  < 1 kW cm − 2 at 488 nm  22

100 mW MEA, pH 8.0, 5 kW cm − 2 at 488 nm  62

Dy 505 500/525 √ 100 mM MEA, pH 9.3,  < 1 W cm − 2 at 488 nma  62

Rhodamine 123 500/518 √ 100 mM MEA, pH 9.3,  < 1 W cm − 2 at 488 nma  62

ATTO 488 501/523 √ 100 mM MEA, pH 9.3,  < 1 W cm − 2 at 488 nma  62

SNAP-Cell 505 504/532 √ 0.5–2 kW cm − 2 b Used for live-cell dSTORM  53

Rhodamine 6G 526/556 √ 200 mM MEA, pH 10.2,  < 1 W cm − 2 at 514 nma  62

ATTO 520 516/538 —c 100 mM MEA, pH 7.4, 3 kW cm − 2 at 514 nm  22

100 mM MEA, pH 7.4, 1–2 kW cm − 2 at 514 nm  49

1.5 kW cm − 2 b Used for live-cell dSTORM  22

Dy 530 535/556 √ 100 mM MEA, pH 9.3,  < 1 W cm − 2 at 514 nma  62

ATTO 532 532/553 √ 100 mM MEA, pH 9.3,  < 1 W cm − 2 at 514 nma  62

Alexa Fluor 532 532/552 √ 200 mM MEA, pH 10.2,  < 1 W cm − 2 at 514 nma  62

100 mM MEA, pH 7.4, 1.5 kW cm − 2 at 514 nm  22

SNAP-Cell TMR-Star 554/580 √ 0.5–2 kW cm − 2 b Used for live-cell dSTORM  53

ATTO 565 563/592 √ 200 mM MEA, pH 12.1, 1 W cm − 2 at 568 nma  62

100 mM MEA, pH 7.4, 1–2 kW cm − 2 at 568 nm  22, 49

Alexa Fluor 568 572/600 √ 200 mM MEA, pH 10.2,  < 1 W cm − 2 at 568 nma  62

100 mM MEA, pH 7.4, 1.5 kW cm − 2 at 568 nm  22

ATTO 590 594/624 —c 200 mM MEA, pH 7.4, 4 kW cm − 2 at 568 nm  22

Alexa Fluor 647 649/670 √e 50 mM MEA, pH 7.4, 1–2 kW cm − 2 at 647 nmd  21, 46

50 mM MEA, pH 7.4, 35–50 kW cm − 2 at 647 nmd  54

Cy5 649/670 √e 50 mM MEA, pH 7.4, 1–2 kW cm − 2 at 647 nmd  21

ATTO 655 663/684 √e 10 mM GSH/MEA, pH 7.4, 2–3 kW cm − 2 at 647 nm  47

10–100 mM MEA, pH 7.4, 1–2 kW cm − 2 at 647 nm  49

TMP-ATTO 655 1.5 kW cm − 2 b Used for live-cell dSTORM  22

5 kW cm − 2 b Used for live-cell dSTORM  52

ATTO 680 680/700 —c 10 mM GSH/MEA, pH 7.4, 2–3 kW cm − 2 at 647 nm  47

10–100 mM MEA, pH 7.4, 1–2 kW cm − 2 at 647 nm  49

1.5 kW cm − 2 b Used for live-cell dSTORM  22

ATTO 700 700/719 —c 10–100 mM MEA, pH 7.4, 1–2 kW cm − 2 at 647 nm  49

1.5 kW cm − 2 b Used for live-cell dSTORM  22
aDetermined in ensemble experiments. bUsed for live-cell dSTORM. cNot determined. dOxygen is removed by an enzymatic oxygen scavenging system. eThe fluorescent state can be recovered upon excitation at 
350–550 nm. The radical anion absorption spectrum has not been determined in bulk experiments.
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low excitation conditions ( < 0.1 kW cm − 2), the excitation intensity 
is increased to 5–30 kW cm − 2 until the majority of fluorophores are 
switched off to enable precise single-molecule localization (Fig. 3). 
This step requires typically only a few seconds.

As the triplet yield and subsequent photoinduced formation of 
nonfluorescent reduced fluorophore intermediates depends linearly 
on the excitation intensity, the thiol concentration and the pH  
of the solvent21,22,62 are available as parameters to optimize the 
 transfer of the majority of fluorophores to their nonfluorescent 
stable OFF state.

For subsequent data acquisition, the excitation intensity is tuned to 
ensure that the lifetime of the ON state equals one to four times the 
acquisition time of the electron-multiplying charged-coupled device 
(EMCCD) camera. For live-cell dSTORM, the excitation intensity 
has to be lowered to ≤ 5 kW cm − 2 to avoid cellular damage. At higher 
intensities, photoinduced fluorophore and thiyl radical formation 
and subsequent production of reactive oxygen species is enhanced62. 
However, for fixed cells or other samples, the excitation intensity 
can be kept high (up to 50 kW cm − 2) to reduce the lifetime of the 
fluorescent ON state to a few milliseconds, enabling frame rates of up 
to 1 kHz (ref. 54). Without another irradiation wavelength for direct 
excitation of the reduced intermediates, the lifetime or stability of the 
OFF state is only controlled by the redox property of the fluorophore 

itself and the oxygen concentration. Independent of the laser excita-
tion intensity, typically between 500 and 5,000 photons are detected 
from the ON state of all fluorophores listed in Table 1, corresponding 
to an expected localization precision of  < 10 nm (ref. 14).

Alternatively, “push-pull fluorophores”71,72 and rhodamine 
amides73,74 can be used for single-molecule–based localization 
microscopy. Photochromic rhodamine amides can be photoacti-
vated by irradiation with light in the UV at ~375 nm or by two-
photon excitation at ~750 nm.

Adjustment of photoswitching rates
The formation of stable OFF states and tunable transition rates 
are the key requirements in super-resolution imaging, and they 
have a direct influence on the achievable optical resolution40,75–77. 
In dSTORM, photoswitchable organic fluorophores have to be 
converted (reduction of the triplet state by thiols) at a rate k

OFF
 to 

a nonfluorescent OFF state (stable radical anions) at the begin-
ning of the experiment to ensure single-molecule localization. The 
fluorescent state is repopulated on oxidation at a rate k

ON
. These 

photoswitching rates, i.e., the inverse of the lifetimes of the ON state 
τ

ON
, and OFF state τ

OFF
, directly control the density of fluorescent 

probes and thus have a critical influence on the quality of a super-
resolution image (Fig. 4).
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Figure 3 | dSTORM acquisition procedure exemplified for Alexa Fluor 647–labeled β-tubulin in a COS-7 cell. (a,b) A fluorescence image of the structure is 
measured at low excitation intensity (a) ( <  0.1 kW cm − 2 see red line in b). In the next step, higher irradiation intensity is applied to transfer the majority 
of fluorophores into a nonfluorescent OFF state until a sufficiently low spot density is reached. Finally, a super-resolved image is reconstructed from all 
localizations. (b) Number of localizations per image frame (approximately ten, corresponding to ~0.1 spots per µm2) plotted against the frame number and 
time, respectively. The images were acquired with a frame rate of 885 Hz at an excitation intensity of 30 kW cm − 2 at 641 nm and additional irradiation at  
488 nm (blue line) with 0–0.5 kW cm − 2. Direct excitation of the OFF state at 488 nm increases the number of fluorophores residing in the ON state and has 
to be carefully controlled. (c) Image reconstruction showing that a highly resolved image can already be reconstructed from 20,000 images corresponding to 
a total acquisition time of ~20 s. The structure cannot be fully resolved after analysis of  <2,000 frames. Σ, the number of localizations used to reconstruct 
the dSTORM image. Scale bars, 1 µm.
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For a more detailed discussion, we introduce the ratio of switch-
ing rates as r  =  k

OFF
/k

ON
  =  τ

OFF
 /τ

ON
. High values of r assure a low 

number of fluorophores in the ON state and, therefore, that single 
fluorophores are localized as individuals. OFF state lifetimes of 
photoswitchable synthetic fluorophores have been reported to 
vary from 10 to 100 ms26–28,77 to several seconds22,28,47,49,52,62,77. For 
metastable OFF states with short τ

OFF
, high irradiation intensities 

should be applied to reduce τ
ON

 and to generate a sufficiently high 
ratio r. For very stable OFF states with long lifetimes of several 
seconds, a sufficient high ratio r can be achieved applying only a 
low irradiation intensity, which is an important prerequisite for 
live-cell applications. For fixed cells, however, τ

ON
 can be further 

shortened by applying higher irradiation intensities to increase r 
and the imaging speed (i.e., the frame rate). Currently, only small 
areas of a sample can be imaged on a 128 × 128 pixel chip with the 
highest possible imaging speed of an EMCCD camera of ~1 kHz, 
that is, the chip readout time currently limits the acquisition speed 
for investigation of larger areas or whole cells.

dSTORM offers several possibilities to vary r through fine 
adjustment of τ

ON
 and τ

OFF
, enabling super-resolved imaging of 

cellular structures with different complexity and fluorophore den-
sities in fixed and living cells22,52,53,62. The first-order rate constants 
for OFF- and ON-switching (k

OFF
 and k

ON
, respectively) follow a 

linear dependence on the excitation intensities. Whereas k
OFF

 is 
controlled by the singlet-state excitation intensity, the intersystem 
crossing yield and the concentration of thiolate, k

ON
 is deter-

mined by the radical excitation intensity and the concentration of  
molecular oxygen22,62.

Using a laser with a maximum power of ~100 mW, k
OFF

 can be 
easily controlled over one order of magnitude. The concentration 
of the reducing thiolate (RS¯) can be increased by both the 
 concentration of thiol added and the pH (between pH 6 and 9) of 
the solvent and enables the adjustment of k

OFF
 over approximately 

two orders of magnitude22. On the contrary, k
ON

 can be increased  
(at least one order of magnitude) by direct excitation of the radi-
cal anions at, for example, 405 nm, whereas k

ON
 can be reduced by 

several orders of magnitude by depleting oxygen from the buffer 
by an oxygen scavenging system (on efficient removal of oxygen, 

the lifetime of the radical anions can approach several hours in 
ensemble experiments)62. Tuning both rates k

OFF
 and k

ON
 allows 

arbitrary control of the photoswitching ratio r over several orders 
of magnitude. Thus, r can be adjusted to match the required condi-
tions for super-resolution imaging of different cellular structures. 
A suitable r is determined by the complexity of the structure but 
should be (as a rule of thumb) adjusted such that ~0.1–1.0 fluoro-
phores are simultaneously active per µm2 to ensure the localization 
of single emitters. For live-cell dSTORM, manipulating k

OFF
 and k

ON
 

is limited to the laser intensities for both the fluorescence readout 
and the radical anion, respectively, whereas the excitation inten-
sities should be kept low to avoid cellular damage. Here it should be 
pointed out that the optical resolution is mainly determined by the 
full width at half maximum (FWHM) of the PSF and photon statis-
tics and not by the photoswitching rates. The photoswitching rate 
determines the fluorophore density required to extract meaning-
ful structural information in single-molecule–based localization 
microscopy experiments.

Experimental design
Fluorescence microscope setup. To determine the position of 
single fluorophores, the fluorescence signal (given by the number 
of fluorescence photons detected) should be very high, whereas 
the background (background fluorescence and detector noise) 
should be as low as possible14. Optimal results can be achieved 
by single-molecule fluorescence imaging with high signal-to-
 background ratio using an inverted fluorescence microscope 
equipped with an oil-immersion objective, with a high numerical  
aperture (NA ≥ 1.45) operated in objective-type total inter-
nal reflection fluorescence (TIRF) microscopy mode (Fig. 5). 
TIRF microscopy limits fluorophore excitation to a thin eva-
nescent field (100–200 nm) and minimizes background light. 
Three-dimensional or whole-cell imaging can be realized using 
a wide-field configuration, at the expense of a lower signal-
to-background ratio and a lower precision in single-molecule 
localization. An interesting approach is the illumination by a 
highly inclined and thin beam that allows axial sectioning (highly 
inclined and laminated optical sheet, HILO)78.

Figure 4 | Simulated data demonstrating the 
influence of the ratio of photoswitching rates, r,  
on different complexities. With increasing 
complexity of the imaged structure, the number 
of fluorophores present per area increases. The 
photoswitching ratio is mainly determined by the 
stability of the OFF state. (a–h) Images shown in 
a, c, e and g are snapshots from the localization 
microscopy stacks from which the reconstructed 
super-resolution images b, d, f and h were 
generated. Panels b and f show pairs of lines 
separated by 300 and 50 nm with a fluorophore 
attached every 8.5 nm, whereas d and h show a 
lattice with 40 nm spacing. (a–d) Images were 
simulated with r  =  250. (e–h) Images were 
simulated with r  =  3,000. It becomes clear that 
the necessary photoswitching ratio depends 
strongly on the structure imaged; when the 
photoswitching ratio is too low (c,d) more than one fluorophore may fluoresce per diffraction-limited area and subsequent fitting of the PSF can result in 
false localizations and image artifacts75. On the contrary, high photoswitching ratios result in a small number of localizations per image and thus prolong the 
acquisition time unnecessarily. Note that the density of fluorescence emissions is roughly the same for the images shown in a and g, even though they are 
simulated for different values of r. Scale bars, 1 µm for e (valid for all images); 100 nm for insets in b and f; and 200 nm for insets in d and h.
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Multiline excitation can experimentally be realized in two princi-
pal ways (Fig. 5a): (excitation option I) a multiline argon-krypton 
gas ion laser (for example, Coherent’s Innova 70C ), emitting at 488, 
514, 568 and 647 nm in combination with a 405 nm diode laser (for 
example, the Cube diode laser 405–100C (Coherent)); or (excita-
tion option II) single-line semiconductor lasers emitting at 405, 
488, 532, 568, 640 and 660 nm (for example, sapphire 488LP with 
an output power of 100 mW (Coherent)). Laser lines are combined 
by suitable dichroic mirrors (from Chroma, Semrock, or AHF ana-
lysentechnik) and/or selected by an acousto-optical tunable filter 
(e.g., acousto-optical tunable filter (AOTF) from AAOptics) and 
coupled into the microscope objective using an appropriate poly-
chromatic mirror. Laser beams might be spatially filtered using a 
high-power single-mode fiber. A lens or a pair of lenses (L1 and L2) 
is introduced in the excitation path to focus the laser on the back 
focal aperture of the high-numerical oil-immersion objective (e.g., 
PlanApo 60×, NA 1.45; Olympus) to ensure homogeneous excita-
tion of a 50 × 50 µm2 area. The focal length of the lenses can be 
changed to adjust the size of the illuminated area and the excitation 
intensity. A mirror (M1) mounted on a lateral translation stage is 
needed for TIRF applications (Fig. 5a).

As shown exemplarily in Table 1, excitation intensities in the 
range of 1–5 kW cm − 2 have to be applied for readout and pho-
toswitching at frame rates of 10–100 Hz. For excitation of the inter-
mediate radical anions at 405 nm, excitation intensities well below 
1 kW cm − 2 (e.g., <0.1 kW cm − 2)53,62 are sufficient. Irradiation of 
cells with 405 nm might increase autofluorescence. Furthermore, 
irradiation of already excited fluorophores at 405 nm promotes 
photobleaching of organic fluorophores. Both problems can be 
faced by alternating the excitation for readout and photoswitching, 
triggering the AOTF or the semiconductor lasers directly.

The fluorescence light in the detection path is filtered using 
suitable bandpass filters (Chroma, Semrock or AHF analysen-
technik) and imaged with an EMCCD (e.g., Andor Ixon DU897) 
with quantum yields of 80–90% in the visible range. The CCD 
chip collects the incoming photons in pixels with a typical size 
in the range of 16 µm × 16 µm to 24 µm × 24 µm. To preserve 
most of the position information in the fluorescence signal 
data, a pixel size of ~2.3× smaller than the Abbe resolution limit  
of the optical system is generally used. Thus, for visible light, 
the fluorescence signal should be imaged ensuring a pixel size 
of 80–160 nm (typically ~100 nm) using appropriate additional 
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Figure 5 | Scheme of experimental setup for single-molecule based localization microscopy with standard synthetic fluorophores. (a) The laser setup can 
consist of an Ar-Kr-laser providing laser lines at 488, 514, 568 and 647 nm and a 405 nm diode laser (excitation option I) or different semiconductor lasers 
sequentially combined by suitable dichroic mirrors (DC1-4; excitation option II). Irradiation wavelengths are selected by an AOTF, coupled into a single-
mode fiber using standard fiber couplers, and focused on the back focal aperture of a high numerical aperture oil-immersion objective by a polychromatic 
mirror (PCM) using a lens or a pair of appropriate lenses (e.g., L1 with f  =  25 mm and L2 with f  =  120 mm) located near the back port of the microscope.  
A movable mirror (M1) can be introduced in order to achieve TIRF or inclined illumination (HILO)78 (scheme is not to scale). Fluorescence light is collected by 
the same objective, spectrally filtered by long-pass and/or bandpass filters (LP/BP) and imaged on an EMCCD camera. Additional lenses are arranged (tubus 
lens (TL), L3 and L4) in the detection path to ensure a pixel size of ~100 nm. A potential lens configuration for the detection path is depicted. A delay and 
pulse generator (D/P generator) triggered by the camera is used to control alternating irradiation through the AOTF. (b) Course of irradiation intensity (red) 
used for fluorescence readout and photoswitching of fluorophores. (c) To control the number of ‘active’ fluorophores residing in the ON state, additional 
irradiation at 405 nm (blue) can be applied to directly excite the radical anions and ensure photoinduced recovery of the fluorescent ON state. Dashed lines 
show alternative irradiation schemes. (d) Alternating excitation scheme (integration time, tint) to minimize photobleaching in two-color experiments.
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lenses. Finally, a video sequence containing several thousands of 
images is recorded.

To minimize stage drift of the microscope setup, the excitation 
intensities of the two lasers should be adjusted to enable dSTORM 
experiments with acquisition times as short as possible. However, 
especially in live-cell experiments, light-induced cellular damage 
must be minimized, thus requiring that the experiments are per-
formed using lower excitation intensity. Therefore, acquisition times 
of a few minutes must be accepted for complex structures. To check 
for lateral drift, fluorescent beads or semiconductor nanocrystals 
that do not photobleach during the experiment can be immobilized 
at low density and their positions can be determined as a function 
of time. By generating histograms of the x and y position of single 
beads or nanocrystals, and by determining the standard deviation 
of the distributions in x and y, lateral drift can be monitored. Axial 
drift is directly reflected by blurring of the PSFs of individual beads. 
Whereas lateral drift can be corrected during post-processing of 
the images, axial drift has to be corrected online during acquisition 
with an active feedback loop. Alternatively, a nosepiece stage (e.g., 
IX2-NPS, Olympus) can be used to minimize the distance change 
between the specimen and the objective.

dSTORM can be expanded to three dimensions by applying 
various experimental concepts. The generation of a double-helical 
PSF79, interferometric approaches80 and virtual volume super-
 resolution microscopy45 have achieved impressive axial resolutions, 
but these can be challenging to set up for nonexperts. The 3D super-
resolution imaging based on introducing defocusing, i.e., dual- or 
multifocal-plane imaging or astigmatism, is easier to implement 
but achieves a comparable lower axial resolution of ~50–80 nm 
(refs. 81,82). Alternatively, an axial resolution of ~50 nm has been 
achieved, combining spatial-modulated illumination with single-
molecule localization microscopy23. Aside from the considerations 
of microscopic configurations, 3D imaging has consequences for 
the density of fluorophores emitting concurrently. The excitation 
volume is considerably larger than in 2D imaging, but the informa-
tion is still recorded with a 2D detector. Large and asymmetrical 
photon distributions are recorded, which complicate PSF fitting and 
result in a lower localization precision. This reduces the number of 
simultaneously recordable single molecules in one imaging frame, 
and requires longer image stacks to achieve the same localization 
statistics. In addition, achieving a high 3D fluorophore labeling 
density remains challenging, especially for live-cell applications.

Data analysis. Data processing described in this protocol uses the 
recently introduced open access software (rapidSTORM) for single-
molecule–based localization microscopy54. The original fluores-
cence images are compressed to a single super-resolved image in 
three stages: first, probable locations of fluorophore emissions are 
extracted from each fluorescence image. Second, a small area around 
each probable location is cut out from the image and the pixels  
within are fitted with a model of the PSF to localize fluorophore 
emission. Third, all localizations are combined into a single, 
super-resolution image. For the first step, the input image is usu-
ally smoothed to find the pixels with the highest intensity values. 
Several algorithms have been suggested for smoothing54, and the 
use of a simple average mask (moving average) with a diameter of 
roughly one FWHM (full width at half maximum) of the PSF has 
been proven to be very fast and robust. In the smoothed image, 
pixels with the highest values correspond to pixels in which most 

photons were detected in the PSF-sized neighborhood. Extraction 
of pixels with the highest values using a local maximum filter algo-
rithm (the Neubeck algorithm is suited especially for 16-bit data)83 
delivers the most probable fluorophore position.

In the second stage, a small local window (diameter roughly 
two FWHM of the PSF) is fitted with a PSF model, most com-
monly a 2D Gaussian function with a fixed covariance matrix plus 
constant background. Thus, four free parameters have to be fitted 
to the data: amplitude, center in X, center in Y and background. 
The two center coordinates give the high-precision estimate of 
the fluorophore’s position (localization). The amplitude gives 
an estimate of the number of photons and is used to discrimi-
nate between background noise and real fluorescence emissions. 
A reasonable value that can be used here is 15 times the back-
ground noise standard deviation. When implementing the fit-
ting procedure, computational care should be taken to optimize 
for speed. Most importantly, the partial derivatives of the model 
function needed by most fitting procedures should be computed 
analytically. Here the GNU Scientific Library84 provides a suitable  
fitting procedure.

All single-molecule coordinates that were determined by fitting 
PSF in all source images are combined to a super-resolved image. 
Experience has shown that simply binning or linearly interpolat-
ing the resulting localizations and then running a weighted histo-
gram normalization85 with a power of 0.3 results in good images. 
However, the super-resolution image produced by the algorithm 
outlined above is not always the best choice for further analysis, 
that is, often it is beneficial to use the set of localizations gained 
in the second step for further analysis. Examples include super-
resolution tracking41,86, clustering50,87 and precision estimation in 
super-resolution imaging38,46.

Furthermore, it has to be considered that two or more fluoro-
phores can be fluorescent at the same time within a diffraction-
limited area with a diameter of ~250 nm. To avoid these so-called 
multifluorophore localizations, a photon threshold can be applied 
and the geometry of the PSF can be taken into account, as overlap-
ping PSFs of multiple emitters produce an unsymmetrical signal 
distribution. However, as fluorescence intensity is a poor parameter 
for the quantification of individual fluorophores, false localizations 
are always present in super-resolved images. The number of arti-
ficial or false localizations depends on the labeling density and the 
sample structure, but it can be kept low with appropriate control 
of the number of fluorophores residing in the fluorescent state and 
becomes higher when the photoswitching rates are set inappropri-
ately, i.e., for low r values (Fig. 4)75.

Furthermore, it is important to mention an advantage of con-
cepts such as dSTORM (that use reversible photoswitches) over 
concepts that use PA-FPs that can be localized only once. Using 
dSTORM, structural information is not lost when a two- or multi-
fluorophore event is recognized and discarded from further analysis 
because it is likely that the same fluorophore is localized again indi-
vidually. In addition, even for inappropriately set photoswitching 
rates, a structure can be resolved as long as every fluorophore is 
localized individually at least once and the error-rate for discard-
ing multi-fluorophore events (which increases with decreasing r 
values) is kept low. When using PA-FPs, two-spot events can occur 
stochastically; alternatively, if the irradiation intensity for activation 
is set too high, then the localization information is irretrievably lost 
or a false localization is made.
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Fluorescence labeling. The study of cellular structure and func-
tion in vivo and in vitro with super-resolution microscopy requires 
efficient labeling strategies to introduce suitable fluorescent probes. 
The most elegant way to specifically label proteins in cells is the 
coexpression of a fusion protein that can be photoactivated. Fusion 
proteins are very successfully used to study localization of proteins, 
dynamic processes and protein-protein interactions in cells88–90. 
Photoswitchable synthetic fluorophores are much smaller than 
fusion proteins but require a chemical labeling procedure.

Reliable and commonly used procedures to specifically label 
 target biomolecules in fixed cells with organic fluorophores are 
labeled antibodies, DNA oligonucleotides or small specifically 
binding peptides such as phalloidin and Lifeact91.

In this protocol, the examples used are: (i) labeling of micro-
tubules with antibodies, in which the fluorescent label is on the 
secondary antibody (Fig. 6a–d); and (ii) labeling of actin with fluo-
rescently labeled phalloidin.

In particular, for immunofluorescence staining, a wealth of 
probes labeled with Alexa Fluor and ATTO fluorophores are com-
mercially available. Whereas DNA oligonucleotides and peptides 
are stoichiometrically labeled with fluorophores, commercially 
available antibodies often carry more than one, i.e., typically two 
to six fluorophores, rendering appropriate photoswitching more 
difficult. To increase specificity, proteins are usually labeled indi-
rectly, that is, with a first primary antibody against the antigen and a 
second antibody directed against the first antibody. Compared with 
standard IgG antibodies with a size of ≥ 7 nm, F(ab′)

2
 fragments 

are slightly smaller and more specific (in this protocol both, F(ab′)
2
 

fragments and IgG antibodies have been used). Because the label 
size affects the achievable labeling density and resolution, smaller 
fluorescent probes are recommended. Furthermore, it must be con-
sidered that the resolution of dSTORM easily approaches ~20 nm 
in lateral direction, i.e., the size of fluorescent probes used to label 
the target structure (for example, antibodies) influences the meas-
ured size. For example, microtubules have a diameter of ~25 nm, 
as determined by electron microscopy, whereas dSTORM experi-
ments with indirectly stained microtubules measured a diameter 
of 40–50 nm (ref. 21).

For start-up experiments, we recommend Alexa Fluor 647 or Cy5, 
and Alexa Fluor 488 for fixed cells. Alexa Fluor 647 or Cy5 should be 
used for single-color dSTORM. Photoswitching can be performed 
at very high excitation intensities, allowing dSTORM acquisition 
times of only a few seconds, which is especially interesting to study 
dynamics under in vitro conditions51. Reactivation of fluorophores 
by irradiation of the OFF state at 488, 514 or 532 nm does not 
induce strong damage or photobleaching and can be applied simul-
taneously with the readout wavelength at 641 or 647 nm. Oxygen 
removal increases the reliability of photoswitching. Various fluo-
rescently labeled secondary antibodies and other probes such as 
phalloidin are commercially available (see MATERIALS).

Alexa Fluor 488 can also be purchased as antibody or phalloidin 
conjugate. Radical anions absorb at around 400 nm, enabling reac-
tivation of the fluorescent state by irradiation with a 405-nm laser 
diode. In contrast to Cy5 or Alexa Fluor 647, photoreactivation at 
405 nm increases autofluorescence and promotes photobleaching. 
Therefore, an alternating excitation scheme with short reactivation 
pulses is recommended.

In addition, the dSTORM method enables live-cell super-
 resolution imaging, profiting from the intracellular redox system 

 (including GSH at mM concentrations) and oxygen to operate sev-
eral organic fluorophores as photoswitches inside a living cell.

For in vivo labeling of cells, the target protein needs to be modi-
fied (tagged) so that an appropriate fluorescent molecule—one that 
permeates cell membranes—can bind to it with high specificity. The 
tetracysteine tag reacts with arsenical fluorophores to form stable 
and highly fluorescent complexes92. Alternative approaches include 
the SNAP-tag that allows labeling of fusion proteins of human  
O6-alkylguanine-DNA alkyltransferase with O6-benzylguanine 
derivatives93,94 or the HALO-tag95. The trimethoprim (TMP)-tag96–98  
is based on the high-affinity noncovalent interaction between 
Escherichia coli dihydrofolate reductase (eDHFR) and TMP. 
Recently, it has been shown that the TMP-tag method can be used 
successfully for live-cell dSTORM with ATTO dyes achieving a reso-
lution of ~20 nm52. On the other hand, commercial SNAP-tag kits 
also use reversibly photoswitchable rhodamine fluorophores, such 
as tetramethylrhodamine (TMR), as O6-benzylguanine conjugates 
and can therefore also be used for live-cell dSTORM53. Because cells 
naturally contain the ‘redox cocktail’, thiol (GSH) and oxygen, at 
appropriate concentrations, the dSTORM method is widely appli-
cable for in vivo multicolor super-resolution imaging experiments 
also in combination with PA-FPs.

For live-cell experiments, cells are usually stained with pho-
toswitchable fluorophores according to the protocol of the chemical 
tag used (typically for 30 min, applying 0.1–2 µmol l − 1 concentra-
tions of fluorescent substrates) at ~1 d after transfection with the 
vector of interest. However, for the successful application of chemi-
cal tags for dSTORM in living cells, several facts have to be care-
fully considered. First, the transfection and labeling efficiency with 
chemical tags varies strongly, depending on the cell type used53. 
Therefore, the optimal substrate concentration has to be identified 
experimentally. Second, nonspecific adsorption of fluorescent sub-
strates to glass surfaces, cellular membranes and structures, respec-
tively, can strongly increase the background signal, especially when 
applied at high concentrations (≥ 1 µM).

Low transfection efficiencies result in a high concentration of 
unbound fluorophore conjugates and increased nonspecific label-
ing because unbound fluorophore conjugates can diffuse out of 
cells. Nonspecific adsorption might be of minor importance, espe-
cially for low fluorophore concentrations in ensemble standard 
fluorescence imaging experiments, but seriously deteriorates the 
identification and appropriate localization of individual fluoro-
phores at the single-molecule level. This is due to the fact that non-
specifically adsorbed fluorophores produce a higher background 
signal because they stay fluorescent (in the absence of thiols outside 
of cells), whereas the majority of specifically bound fluorophores is 
transferred to the stable OFF state upon irradiation. To minimize 
nonspecific adsorption effects, the cell density can be increased 
to effectively reduce the interspace between cells before labeling. 
Alternatively, and much more efficiently, cells can be trypsinized 
and transferred into a new chamber well after labeling52 or the 
surface can be blocked efficiently by treating the surface with the 
amino acid glycine before the experiment (see PROCEDURE for 
more details; Fig. 6e,f)53. For live-cell dSTORM, SNAP-Cell TMR-
Star, SNAP-Cell 505 and TMP-ATTO 655 work reliably.

If applied appropriately, dSTORM enables the observation of 
dynamic processes in living cells that move with velocities of up 
to several nm s − 1 (ref. 52). In general, the achievable resolution in 
dSTORM movie sequences of dynamic processes is, besides other 
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parameters, mainly determined by the movement velocity of the flu-
orescent signals. In reference 52, nucleosome and chromatin move-
ment has been studied by dSTORM in living cells, with a camera 
frame rate of 50 Hz, and super-resolution images have been recon-
structed from 500 frames, respectively, corresponding to a temporal 
resolution of 10 s. As the velocity is only a few nanometers per sec-
ond, a super-resolution image can be reconstructed every 10 s.

Whether or not a dynamic process can be temporally resolved is 
mainly controlled by two parameters: the complexity of the struc-
ture and its labeling density, and the photoswitching rates control-
led by the irradiation intensity. In the cellular environment, ON 
state lifetimes of a few tens of milliseconds (typically 10–50 ms) 
require imaging frame rates of 20–100 Hz. The lifetime of the OFF 
state varies from several hundred milliseconds to a few seconds 
(0.5–10 s), corresponding to r  =  50–1,000. For low labeling den-
sities, as in studies of the dynamics of filaments or protein com-
plexes, with only 10–50 fluorophores per diffraction-limited area, 
dSTORM imaging with a speed only determined by the irradia-
tion intensity is possible. Under these conditions, super-resolution 
imaging at spatial resolutions of ~20 nm and temporal resolutions 
of 0.1–1 s is possible51. On the other hand, the temporal resolution 
decreases for more complex structures, with high labeling densi-
ties of ≥300 fluorophores per diffraction-limited area, unless the 
excitation intensity is dramatically increased.

To compare dSTORM and (F)PALM, a protein genetically labeled 
with PA-FPs can be additionally labeled in fixed cells using standard 
fluorescent probes (e.g., antibodies).

b

c

d

a

g

h

f

e
Figure 6 | dSTORM images of fixed COS-7 and living HeLa cells.  
(a–d) Microtubules were stained with Alexa Fluor 647 antibodies, 
(experimental conditions: 20–30 kW cm − 2 at 641 nm, 0–0.5 kW cm − 2 at 532 nm,  
frame rate: 0.4–1 kHz, 15,000–20,000 frames). (a,b) Tubulin structures 
are not continuously resolved (especially in b). Possible reasons are a low 
antibody concentration that has been applied in immunocytochemistry 
staining or fixation artifacts. (c) The super-resolved microtubule structure is 
background dominated. The background stems either from unspecific binding 
of antibodies, fixation artifacts or from tubulin monomers in the cell.  
(d) A typical dSTORM image of a cellular structure with good contrast and 
negligible unspecific binding of antibodies. Standard fluorescence images  
are shown for comparison in the upper left or right corner. (e–h) Human 
histone protein H2B of a living HeLa cell stained with SNAP-Cell 505.  
(g,h) Standard wide-field fluorescence image (g) and dSTORM image (h) of H2B 
core histones with high contrast measured using the following experimental 
parameters: irradiation at 488 nm with 2 kW cm − 2; frame rate, 31.5 Hz; 4,000 
frames. (e) A single-molecule image showing nonspecific background signals 
outside of the nucleus that can be dramatically reduced (f) by glycine coating 
of the Lab-Tek chambers. Scale bars, 2 µm for a–d; 5 µm for e–h.

MaterIals
REAGENTS

Specific primary antibodies (e.g., mouse anti-β-tubulin antibody;  
Sigma, Invitrogen)
Secondary antibodies (e.g., goat anti-mouse Alexa Fluor 647 antibody; 
Invitrogen, cat. no. A-21237)
Specific drug molecules (e.g., Alexa Fluor 647 phalloidin; Invitrogen,  
cat. no. A22287), Alexa Fluor 488 phalloidin (Invitrogen, cat. no. A12379))
ATTO and Alexa Fluor fluorophores for labeling of antibodies (e.g., ATTO 
655 NHS)
Growth medium RPMI 1640, (GIBCO, cat. no. 31870-025) supplemented 
with 10% (vol/vol) FCS, 2 mM l-glutamine, 100 u ml–1 penicillin and  
100 µg ml–1 streptomycin
Phenol red–free growth medium (e.g., RPMI 1640, GIBCO, cat. no. 32404-
014) supplemented with 10% (vol/vol) FCS, 2 mM L-glutamine, 100 u ml–1 
penicillin and 100 µg ml–1 streptomycin

•

•

•

•

•

•

Glycine (2 M in ddH2O; Roth, cat. no. 2002722)
PBS (PAA, cat. no. H15-002)
Lipofectamine 2000 (Invitrogen, cat. no. 11668-019)
Trypsin-EDTA (PAA, cat. no. L-11-004)
pSNAP-H2B control plasmid (NEB, cat. no. N9179S)
SNAP-Cell TMR-Star (NEB, cat. no. S9105S)
SNAP-Cell 505 (NEB, cat. no S9103S)
Mammalian expression vector of H2B-eDHFR and corresponding  
TMP-ATTO655 tag
Amaxa Nucleofector System (Lonza)
HeLa (DSMZ, cat. no. ACC 75)
Lab-Tek II chambered cover glass (Nunc, cat. no. 155409)
Paraformaldehyde in PBS (4% (wt/vol), PFA; USB, cat. no. 19943)  
! cautIon It is poisonous. Wear appropriate protective equipment and 
avoid contact with skin or eyes.

•
•
•
•
•
•
•
•

•
•
•
•
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Triton X-100 (Sigma)
Tween-20 (Sigma)
Sytox Blue or Hoechst dyes for DNA labeling in double staining  
experiments
Quantum dots for calibration and drift control (QD525, QD655; Invitrogen 
Q10141MP resp. Q10121MP)
BSA (Sigma)
Normal goat serum (NGS, Sigma)
Immersion oil (Carl Zeiss)
Antibodies (F(ab′)

2
 fragments for labeling; Sigma, Invitrogen)

NAP-5 column for purification of labeled antibodies and fragments  
(Sephadex G25 DNA grade; GE Healthcare)
Mercaptoethylamine (MEA; Sigma); MEA can be purchased as  
hydrochloride (MEA-HCl; slightly acidic, has to be adjusted with KOH)  
or pure (alkaline, adjustment with HCl) ! cautIon HCl / NaOH is  
corrosive, wear appropriate protective equipment and avoid contact with 
skin or eyes.
Glutathione (GSH; Sigma)
Oxygen scavenger system (It consists of 0.5 mg ml − 1 glucose oxidase 
(Sigma), 40 µg ml − 1 catalase (Roche Applied Science), 10% (wt/vol) glucose 
in phosphate buffer (pH 7.4).)
DMSO

EQUIPMENT
Optical table, vibration isolated (Linos / Qioptiq)
Inverted fluorescence microscope (IX-71, Olympus)
Oil-immersion objective (60×, PlanApo 1.45 NA, Olympus)
Objective for alignment (×10; Carl Zeiss, Olympus)
Irradiation lasers (see EXPERIMENTAL DESIGN)

641 nm (Cube 640-100C, Coherent)
643 nm (iBeam smart, Toptica)
405 nm (Cube 405-100C, Coherent)
532 nm (Nano250; Linos / Qioptiq)
488 nm (Sapphire 488 LP, Coherent)
568 nm (Sapphire 568 LP, Coherent)
Argon-krypton laser (Innova 70C, Coherent)

Acousto-optical tunable filter (AOTF, AAOptics) for laser line selection
Delay and pulse generator (Stanford Research Systems)
Neutral density filter to adjust laser intensity (Edmund Optics)
Single-mode fiber (Linos)
Fiber coupler (Linos)
Lenses (Linos, Thorlabs, Edmund Optics)
Polychromatic mirror (Semrock, Chroma, AHF Analysentechnik)

HC 410/504/582/669, Semrock
HC 560/659, Semrock

Dichroic mirrors for laser coupling (Semrock, Chroma, AHF Analysentechnik)
LaserMUX (Semrock / AHF Analysentechnik)
LaserMUX 375-405R
LaserMUX 473-491R, 1064R
LaserMUX 514-543R
LaserMUX 561-594R
LaserMUX 633-647R

Band-pass / long-pass filters to spectrally separate fluorescence signal  
(Semrock, Chroma, AHF Analysentechnik)

HQ 535/50
HC 582/75
ET700/75
RazorEdge 647 Long-pass filter

Laser clean-up filter (Semrock, Chroma, AHF Analysentechnik)
Laser clean-up filter z 640/10
Laser clean-up filter z 488/10
Laser clean-up filter z 405/10

Electron multiplying, back-illuminated, cooled, charged-coupled device 
camera (Ixon; Andor) with high quantum yield and low readout and  
background noise

Large Chip (Ixon DU897, 512 × 512 pixels with 16 µm pixel size, Andor)
Ultrafast acquisition speed (Ixon DU860; 128 × 128 pixels with 24 µm 
pixel size, Andor)

Reticle for calibration and validation of final magnification (Carl Zeiss)
Software to control camera (Andor Solis, Andor)
Software for image analysis54

Cover slips

•
•
•

•

•
•
•
•
•

•

•
•

•

•
•
•
•
•

•
•
•
•
•
•
•

•
•
•
•
•
•
•

•
•

•
•
•
•
•
•
•

•

•
•
•
•

•
•
•
•

•

•
•

•
•
•
•

REAGENT SETUP
Sample for calibration and drift control Semiconductor nanocrystals 
(so-called quantum dots (QDs)) can be dried on a bare cover slip at single-
molecule concentration. This calibration sample is used to verify that the 
microscope setup is properly aligned and enables the detection of single  
molecules with high signal-to-background ratio. The use of QD655 is  
advantageous because they are efficiently excited by the various irradiation 
lasers used in dSTORM, i.e., 405, 488, 532, 568 and 641 nm (ref. 99).
Cell culture Any cell type is compatible with dSTORM. Adherent cells such 
as HeLa or fibroblast cells offer the additional advantage that movement of 
the sample is minimized. Grow cells at 37 °C and 5% CO

2
 in RPMI 1640 

medium supplemented with 10% (vol/vol) FCS and split every other day.
Fluorescence labeling of antibodies ATTO or Alexa Fluor fluorophores can 
be purchased as NHS derivatives and labeled to IgG antibodies or F(ab′)

2
 

fragments according to standard coupling protocols given by the supplier. 
Conjugates are purified on a gel filtration column (e.g., NAP-5, Sephadex 
G-25 DNA Grade, GE Healthcare). The degree of labeling of antibodies or 
F(ab′)

2
 fragments is determined by absorption spectroscopy using the extinc-

tion coefficient of fluorophore and protein (absorption of the fluorophore at 
280 nm has to be considered; determine correction factor at 280 nm (CF

280
)). 

To facilitate photoswitching of the ‘antibody’ as fluorescent probe, the degree 
of labeling should be kept at one or two fluorophores per antibody.
Immunocytochemistry For in vitro immunofluorescence labeling, cells 
must be fixed with PFA, formaldehyde, methanol or glutaraldehyde and 
permeabilized. Various fixation protocols can be used for the preparation of 
samples used for dSTORM imaging. However, different fixatives do  
influence the spatial organization of cellular structures100. This is becoming 
more apparent in methods with superior resolution, and should be taken into 
account in data interpretation. If adherent cells are to be investigated, they 
are grown according to standard culture procedures in chambered  
cover glasses with a thickness of 130 µm (e.g., Lab-Teks, Nunc). Furthermore, 
chambered cover glasses are advantageous because the volume for  
any labeling or washing step is predetermined by the chamber dimensions  
(1 ml maximum). Ideally, the cellular structure is well conserved because 
of the crosslinking of proteins by the fixative. However, one should be 
aware that the concentration of fixative, the incubation time and the 
 permeabilization reagent (e.g., Triton X-100, a nonionic surfactant) can 
 influence the sample and should thus carefully be selected and applied. 
Finally, after fixation and permeabilization, a blocking buffer such as BSA in 
PBS or NGS is used to reduce unspecific binding and background signals.

After fixation, permeabilization and blocking, cells are sequentially stained 
with primary and secondary antibodies. Owing to their high specificity, 
staining is often accomplished in only 30 min. For proteins with high cellular 
density, we recommend using different antibody dilutions. Chambered cover 
glasses (e.g., Lab-Tek II chambered cover glass, Nunc) with eight wells are 
excellently suited to probe different concentrations of antibodies. After each 
staining step, washing steps are indispensable to remove unbound antibodies. 
Washing should be applied by purging and keeping the cells in PBS contain-
ing a surfactant such as Tween-20. Stained cells can be stored in PBS (pH 7.4) 
at 4 °C protected from light for several days until imaging. A postfixation 
step can be helpful to enable longer storage but is not mandatory. A complete 
label protocol for fixation and staining of mammalian cells is described in 
the PROCEDURE. The protocol given can be modified on demand according 
to different requirements of labels and target proteins (see manufacturer’s 
instructions), but it works properly for the staining of cellular microtubules 
or actin filaments.
Live-cell labeling with chemical protein tags Grow cells in Lab-Tek II 
chambered cover glass. To avoid nonspecific adsorption of fluorophores on 
the cover glass, it is recommended to coat it with glycine (2 M glycine  
solution for 30–60 min) before use. Transfect ~2 × 106 cells, with the  
tag-vector coding the protein of interest (e.g., pSNAP-H2B control plasmid) 
according to the protocol of the supplier using, for example, electroporation  
with the Amaxa Nucleofestor System. Incubate cells overnight to allow 
expression of the fusion protein. Prepare stock solutions of the tagged 
substrates TMP-ATTO 655, SNAP-Cell TMR-Star or SNAP-Cell 505 (benzyl 
guanine Rhodamine Green) in DMSO. Dilute the stock solutions in RPMI 
1640 medium supplemented with 10% (vol/vol) FCS without phenol red 
to final concentrations of 0.1–2 µmol l − 1. Fluorescence labeling of cells is 
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performed—after removal of medium and one optional washing step  
(PBS or medium)—by adding medium containing the tag substrates at 
various concentrations. After incubation for typically 20–30 min, followed 
by several washing steps to remove unreacted substrate, cells are imaged in 
phenol red–free medium or PBS. For further background reduction, labeled 
cells can be detached from the glass surface by trypsinization (0.25%) at 37 °C  
and transferred into cleaned, new Lab-Tek II wells. Allow cells to reattach for 
1–3 h before imaging. To prove that cells do not show apparent ill defects af-
ter imaging (i.e., they have normal growth and cell division), let them grow 
at 37 °C and 5% CO

2
 in medium overnight and check the condition of cells.

Co-staining to verify specific labeling For nuclear co-staining, cells must 
be fixed with PFA or formaldehyde and permeabilized with Triton X-100. 
Hoechst 33258 or Sytox Blue is used to label DNA. When Sytox Blue is used, 
incubate with RNase before staining to reduce background. After washing, 
image cells on a standard laser-scanning microscope (LSM).
EQUIPMENT SETUP
Construction of dSTORM microscope To minimize sample drift, the 
dSTORM setup should be mounted on a vibration-isolated optical table.  
The lasers should be arranged as depicted in Figure 5a, allowing their super-
position by suited dichroic mirrors. Passing an acousto-optical tunable filter 
(AOTF) for wavelength selection, the laser beams can be coupled into a  
single-mode fiber to optimize superposition. In case of diode lasers, AOTF 
and fiber coupling are optional. The laser beams are focused on the back focal 
aperture of the oil-immersion objective using lenses L1 (e.g., f

1
  =  25 mm)  

and L2 (e.g., f
2
  =  120 mm; Fig. 5a). Take care that the laser beams are per-

fectly aligned with the optical axis. This can be achieved using irises and 
steering mirrors in the beam path, so that the beam has two independent 
points of adjustment to enable control of the position and angel of the beam. 
Use a movable mirror to attain TIRF or inclined excitation of the sample.  
The fluorescence light collected by the same objective is spectrally filtered 
using appropriate bandpass filters and projected on an EMCCD camera 
mounted outside the side or base port of the microscope. In standard 
inverted microscopes, a tubus lens is introduced by the manufacturer  
enabling direct attachment of the EMCCD camera. To generate an effective 

pixel size of ~100 nm, additional lenses (e.g., L3 and L4) can be inserted  
into the detection path.
Controlling the photoswitching ratio The lifetime of the ON state can be 
decreased to match the frame rate of the camera by increasing the irradiation 
intensity, thiol concentration (1–200 mM) and the pH value of the solvent 
(pH ~6.0–9.0). The lifetime of the OFF state can be shortened by direct  
irradiation of the radical anions at ~400 nm (ref. 62) or addition of oxidizing 
agents101, whereas the prolongation of the lifetime of the OFF state succeeds 
by oxygen removal (e.g., purging with nitrogen or application of an oxygen 
scavenging system)67,68. As shown in Figure 5b (numbers correspond to figure 
labels), at step one of the experiment (1) the irradiation intensity for fluo-
rescence readout is kept low (~0.1 kW cm − 2) to select an appropriate sample 
area for dSTORM, and a standard wide-field fluorescence image is recorded 
for later comparison. In the next step (2) the majority of fluorophores has to 
be switched to the OFF state applying a relatively high irradiation intensity 
of 5–30 kW cm − 2 for a few seconds. Once the desired density of fluorescence 
signals is achieved, the irradiation intensity is again decreased to typically  
1–5 kW cm − 2 (3) to match the camera frame rate. Dependent on the sample, 
additional direct excitation of the radical anions is not necessary and the  
irradiation intensity of the readout laser can be kept constant throughout the  
experiment (4). For other samples, additional irradiation at 405 nm is required 
to activate enough fluorophores (Fig. 5c). Here the intensity of the activation 
laser can be increased slowly with proceeding acquisition time (1–3) to ensure 
a constant number of fluorophores residing in the ON state (see also Fig. 3). 
As simultaneous irradiation with the readout and the activation laser induces 
photobleaching in some fluorophores, we recommend alternating laser pulses 
(Fig. 5d). For example, the trigger signal of the EMCCD camera (a repetitive 
signal generated for every new frame) is used to generate a pulse scheme for 
readout and activation using a delay and pulse generator. At the beginning of a 
frame, a short activation pulse (1) reactivates a subset of fluorophores residing 
in their nonfluorescent OFF state. The length of the activation pulse and 
intensity determine the number of reactivated molecules. After the activation 
pulse, the readout laser line is triggered for fluorescence readout and  
photoswitching of activated fluorophores until the next frame starts.

proceDure
Fluorescence labeling ● tIMInG 2–3 d
1| At 2–3 d before experiments, transfer cells into Lab-Tek II chambered cover glass. For fixed cells and antibody labeling, 
follow the steps in option A (the labeling of microtubules with antibodies is used as an example). For labeling of actin  
filaments with phalloidin, see option B. For live-cell experiments, follow the steps in option C.
(a) Fixed cells
 (i)  Wash cells with PBS, add PFA to a final concentration of 4% (wt/vol) and incubate for 10 min at room temperature (20 °C). 

! cautIon Wear appropriate protective equipment and avoid contact with skin or eyes. After two washing steps with 
PBS (incubate in each case for 5 min), remove PBS and add 200 µl Triton X-100 at a concentration of 0.5% (vol/vol) 
in PBS to each chamber and incubate again for 10 min. Wash twice with PBS.

 (ii)  Prepare the blocking buffer. Use NGS as blocking buffer if secondary antibody stems from goat. Dilute NGS in PBS to a final 
concentration of 5% (vol/vol). Alternatively, use BSA in PBS at a final concentration of 5% (wt/vol) as blocking buffer.

 (iii)  Remove the fixing solution and add blocking buffer (e.g., 150 µl) to each chamber and incubate for 30 min at room 
temperature (20 °C).

 (iv)  Dissolve antibody in blocking buffer at different concentrations, e.g., dilute mouse anti-β-tubulin antibody (2 mg 
ml − 1) 1:100, 1:200, 1:500 and 1:1,000. Add different concentrations to different chambers after removing the former  
solution and incubate for 30–60 min at room temperature (20 °C).

 (v)  Exchange the antibody solution in each chamber with 0.1% (vol/vol) Tween-20 in PBS and incubate for 5 min at  
room temperature (20 °C). Repeat this step twice.

 (vi)  Add secondary fluorescently labeled antibody dissolved in blocking buffer (200 µl) to each sample at different  
concentrations and incubate for 30–60 min in the dark at room temperature (20 °C). For example, dilute goat anti-
mouse Alexa Fluor 647 F(ab′)2 antibody (2 mg ml − 1) 1:100, 1:200, 1:500 and 1:1,000 (final concentration) and add the 
different concentrations to similarly diluted primary antibody (Step 4). 
? troublesHootInG
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 (vii)  For optional nuclear co-staining for LSM experiments, add 20 µl of a 10 µg ml − 1 Hoechst 33258 solution (in PBS)  
during the last 10 min of incubation with secondary antibody.

 (viii)  Exchange the antibody solution in each chamber with 0.1% (vol/vol) Tween-20 in PBS and incubate for 5 min at room 
temperature (20 °C). Repeat this step twice.

 (ix)  (optional) For postfixation, fix cells for 5 min using 4% (wt/vol) PFA in PBS and wash three times with PBS. Store cells 
in PBS at 4 °C.

 (x)  Before imaging, add MEA to achieve a final thiol concentration of 10–200 mM (table 1). When working with cyanine 
fluorophores (Cy5, Cy5.5, Cy7 and Alexa Fluor 647, 680, 700) additional removal of oxygen by application of an oxygen  
scavenging system (0.5 mg ml − 1 glucose oxidase, 40 µg ml − 1 catalase, 10% (wt/vol) glucose) is recommended. If such 
a system is used, seal the chamber with a cover slip or a thin silicon sheet (press-to-seal). 
? troublesHootInG

(b) labeling actin with phalloidin in fixed cells
 (i)  Wash cells with PBS, add PFA to a final concentration of 4% (wt/vol) and incubate for 10 min at room  

temperature (20 °C). 
! cautIon Wear appropriate protective equipment and avoid contact with skin or eyes. After two washing steps with 
PBS (incubate in each case for 5 min), remove PBS and add 200 µl Triton X-100 at a concentration of 0.5% (vol/vol) 
in PBS to each chamber and incubate again for 10 min. Wash twice with PBS.

 (ii)  Prepare the blocking buffer. Use BSA in PBS at a final concentration of 5% (wt/vol) as blocking buffer.
 (iii)  Remove the fixing solution and add blocking buffer (e.g., 150 µl) to each chamber and incubate for 30 min at  

room temperature (20 °C).
 (iv)  After blocking the fixed and permeabilized cells, label actin filaments by adding Alexa Fluor 488–phalloidin or Alexa 

Fluor 647–phalloidin (stock solution 1 µmol l − 1), diluted in PBS to a volume of 10 − 7 to 10 − 9 mol per liter (typically, 
10 − 8 mol per liter). Incubate for 30–60 min in the dark at room temperature (20 °C). 
? troublesHootInG

 (v)  Exchange phalloidin solution by 0.1% (vol/vol) Tween-20 in PBS in each chamber and incubate for 5 min at  
room temperature (20 °C). Repeat this step twice. Store cells in PBS at 4 °C.

 (vi)  (optional) For postfixation, fix cells for 5 min using 4% (vol/vol) PFA in PBS and wash three times with PBS.  
Store cells in PBS at 4 °C.

 (vii)  Before imaging, add MEA to achieve a final thiol concentration of 10–200 mM (table 1). When working with cyanine 
fluorophores (Cy5, Cy5.5, Cy7 and Alexa Fluor 647, 680, 700), additional removal of oxygen by application of an 
 oxygen scavenging system (0.5 mg ml − 1 glucose oxidase, 40 µg ml − 1 catalase, 10% (wt/vol) glucose) is recommended. 
If such a system is used, seal the chamber with a cover slip or a thin silicon sheet (press-to-seal). 
? troublesHootInG

(c) live cells
 (i) Block the surface of the cover glass with 2 M glycine for 30–60 min.
 (ii) Transfer cells into Lab-Tek II chambered cover glass.
 (iii)  At 1 d after transfer, transfect cells with a tag-vector encoding the protein of interest according to the protocol given 

by the supplier. For example, to label the core protein H2B with TMP-ATTO 655, transfect cells with the H2B-eDHFR 
plasmid by electroporation and incubate cells overnight in growth medium52.

 (iv)  Dilute stock solution of fluorescent substrates (e.g., TMP-ATTO 655, SNAP-Cell TMR-Star and SNAP-Cell 505) in phenol 
red–free growth medium to 0.1–2 µmol per liter.

 (v)  Wash cells once with PBS or medium at room temperature (20 °C) before adding different concentrations of  
fluorescent substrates (e.g., 0.2, 0.5, 1 and 2 µmol per liter). Incubate at 37 °C and 5% CO2 for 20–30 min.

 (vi)  Wash cells three times with 0.1% (vol/vol) Tween-20 in PBS or with medium without phenol red. Add phenol red–free 
medium or PBS before imaging at room temperature (20 °C). For optional nuclear co-staining experiments by LSM go 
to Step 1C(vii).

 (vii)  Repeat Step 1B(i) if cells are not fixed. For nuclear co-staining use Hoechst 33258 or Sytox Blue. If Sytox Blue  
is used, incubate in PBS containing 10 mg RNase for 30–60 min at 37 °C. After a washing step, add Sytox Blue  
to a final concentration of 500 nM and incubate for 30 min before washing with PBS. Hoechst 33258 is added  
without blocking at a concentration of 2–5 µg ml − 1 in PBS for 10 min. Wash three times with PBS before imaging  
on a LSM.

Microscope setup ● tIMInG 0.5–1 h
2| Turn on lasers, adjust to a low laser power (1–2 mW) and block beams using appropriate shutters in the excitation path. 
Allow gas lasers to warm up for 20 min.
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3| Measure laser power in focus after the polychromic mirror before entering the objective. Determine homogeneously  
irradiated area imaging the fluorescence signal of a fluorophore or QD solution (~10 − 8 M) on the EMCCD camera to calculate 
the irradiation intensity in kW cm − 2.
! cautIon Always exercise laser safety precautions when aligning lasers.

4| Use appropriate dichroic mirrors and bandpass filter to select the desired irradiation wavelength and block stray light.
! cautIon To avoid eye damage, never look through the oculars without having confirmed that filter combinations are  
compatible with the lasers in use.

5| Align the camera using the ×10 objective and a reticle by centering the image on the display and bringing it into focus 
applying a low lamp intensity. Change to an imaging oil-immersion objective and determine pixel size using a micrometer 
scale.

6| Use the oil-immersion objective and overlay laser beams using the calibration sample (QDs) to verify that single  
molecules can be imaged with the setup. Single QDs can be easily identified by their size (resulting in a diffraction-limited 
PSF) and their irradiation intensity-dependent blinking.

7| To control the irradiation profile of the different lasers, use the oil-immersion objective and excite a concentrated 
QD655 solution or a densely coated QD655 surface. The emission profile recorded on the EMCCD camera should be independent  
of the irradiation laser used. Use the camera software to obtain a snapshot of the different irradiation profiles to calculate 
the excitation intensity. If necessary, adjust laser alignment using steering mirrors in the irradiation path.
? troublesHootInG

8| Move mirror M1 (Fig. 5a) to achieve TIRF using a QD calibration sample (i.e., QDs adsorbed on a bare cover slip).  
If TIRF or HILO (highly inclined and laminated optical sheet) is accomplished, the signal-to-background ratio  
increases substantially.
! cautIon Lower the gain of the camera to prevent damage of the chip when moving from epi-illumination to TIRF because 
the irradiation intensity increases strongly.

9| To find the optimal conditions for imaging, move the beam completely out of the sample, then move slowly back into 
TIRF until the fluorescence intensity and signal-to-background ratio achieve their maximum values. If necessary, adjust the 
focus so that the sample is in the focal plane again.

10| To achieve inclined illumination78, image the fluorescently labeled sample (i.e., a cell) by epi-illumination. While moving 
the mirror toward TIRF geometry at a certain point, the incident laser beam is highly inclined by a large refraction and is 
laminated as a thin optical sheet at the specimen side. Inclined illumination is optimal when fluorescence signals inside the 
nucleus of a living cell can be imaged with a high signal-to-background ratio.
? troublesHootInG

Data acquisition ● tIMInG 0.1–10 min
11| Select a cell by the oculars using transmitted light and find the focal plane. Switch to camera and fluorescence mode, 
remove the shutter from the laser to be used or select appropriate wavelength by the AOTF. After proper sample alignment  
by fluorescence imaging under low excitation conditions ( < 0.1 kW cm − 2), reduce the area of the camera chip by software 
(binning) to accelerate data acquisition and reduce data volume.
? troublesHootInG

12| Prepare the camera software to take a kinetic series of 4,000– 100,000 frames dependent on the labeling density and 
complexity of the structure. We recommend starting with 5,000–10,000 frames and optimize the number by inspection of the 
quality of reconstructed dSTORM images.

13| Increase irradiation intensity to 5–30 kW cm − 2 for a few seconds to transfer the majority of fluorophores to the OFF state 
so that only a sparse subset of fluorophores resides in the ON state in each image (Fig. 3). For super-resolution imaging in 
living cells, use irradiation intensities of 0.5–5 kW cm − 2. For fixed cells, higher irradiation intensities can be applied  
(e.g., up to 50 kW cm − 2) to increase photoswitching rates and frame rates up to 1 kHz.
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14| Reduce integration time so that one fluorophore is visible only for about one to four frames at a time. If necessary, 
adjust the focus to ensure that the spots show a symmetric PSF, indicating that they are in the focal plane. The camera gain 
can also be adjusted to yield a better signal-to-background ratio.

15| Ensure an optimal fluorophore density (i.e., 0.05–1 fluorophore per µm2) (Fig 3a). If fluorophore density is too low, 
use additional direct excitation of intermediate radical ions at 405 nm to activate fluorophores (typically, use 0.01–0.1 kW 
cm − 2 at 405 nm). For cyanine fluorophores 488, 514 or 532 nm light can be used alternatively for activation. Sometimes 
the intensity of the activation laser has to be increased with proceeding acquisition time to activate a constant number of 
fluorophores (Fig. 5c). Ideally, the activation laser is used only in short pulses of a length of a few micro- to milliseconds to 
reduce autofluorescence, cell damage and photobleaching of fluorophores (Fig. 5d).
? troublesHootInG

16| Start data acquisition with a frame rate of 10–100 Hz.

Data analysis ● tIMInG 0.1–10 min
17| Estimate an amplitude threshold and a PSF covariance matrix from your data. A good estimate for the threshold is  
15 times the background noise s.d. The covariance matrix can be estimated by fitting Gaussian functions to a number of 
visually well-separated spots and averaging their covariance matrices.
? troublesHootInG

18| To generate a super-resolved image bin localization, select a pixel size to determine the distance of bins and an  
intensity transfer function to determine the intensity assigned to a given number of localizations. A pixel size of 10–20 nm 
and a histogram normalization with a weight of 0.3 usually gives good results.
? troublesHootInG

? troublesHootInG
Troubleshooting advice can be found in table 2.

table 2 | Troubleshooting table.

step problem possible reason solution

1A(vi),  
1B(iv)

High background fluorescence Blocking missed/failed Modify blocking protocol, always use fresh 
serum (e.g., BSA, NGS)

High background in  
reconstructed images

Antibody or probe degraded Use new freshly prepared antibodies or probes

Fixation artifacts

Permeabilization is too strong

Blocking missed/failed

Modify fixation protocol

Modify permeabilization protocol

Modify blocking protocol, always use fresh 
serum (e.g., BSA, NGS)

Low fluorescence intensity pH is incompatible with antibody- 
antigen or probe binding

Check pH; pH should be in the range of 6–9

Apply postfixation Step 6

1A(x),  
1B(vii)

Cyanine fluorophores do not  
show reversible photoswitching

pH of buffer is too low Check pH and increase to pH 7–9

MEA concentration is too low Increase MEA concentration up to 100 mM

Oxygen was not efficiently removed Use fresh oxygen scavenging system

7, 10 Lateral or axial drift Immersion oil is contaminated Remove immersion oil, clean objective and 
replace with fresh, clean immersion oil

Dry all slices and Lab-Teks before imaging

Discard or seal leaky Lab-Teks

Spots appear dim Integration time does not match τon Increase integration time

(continued)
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table 2 | Troubleshooting table (continued).

step problem possible reason solution

Apply higher irradiation intensity

Change to highly inclined illumination

Electron multiplying is set too low Increase electron multiplying gain

Singlet state quenching by reducing 
agent

Decrease amount of reducing agent

Decrease pH of the solvent

Spots appear elliptical Lenses are misaligned Align optical components

11 Transfected cells are hard to  
find

Low transfection efficiency Use a different cell line that guarantees higher 
transfection rates

Use a different transfection reagent or use  
stable transfected cells

High background signal in  
live-cell experiments

Nonspecific adsorption of fluorophore 
substrates on cover glass

Block surface by coating with glycine or 
trypsinize and transfer cells to new cover glass

Low density of cells Increase cell density

High concentration of unbound  
substrate due to low transfection  
efficiency

Improve transfection efficiency and use lower 
substrate concentration

Leakage of substrate due to  
necrotic cells

Image cells immediately after last washing 
step, reduce exposure time under nonphysi-
ological conditions (e.g., room temperature); 
work quickly

Cellular structures appear  
blurred

Lateral or axial sample drift Verify sample drift using the calibration  
sample and realign focal plane

Change immersion oil

Movement of target molecules in  
living cells

Increase irradiation intensity as much as  
possible to shorten total acquisition time  
and increase temporal resolution

High background from  
other image planes

Dense, three-dimensional structure Check TIRF or highly inclined illumination

15 Fluorophores do not recover Fluorophores are switched off  
very efficiently

Use activation laser (405 nm for rhodamine 
dye radicals, 488/514/532 nm for cyanines)

Reduce intensity of readout laser

Fluorophores are photobleached Apply oxygen scavenger system

Reduce excitation intensity

Alternate activation and readout laser

Enzymes in oxygen scavenger  
system are degraded

Use freshly prepared enzyme solution or frozen 
working aliquots

Reducing agent is degraded Always use freshly prepared MEA solution or 
frozen working aliquots

pH of the solvent is too low/high Check pH; pH should be in the range of 6–9

Probes are degraded Use new antibodies/fluorophores

Fluorescent probes, e.g., antibodies, 
have a high degree of labeling (DOL)

Purchase antibodies with low DOL (~1) 
Label antibodies with lower DOL (~1)

High fluorophore density  
during dSTORM acquisition

Too many fluorophores reside in their 
fluorescent ON state

Increase irradiation intensity

(continued)
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● tIMInG
Step 1, Fluorescence labeling: starting with cell growth, transfection or fixation, approximately 2–3 d
Steps 2–10, Microscope setup: for experts, only a few minutes (but with less experience, it takes up to 1 h)
Steps 11–16, Data acquisition: 0.1–10 min, depending on the labeling density/complexity of the structure and  
photoswitching ratio (i.e., the applied irradiation intensity)
Steps 17 and 18, Data analysis: can theoretically be run in parallel on a standard PC. However, finding an optimal threshold 
can sometimes take a few minutes (0.1–10 min)

antIcIpateD results
Figure 3 shows results anticipated when imaging β-tubulin in fixed cells with fluorescently labeled antibodies. The data 
presented underscore the importance of additional excitation of the radical anions at shorter wavelengths in order to 
control the number of fluorophores residing in the ON state and demonstrate exemplarily the influence of the number 
of localizations or frames used on the quality of the reconstructed dSTORM image. Live-cell dSTORM images of the core 
histone protein H2B in eukaryotic cell lines can be performed with TMP-tags52 and SNAP-tags53, and some anticipated 
results are shown in Figure 6. The results demonstrate the importance of the efficient reduction of nonspecific binding 
of fluorophores to cellular structures and to the cover slip. Whereas the two SNAP-tags tested so far (SNAP-Cell 505 and 
SNAP-Cell TMR-Star) can be used successfully for dSTORM in HeLa and COS-7 cells, other cell lines, such as mouse 3T3 
and mouse C2C12 cells, show different behavior (i.e., specific labeling of nuclear structures is influenced by the fluoro-
phore used)53.

table 2 | Troubleshooting table (continued).

step problem possible reason solution

Stop activation of fluorophores

Use antibodies with lower DOL

The camera integration time is  
too long

Reduce camera integration time to match τon

Fluorophore density too low  
during dSTORM acquisition

Label density is too low Increase label density

Activate more fluorophores by increasing the 
irradiation intensity at 405 nm (rhodamines) 
or 488/514/532 nm (cyanines)

17,18 Randomly scattered  
localizations all over the image

Threshold level is too low Increase threshold stepwise by 10%

Noncontinuous structures in recon-
structed images in fixed cells

Acquired image stack is too short Increase the number of frames

Antibody is degraded Use freshly prepared antibodies

Fixation artifacts Repeat or modify fixation protocol

Number of localizations is  
too small

Initial threshold is set too high Reduce initial threshold

Acquired frames do not contain  
enough fluorescent spots

Increase activation irradiation intensity

Label density of structures is too low Repeat experiment with higher label density

Structures in reconstructed image 
are biased or blurred, especially in 
crossing areas

Inappropriate thresholds Increase asymmetry threshold 
Increase lower photon threshold and set/
decrease upper photon threshold

dSTORM imaging was done with  
inappropriate photoswitching rates

Perform imaging with enhanced photoswitch-
ing rates by tuning excitation and activation 
intensity and/or pH and reducing agent  
concentration

Reduce label density
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The intention is to highlight additional labelling considerations for localisation 
microscopy (dSTORM/STORM/GSDIM) and how they affect  super-resolution 
image quality. Many of the principles also apply to other affinity binding 
approaches such as fluorescent ligand-receptor reagents, e.g. EGF-EGFR, and 
phalloidin staining of actin. For the sake of brevity, this guide will refer to STORM 
and antibodies, although most of the guide should be applicable to other 
localisation microscopy and immunolabelling and affinity binding approaches. 
The final page contains some references to published protocols. This list is not 
comprehensive and is intended to be a starting point from which to work. These 
protocols will not necessarily be ideal for your experimental systems. 

This guide assumes that you are already familiar with fluorescence microscopy 
and immunolabelling approaches. STORM imaging requires high contrast bright 
fluorophore signal against a minimal background. The better this contrast, the 
better the resolution. So whilst autofluorescence is still a problem it will not 
manifest itself directly in the final image. Non-specific labelling, i.e. where there 
is antibody-fluorophore bound to the sample, but not specifically to the epitope, 
will still be imaged by STORM. Image filtering based on intensity and or noise may 
not be a good way to remove this signal as specific labelling at high resolution will 
also be removed.  
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Fixation 
Some antibodies only bind when their target epitope has been fixed with particular 
protocols. Some fixation protocols can cause autofluorescence or other artefacts. 
Also, fixation can cause some types of fine cellular substructural details to be lost, 
for example fine tubules. These sorts of fine structures are more easily resolvable 
with STORM, so this may need to be considered when interpreting images. 

Permeabilisation 
Required for disrupting membranes which allows antibody access to internal cellular 
structures. Therefore permeabilisation may affect high resolution membrane 
imaging results, if for example you have used lipid or integral membrane labelling 
approaches. 

Quenching 
Reduces autofluorescence in the sample leading to improved contrast. This may help 
to increase the number of localisations and the resolution in resulting super-
resolution images. 

Blocking 
Reduces the amount of non-specific binding of the antibody to the sample. 
Antibodies should only be bound to their specific epitopes; however, it is possible 
for lower affinity non-specific binding to occur. This will usually be a relatively low 
abundancy compared with specific labelling; however, it will be imaged by STORM 
with high resolution. This may be more of an issue in STORM images as low 
density areas are usually displayed with relatively high contrast compared with 
traditional fluorescence imaging techniques. 

http://www.npl.co.uk/biotechnology
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Effective resolution can be improved by reducing the distance between the 
epitope and the fluorophore. As much as 20 nm of distance can be introduced 
when using primary and secondary antibody approaches: 
 
 
 
 
 
 
 
With a diffraction-limited resolution of 200 nm this labelling distance may only 
comprise 10% of the observed “blurring” whereas with localisation microscopy 
techniques providing up to 20 nm resolution, this becomes far more significant. 
Labelling distance should be considered when planning experiments and then 
analysing and interpreting super-resolution images. It may be worth considering 
approaches that reduced label size such as directly conjugating fluorophore to the 
primary antibody. Alternatives to traditional antibody labelling include, Fab 
fragments, nanobodies, aptamers and genetically encoded tags such as SNAP and 
HaLo.  

This filament with a diameter of 
10 nm and 15 nm additional 
labelling distance would end up 
with an apparent diameter of 
40 nm 

This vesicle with a diameter of 50 
nm and 15 nm additional labelling 
distance would end up with an 
apparent  diameter of 80 nm 

Primary antibody 

Secondary antibody 

Fluorophore Protein of interest  

Epitope 

http://www.npl.co.uk/biotechnology
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Incubation times 
Typical incubation times are 30 to 60 minutes at room temperature. Longer 
incubation times will increase the chances of both specific and non-specific binding.  
High affinity specific binding  (to the protein of interest) will occur more quickly than 
low affinity non-specific binding (to other cell structures and the cover glass). 
Optimum incubation times may vary, depending on the antibody and labelling 
conditions, such as blocking.  

Antibody concentration 
Normally the aim should be to use a concentration of antibody that just saturates 
the available binding sites, i.e. all of the proteins of interest in the sample get tagged 
with antibody. The resulting super-resolution image will hopefully then report on the 
positions of a sufficient number of these molecules to be representative. Increasing 
the concentration beyond saturating is likely to lead to non-specific binding, which 
should be avoided. Therefore it is recommended to do titrations of antibody 
concentrations. Commercial secondary antibodies should normally be used in a 
range of 1:500 to 1:1000 dilution. Polyclonal antibodies will usually lead to higher 
specific labelling densities than monoclonals. They may also be more prone to non-
specific labelling artefacts. 

Degree of labelling 
Commercial fluorescent reagents, such as secondary 
antibodies, usually have more than 1 fluorophore molecule 
per antibody. Typically they are conjugated so that there 
are 3-8 fluorophore molecules per antibody. This 
information can usually be found on the product tube or 
data sheet and may be expressed as DoL or as moles. 
Ideally for localisation microscopy this ratio should be 1:1. 
There are a number of protocols and references which 
describe how to perform custom fluorophore-antibody 
conjugations. 

Left: DoL of 5 (5 dyes per 
antibody) 

Right: DoL of 1 (1 dye per 
antibody) 

http://www.npl.co.uk/biotechnology
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Blinking density (high density problem) 
When performing localisation microscopy with an algorithm that is fitting single 
molecule positions, only one fluorophore molecule should be “switched on” within a 
diffraction limited area in a  given frame. In other words, there should be 200-300 nm 
space between neighbouring simultaneous “blinks”. The more dense the number of 
fluorophore molecules the higher the chance there is of having overlapping blinks 
(non-sparse) data. Possible outcomes where there are 2 simultaneous blinks in close 
proximity when using a single fitting algorithm: 

2 overlapping blinks 
1 localisation 

Mislocalisation 

2 overlapping blinks 
0 localisations 

Rejected by software 

2 sparse blinks 
2 localisations 

The density of the fluorophore molecules is dependent on:  
 Labelling saturation (proportion of molecules of interest bound with antibody) - 

Ideally saturated unless the underlying structure is very dense. Reducing 
incubation times, label concentration or mixing with unlabelled antibodies may 
help to reduce density. 

 Density of underlying structure of interest - If it is very dense it may be necessary 
to use a sub-saturating labelling strategy 

 Degree of labelling (fluorophore-antibody ratio) - Ideally 1 

The probability of an overlapping blink is dependent on: 
 The density of the fluorophore molecules (see above) 
 The buffer conditions (fluorophore environment) 
 The acquisition settings (eg. exposure time) 
 Illumination conditions (eg. laser power, illumination angle) 
 The fluorophore (different fluorophores have different  chemistries) 

http://www.npl.co.uk/biotechnology


Sparse labelling (low density problem) 

The fluorescent labelling density must be at least twice the intended resolution of the 
image, ie. similar to the localisation precision. For example if you are imaging a 
structure with 40 nm lateral resolution (approximately 20 nm localisation precision) you 
will need a label spacing of 20 nm or less. If the labelling density is lower than this the 
resulting images will appear “pointillist” (punctate): 

In addition to sample preparation problems, pointillist (punctate) images can also be a 
result of problems with: 

 Dye choice - poor characteristics for STORM 
 Buffer conditions – wrong buffer choice or problem with buffer 
 Illumination conditions (laser power and illumination angle) 
 Camera settings (exposure time, frame number) 
 Image reconstruction – inappropriate algorithm settings and thresholds 
 Visualising the data with a scatter plot method or very small pixels  
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Low density labelling (sub-saturating concentrations) may occur if  the antibody 
concentrations is too low, the incubation time is too short, inappropriate fixation 
conditions are used that destroy the epitope or if the epitope on the protein of interest 
is masked by other proteins.  

http://www.npl.co.uk/biotechnology
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Fluorophore selection 

In practise the behaviour of the fluorophores depends on the illumination conditions 
and the chemical environment, ie. buffer. The optimum conditions may vary between 
fluorophores. Characteristics to consider include: 

 Brightness – the more photons emitted per fluorophore “blink” the better the 
resolution.  

 Duty cycle – the proportion of time a fluorophore spends in the “on” state. 
Therefore on dense samples it is necessary to have as low a number as possible to 
ensure sparse, non-overlapping blinks. On low density samples this can be higher. 
In other words, the duty cycle number determines the maximum sample labelling 
density before overlapping blinks become a consideration. 

Example photoswitchable dye combinations 

Far red - Cy5 or Alexa 647 
Red - Alexa 555 or Alexa 568 or Cy3B 
Green - Atto 488 

All of these fluorophores photoswitch in standard oxygen scavenging buffers, such as 
glucose oxidase with 100 mM MEA. They can all be illuminated with an appropriate 
single laser line which can create the blinking signal required for STORM, for example 
Alexa 568 with a 561 nm laser. The best resolutions have been achieved with Cy5 and 
Alexa 647. Green dyes tend not to perform as well as red and far red dyes. Other 
fluorophore combinations are possible, however, they may not offer the same 
resolution or work in the same buffer conditions.  

For more details on photoswitchable dye performance see Dempsey et al., Nature Methods, 2012. 

In addition to using reversibly switchable dyes (as above) it’s also possible to use probes (dyes and 
fluorescent proteins) which can be activated and inactivated using photoactivation strategies of 
illuminating with 2 or more wavelengths of light to generate sparse blinking signals. 

http://www.npl.co.uk/biotechnology
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isoforms. Nanobody-mediated targeting of organic dyes to GFP-
fusion constructs would combine the molecular specificity of 
genetic tagging with the high photon yield of organic dyes and 
minimal linkage error.

We covalently coupled anti-GFP nanobodies to Alexa Fluor 
647 (AF647) and added them to MDCK cells expressing GFP 
anchored via glycosylphosphatidylinositol to the plasma mem-
brane (GPI-GFP). The nanobodies bound to transfected cells 
readily at low concentrations but did not bind to untransfected 
cells (Supplementary Fig. 1). Labeled nanobodies exhibited 
highly specific and saturable binding at about 0.6 nanobodies 
per GFP (Online Methods).

Under specific buffer conditions, many organic dyes become 
photoswitchable6,7. This fact is the basis for several single-molecule 
nanoscopy approaches2–4. To compare the nanobody-based approach 
to established methods, we labeled microtubules in fixed Ptk2 cells 
that stably expressed tubulin-YFP with AF647–anti-GFP nanobod-
ies and imaged these cells by single-molecule nanoscopy. Individual 
microtubules were densely labeled with a full-width half maximum 
(FWHM) of 26.9 nm ± 3.7 nm (s.d.) (Fig. 1a), compatible with a 
microtubule diameter of 25 nm. This was significantly less (Fig. 1a) 
than what we achieved in parallel experiments using AF647-coupled  
secondary antibodies to detect microtubules either via anti-GFP  
(42.7 nm ± 7.0 nm) or anti-tubulin (45.6 nm ± 5.8 nm) antibodies, 
suggesting that the use of nanobodies led to minimal linkage error.

We next used the bright AF647–anti-GFP nanobodies for 
three-dimensional single-molecule nanoscopy with the bi-plane 
method8, which requires thousands of detected photons for good 
axial resolution. Nanobody-mediated labeling of microtubules 
in Ptk2 cells allowed us to resolve crossing microtubules with an 
axial separation of ~100 nm (Fig. 1b).

The use of bright labels not only increased localization preci-
sion (statistics in Supplementary Fig. 2), but also allowed the 
high frame rates required for imaging dynamic (live) samples. 
To realize this advantage, we transiently expressed GPI-GFP  
in primary hippocampal rat neurons and detected it via AF647–
anti-GFP nanobodies. Single-particle tracking PALM (sptPALM)9 
allowed us to follow the trajectories of hundreds of molecules in 
the neuronal plasma membrane. We assembled a time series of 
super-resolution images and detected dynamic changes in the 
neuronal morphology over time (Fig. 1c).

Next, we used nanobodies for dual-color imaging. We realized 
this approach by using anti-GFP nanobodies labeled with Alexa 
Fluor 700 (AF700) and anti-RFP nanobodies (that also recognize 
monomeric (m)Cherry) labeled with AF647. We then labeled CV-1 
cells expressing Septin7-mCherry and Caveolin1-YFP with these 
labels and could image both structures with high resolution and 
specificity (Fig. 1d).

a simple, versatile  
method for GfP-based 
super-resolution 
microscopy via nanobodies
Jonas Ries, Charlotte Kaplan, Evgenia Platonova,  
Hadi Eghlidi & Helge Ewers

We developed a method to use any GfP-tagged construct in 
single-molecule super-resolution microscopy. by targeting  
GfP with small, high-affinity antibodies coupled to organic 
dyes, we achieved nanometer spatial resolution and minimal 
linkage error when analyzing microtubules, living neurons and 
yeast cells. We show that in combination with libraries  
encoding GfP-tagged proteins, virtually any known protein 
can immediately be used in super-resolution microscopy and 
that simplified labeling schemes allow high-throughput super-
resolution imaging.

The single-molecule localization–based super-resolution imag-
ing techniques such as photoactivated localization microscopy 
(PALM) and stochastic optical reconstruction microscopy1–4 
(here referred to as ‘single-molecule nanoscopy’) require specific 
and efficient delivery of bright fluorophores into close proximity 
of the target structure without adding substantial background. 
Present labeling techniques usually involve a tradeoff between 
these properties. Bright organic dyes can be delivered via anti-
bodies, but their large size displaces the dye from the target in a 
‘linkage error’ of ~10 nm, and highly specific antibodies are avail-
able only for some proteins. Methods based on photoactivatable 
fluorescent proteins or enzymatic labeling schemes demand the 
generation of new fusion constructs, which should be character-
ized and may not be functional.

We demonstrate a simple, efficient and versatile method that 
optimizes several labeling parameters and can be used with any of 
the thousands of functionally tested GFP constructs available. We 
used very small and high-affinity camelid antibodies (nanobod-
ies) to GFP5 to deliver bright organic fluorophores to GFP-tagged 
proteins for use in single-molecule nanoscopy.

Organic dyes are conventionally delivered to target struc-
tures via antibodies, which are ~150 kDa, ~10 nm in size and 
of varying affinity. In contrast, the 13-kDa anti-GFP nanobod-
ies are smaller (1.5 nm × 2.5 nm) and have a high affinity for 
GFP (0.59 nM; ref. 5; Supplementary Fig. 1) and several of its 
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Our labeling scheme made possible single-molecule nanoscopy 
of any GFP-tagged construct with minimal effort and hence could 
allow for high-throughput super-resolution imaging from libraries 
encoding GFP-tagged proteins (GFP-fusion libraries). To test this  

possibility, we used a haploid Saccharomyces cerevisiae genomic 
library that encodes GFP-tagged proteins under the endogenous 
promoters10 and developed a simple labeling scheme for AF647–
anti-GFP nanobodies.

Yeast cells are generally immunostained after digestion of  
the cell wall, which generates spheroblasts and compromises 
cellular morphology. As this may affect the organization and 
localization of intracellular structures and is labor-intensive, we 

figure 1 | Single-molecule nanoscopy by detection of GFP via 
nanobodies. (a) Reconstructed super-resolution images obtained  
using different labeling strategies for microtubules in fixed Ptk2  
cells stably expressing tubulin-YFP. αMT, mouse anti-tubulin antibody 
plus secondary anti-mouse antibody labeled with AF647; nanobody, 
anti-GFP nanobody labeled with AF647; and αGFP, mouse anti-GFP 
antibody plus secondary anti-mouse antibody labeled with AF647. 
Intensity profiles of microtubules were calculated from regions as 
indicated in the reconstructed super-resolution images, and the 
FWHM was determined by fitting with a Gaussian. Measured FWHM of 
microtubules from at least 60 line segments and three samples per 
labeling method. Boxes denote median values ± quartiles, (***, NB 
versus MT: P = 3.8 × 10−52; and NB versus GFP: P = 2.7 × 10−25; Mann-
Whitney-test). Green dashed line indicates microtubule diameter.  
(b) Three-dimensional single-molecule nanoscopy of microtubules 
labeled with AF647–anti-GFP nanobodies. Inset, reconstructed  
x-z image and z profile of a microtubule bundle denoted by the box. 
Distance between the peaks was 110 nm. FWHM of the top peak was  
87 nm. (c) Live-cell super-resolution microscopy of cultured 
hippocampal neurons expressing GPI-GFP, labeled with AF647–anti-
GFP nanobodies. Overlaid on the cumulative super-resolution image 
are single-molecule tracks obtained with sptPALM. Individual frames 
from super-resolution time-lapse imaging are shown. Arrows, areas 
with nanometer-scale morphological changes. For each time point 
subsets of 10,000 frames were used for reconstruction. (d) Dual-color 
super-resolution microscopy of a CV-1 cell expressing Caveolin-YFP and 
Septin7-mCherry labeled with AF700–anti-GFP and AF647–anti-RFP 
nanobodies, respectively. Scale bars, 2 µm (single line) and 500 nm 
(double line) unless labeled otherwise.
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figure 2 | Single-molecule nanoscopy of proteins from a budding yeast 
GFP-fusion construct library. (a) Reconstructed super-resolution images of 
Nic96-GFP, Sec13-GFP and Cop1-GFP. (b) Super-resolution images of the 
spindle pole body protein Spc42-GFP. (c) Dual-color reconstructed super-
resolution images of a population of yeast cells expressing Cdc11-GFP 
stained with AF647–anti-GFP nanobodies (red) and the cell wall labeled with 
AF700-ConA (cyan). (d) Reconstructed dual-color super-resolution images 
visualizing the different organizational stages of Cdc11-GFP structures 
during the cell cycle. (e) Reconstructed super-resolution images of the yeast 
septin Cdc11-GFP, which localizes to a characteristic hourglass-shaped and 
later ring-like structure around the mother-bud neck. Dot-like structures are 
marked by arrowheads. (f) Reconstructed three-dimensional super-resolution 
images of the development of the bud-neck yeast septin structure over time. 
The central opening is visible in 200-nm-thick z-dimension sections. Hg, 
hourglass. Depth is color-coded from 0 to 600 nm. In a,b,e conventional 
wide-field images of the GFP fluorescence are shown in green. Owing to 
lack of optical sectioning, these wide-field fluorescence images might show 
higher background and lower contrast than state-of-the-art confocal or 
deconvoluted images. Scale bars, 1 µm (single line) and 100 nm (double 
line). (g) Quantification of the diameter of the opening of the septin 
structure in the indicated stages (n = 9, 36, 20 and 18 images analyzed for 
early patch, small bud, early hourglass (hg) and hourglass, respectively; 
error bars, s.d.; *P = 3.4 × 10−5, ***P = 5.4 × 10−7 (early patch versus 
early hg), P = 1.5 × 10−7, (early patch versus hg), Mann-Whitney test.
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hypothesized that the small nanobodies might penetrate the cell 
wall of fixed, intact yeast cells after membrane permeabilization 
and developed a simple labeling scheme that would not require 
such a treatment.

As proof of principle, we analyzed structures of ~100 nm in size 
whose features are known, but have not been resolved by fluores-
cence microscopy so far, such as nuclear pores or coated vesicles. 
When we incubated fixed and permeabilized cells expressing 
GFP-tagged proteins in such structures with AF647–anti-GFP 
nanobodies and imaged them by single-molecule nanoscopy, we 
found that the nuclear pore complex component Nic96 localized 
to ring-like structures of ~70 nm diameter (Fig. 2a). When we 
imaged the COPII subunit Sec13, which forms cargo vesicles 
between the endoplasmic reticulum and the Golgi apparatus, we 
observed ring-like structures with diameters around 90 nm. The 
coatomer Cop1 yielded similar structures. To verify the suitabil-
ity of our technique as a high-throughput method, we labeled 
another 20 GFP-tagged proteins from the library and performed 
single-molecule nanoscopy (Supplementary Fig. 3). Of these, 
the spindle pole body protein Spc42, which localizes to one dif-
fraction-limited spot in the GFP channel, could be resolved to 
an elongated structure of 108 nm ± 20 nm length (Fig. 2b). In 
an analysis of 80 cells, we often (in 25 cells) found two structures 
about 115 nm ± 32 nm apart in the diffraction-limited spot. One 
of the structures usually appeared larger, suggesting the formation 
of a second spindle pole body (Supplementary Fig. 4).

Next we investigated the septin Cdc11-GFP, a molecule impor-
tant in cell division11 in more detail. When we incubated fixed and 
permeabilized cells with AF647 anti-GFP nanobodies and labeled 
the cell wall with the lectin concanavalin A coupled to AF700 
(ConA-AF700), we could image both the cell wall and the septin 
structure in dual-color single-molecule nanoscopy12 (Fig. 2c).  
We visualized the different organizational states of Cdc11-
GFP–labeled structures during the cell cycle (Fig. 2d). During 
the hourglass structural state, we could resolve Cdc11-labeled 
point-like structures along the bud neck that resembled  
lateral cuts through periodic filaments (Fig. 2e; 13 of 21 struc-
tures investigated) in agreement with earlier observations using 
electron microscopy13.

How this septin ring is first assembled at the future bud site is 
unclear but it may involve a patch of septins14 or a ring15. The 
resolution of conventional microscopy does not allow a quantita-
tive investigation of this structure. When we synchronized cells 
and imaged them by single-molecule nanoscopy at different time 
points after release, we consistently observed holes in the center 
of even the earliest Cdc11 patches that increased in diameter with 
time (Supplementary Fig. 5). We then classified the structures 
according to their progression during the cell cycle (Fig. 2f) and 
quantified the size of the central opening. In the first structures 
(early patch) we observed, the central opening was 382 nm ± 70 nm  
(n = 9) in diameter and this widened for hourglass structures to 
659 nm ± 50 nm (n = 18, Fig. 2g). We concluded that nanobody 
labeling allows quantitative analysis of previously inaccessible 
structures in this important model organism.

We demonstrated here a simple, robust and versatile label-
ing scheme that enables the immediate use of any GFP-tagged 
molecule in yeast, tissue culture or neurons in single-molecule 
nanoscopy. Similar approaches combining GFP-tagging with 

nanobodies may be generally useful for fluorescence microscopy 
and other applications such as immunoelectron microscopy or 
single-particle tracking. The small size and high affinity of the 
nanobodies allows for specific labeling in regions that are inacces-
sible to antibodies. Furthermore, compared with antibodies, the 
consistent affinity of nanobodies to GFP may allow for more com-
parable and quantitative labeling between different molecules. 
Although nanobodies have several advantages, in principle, the 
presented approach could also be realized using Fab fragments of 
anti-GFP antibodies. Our technique would be especially powerful 
in combination with the many available GFP knock-in mice.

GFP-tagged genomic libraries exist for several organisms, and 
our simple labeling protocol opens the door to high-throughput  
localization-analysis of entire proteomes at the nanoscopic level. 
Especially appealing is the yeast GFP-fusion library demonstrated 
here, as the constructs are expressed from the endogenous pro-
moter in haploid strains. As a result, all molecules of a given pro-
tein are GFP-tagged, and our approach may allow for quantitative 
super-resolution microscopy in yeast cells and detection of mole-
cules that are expressed in very low amounts.

methods
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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Cell culture. Ptk2 cells stably expressing tubulin-YFP were main-
tained in phenol-red free DMEM (Invitrogen) supplemented with 
10% FCS (Labforce), Glutamax (Invitrogen) and 500 µg/ml G418 
(Invitrogen). Cells were plated on 18 mm round coverglass and 
after 24 h were permeabilized for 5 min at 37 °C in 0.25% Triton 
X-100 in BRB80 (80 mM PIPES, 1 mM MgCl2 and 1 mM EGTA, 
pH 6.8). They were then fixed in methanol at −20 °C and washed 
in BRB80. Cells were blocked in BRB80 with 1% BSA and 4% horse 
serum and incubated for 30 min with 250 ng/ml AF647-labeled 
nanobodies. Buffer for single-molecule nanoscopy measurements 
in Ptk2 cells is based on that in ref. 3: 150 mM Tris-HCl, 60 mM 
β-mercaptoethylamine (Sigma), 1% v/w glucose, 0.5 mg/ml  
glucose oxidase (Sigma) and 40 µg/ml catalase (Sigma).

Neuronal cell culture. Cultures of hippocampal neurons were 
from E18 Sprague-Dawley rats. Embryos were removed and 
placed in ice-cold HBSS, decapitated and brains put into a new 
dish containing ice-cold HBSS. Both cerebral hemispheres were 
removed and freed from their meninges. The hippocampi were 
dissected and collected in fresh HBSS. After 15 min incubation 
in prewarmed trypsin (Invitrogen), neurons were singularized by 
pipetting up and down in a 1,000-µl pipette tip, plated at a den-
sity of 2–3 × 105 cells/dish on poly(lysine)-precoated cover slips 
and kept in neurobasal medium (Invitrogen) at 37 °C in 5% CO2. 
After 3 d, cytarabine was added to 5 µM. Neurons were transfected 
using Lipofectamine (Life Technologies) as described previously16. 
All live cell microscopy was performed in extracellular solution 
(ECS; 145 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2,  
10 mM HEPES and 10 mM glucose) supplemented with 0.2% 
bovine serum albumin at pH 7.4, and osmolarity was adjusted to 
that of the cellular medium. For single-molecule nanoscopy mea-
surements, the solution was supplemented with 200 mM HEPES, 
30 mM β-mercaptoethylamine (MEA), 0.5% (v/w) glucose,  
0.25 mg/ml glucose-oxidase and 20 µg/ml catalase.

Poly(lysine)-coating of coverglass. Coverslips were incubated 
overnight in HNO3, washed six times in ddH2O and dried over-
night in an oven at 250 °C. Four coverslips were placed in 6-cm 
dishes and coated with 200 µl of 1 mg/ml poly(lysine) solution 
(MW 30,000–70,000, Sigma), incubated for 3 h at 37 °C and after-
wards washed three times in ddH2O.

Preparation of yeast strains for single-molecule nanoscopy. 
Standard methods and media were used to cultivate yeast cells17. 
Yeast strains are listed below.

Overnight cultures were diluted to OD 0.2 in 5 ml of yeast rich 
medium (yeast extract peptone dextrose; YPD) in a 50 ml Falcon tube 
and grown for 3 h at 30 °C. Cells were spun down for 4 min at 2,800g 
and resuspended in 200 µl ddH2O. A 50 µl drop of cell suspension 
was pipetted onto concanavalin A–coated coverglass. The suspen-
sion was allowed to settle down for 15 min, remaining liquid was 
taken away and cells were fixed for 15 min in 4% paraformaldehyde 
(PFA), 2% sucrose in phosphate-buffered saline (PBS). The fixation 
was stopped by two washes for 15 min in PBS with 50 mM NH4Cl.

Subsequently, cells were blocked and permeabilized by gently 
shaking for 30 min in PBS with 0.25% Triton X-100, 5% BSA and 
0.004% NaN3 in 1× PBS. After blocking, the cells were labeled for 
90 min in 100 µl of nanobody solution (10 µM labeled nanobody, 

0.25% Triton X-100, 1% BSA and 0.004% NaN3 in 1× PBS). Cells 
were then washed for 5 min by gently shaking in PBS. Depending 
on the quality of the staining, more washing steps were performed 
before mounting the cover slip onto the sample holder. Buffer for 
localization microscopy was the same as for Ptk2 cells. For Tub1 
staining, in all steps BRB80 buffer was used instead of PBS.

Dual-color labeling of yeast cells for single-molecule nanoscopy.  
For dual-color labeling of yeast cells, coverslips were washed one 
time after the nanobody labeling step for 5 min in 1× PBS. The 
ConA-labeled with AF700 was diluted to 70 nM in a solution con-
taining 1% BSA and 0.04% NaN3 in PBS. Coverslips were trans-
ferred onto Parafilm again and incubated for 30 min in 100 µl  
secondary staining solution. Subsequent washing steps were  
performed as mentioned above.

Dual-color labeling with nanobodies. For dual color labeling of 
mammalian cells, cells were washed three times with BRB80, fixed 
in 4% PFA in BRB80 for 15 min at room temperature. Coverslips 
were then incubated for 15 min in BRB80 with 50 mM NH4Cl and 
then permeabilized in BRB80 with 0.25% Triton-X100 for 5 min. 
Cells were washed three times for 5 min in BRB80 and then incu-
bated for 30 min in 4 drops of Image-it FX (Invitrogen). Cells were 
blocked for 45 min in BRB80 with 1% BSA and 4% horse serum 
and then labeled with 50 ng/ml of AF647–anti-RFP and AF700–
anti-GFP nanobodies. Buffer for localization measurements was 
150 mM Tris-HCl pH 8.8, 1.5% β-mercaptoethanol, 0.5% (v/w) 
glucose, 0.25 mg/ml glucose oxidase and 20 µg/ml catalase.

Preparation of concanavalin A coverglass. Round 18-mm-diameter  
cover slips (Assistent) were placed in a Petri dish with ddH2O 
and washed twice with ddH2O. Then they were submerged in 
70% ethanol for at least 5 min. The required amount of cover-
glass was air-dried and placed on Parafilm. A 20-µl drop of a  
2 mg/ml concanavalin A solution (ConA, C7275, Sigma-Aldrich) 
was distributed onto each cover slip and spread with a pipette tip 
to cover it completely. The coverglass was left at room tempera-
ture to let the ConA attach and after 30 min the rest of the ConA 
solution was taken away. To dry the ConA completely, the glass 
was incubated for 1 h at 37 °C.

Synchronization of yeast cells. Cell-cycle synchronization was 
performed with a JE-5.0 elutriation rotor in an Avanti-J20 XP 
centrifuge (Beckmann). A 600-ml yeast culture was grown to 
OD = 1 for 3 h at 30 °C and was flooded into the funnel-shaped 
chamber of the rotor with a starting flow rate of 18 ml/min and 
a centrifuge speed of 2,000 r.p.m. As the chamber filled up with 
cells, the flow rate and centrifuge speed were adjusted to establish 
a sharp border in between the differently sized cells as monitored 
through the observation window. Cells were finally separated in 
the flow chamber at a flow rate of 6 ml/min and 3,000 r.p.m. The 
G1 fraction was collected with an initial flow rate of 11 ml/min 
that increased to 13 ml/min at the end. Homogeneity of the frac-
tion was controlled by microscopy of cell samples.

We collected 300 ml of synchronized G1 cells and immediately 
concentrated them by filtering. Cells were resuspended in 50 ml 
YPD medium and incubated at 30 °C on a shaker (120 r.p.m.). 
Seven milliliters of yeast culture was fixed in a ratio 1:1 with 8% 
paraformaldehyde and 4% sucrose in 1× PBS at time points 0 min, 
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2 min, 5 min, 10 min, 15 min and 25 min. Fixation was performed 
for 15 min at room temperature, cells were washed once in 3 ml 
PBS with 50 mM NH4Cl by gently shaking for 30 min and then 
stored in 1× PBS at 4 °C. Mounting and staining was performed 
as described in the protocol above.

Preparation of labeled nanobodies. Nanobodies were purchased 
from Chromotek as GFP-Trap and RFP-Trap. For labeling, 50 µl of 
the 1 mg/ml solution were dialyzed into 0.2 M NaHCO3, pH 8.2 in 
a mini-dialysis unit (Pierce, molecular weight cutoff = 3,500 Da).  
Succinimidyl-esters of Alexa Fluor 647 and Alexa Fluor 700 
(Invitrogen) were dissolved at 10 mg/ml in DMSO, stored at −80 °C  
and for labeling added to fivefold molar excess to the nanobodies.  
The mixture was incubated for 1–2 h at 25 °C. Excess dye was 
removed via buffer exchange into PBS using Zeba desalting col-
umns (Pierce, molecular weight cutoff = 7,000 Da), and the solu-
tion was stored at 4 °C.

Preparation of labeled concanavalin A. Concanavalin A was 
dissolved at 2 mg/ml in 0.2 M NaHCO3, pH 8.2 and incubated for 
1 h with a fivefold molar excess of Alexa Fluor 700 succinimidyl-
ester (Invitrogen). Excess dye was removed by a desalting column 
(Amersham).

Optical setup. Single-molecule nanoscopy was performed with 
a custom-built microscope. A 473 nm laser (100 mW) and a 
647 nm laser (150 mW, both lasers from Pusch OptoTech) were 
mode-cleaned with a pinhole and focused onto the back-focal 
plane of a total internal reflection fluorescence (TIRF) objec-
tive (numerical aperture (NA) 1.49, 60×; Olympus) for highly 
inclined plane illumination. Emission light was filtered by a 
700/75 and a 675/50 band pass (AHF) and focused by a 500 mm  
tubus lens onto the chip of a back-illuminated electron- 
multiplying charge-coupled device (EM-CCD) camera (Evolve, 
Photometrics) that was water-cooled to −85 °C. Images were 
acquired with MicroManager18.

For 3D localization, the emission was split by a nonpolarizing 
50:50 beam splitter cube and focused by two tube lenses onto 
different parts of the camera. The position of the tube lenses was 
adjusted to result in a difference in focal planes of ∆z = 400 nm.

For dual-color imaging, two 700/75 nm band-pass filters were 
used. A dichroic (LP 690, AHF) split the emission into two chan-
nels, which were imaged onto two parts of the CCD chip.

Focusing was done by moving the objective with a piezo objec-
tive positioner (MIPOS, Piezo Systems Jena). A focus lock was 
implemented by an electronic feedback loop (LabView, National 
Instruments) based on the total internal reflection of a red laser 
at the cover slip and its detection by a quadrant photodiode; the 
z stability was better then ± 10 nm over several hours. The lateral 
drift was typically smaller than 50 nm/h; a drift-correction was 
implemented on the level of the analysis software (see below). For 
live-cell imaging, the temperature was stabilized to 35 °C with a 
proportional-integral controller by heating the bottom plate of 
the encapsulated microscope.

Determination of labeling efficiencies. The labeling efficiency 
of the nanobodies with Alexa Fluor dyes was determined by 
absorption spectroscopy after removing excessive dye two times 

as described above. Typical labeling efficiencies were around  
ε = 0.6 AF647 molecules per nanobody.

Binding efficiencies of the nanobodies (NB) to GFP were deter-
mined in the following way. A mixture of GFP and AF647 in PBS, 
1% BSA, 0.005% Tween was prepared and their concentrations 
C0

GFP and C0
AF647 were measured by absorption spectroscopy. 

Calibration images in the AF647 and the GFP channel (I0
AF647, 

I0
GFP) on this solution were taken under conditions identical to 

the later measurements. Images of nanobody-labeled structures 
(MDCK cells expressing GPI-GFP) were normalized pixel-wise 
by the calibration images and low-pass filtered. The labeling 
ratio in each pixel was then determined according to: NB/GFP = 
(1/∈)(IAF647/I0

AF647)(I0
GFP/IGFP)(C0

AF647/C0
GFP).

Labeling efficiencies were around 0.6 NB/GFP, both for labeling 
performed before and after fixation.

Single-molecule measurements. The samples were mounted in 
a custom-made holder, the measurement chamber was filled with  
200 µl of the respective buffer, and the chamber was mounted on the 
microscope. We used an exposure time of 25 ms (15 ms for live-cell 
imaging) and an electron multiplier gain of 300. Imaging laser inten-
sity at 642 nm was 5 kW/cm2 (2.5 kW/cm2 for live-cell imaging); 
the activation laser was automatically adjusted to keep the average 
number of localizations per frame constant (maximum intensity 
0.25 kW/cm2). Typically 20,000–100,000 frames were acquired.

Localization analysis. Localization analysis was performed as 
described before19. Briefly, pixel counts were converted to pho-
tons by subtracting the constant offset and multiplying by the 
inverse gain. Approximate locations of bright spots in each image 
were determined by smoothing, nonmaximum suppression and 
thresholding. Selected regions of interest were fitted by a pixelized 
Gaussian function and a homogeneous photonic background with 
a maximum likelihood estimator (MLE) for Poisson distributed 
data using a freely available, fast GPU fitting routine20 on a GeForce 
GTX275 (Nvidia). Lateral drift was corrected based on the imaged 
features: blocks of typically 5,000 frames were used to reconstruct 
one PALM image. Displacements among all reconstructed images 
were determined by image correlation and fitting of the maximum 
with an elliptical Gaussian. Displacements corresponding to each 
time point were averaged using a robust estimator, interpolated by 
a spline and used to correct the position of each localization. From 
the variation of the spline, we estimate that the residual error for 
the corrected positions was about 2 nm.

For fixed cells, localization bursts with a distance smaller than 
90 nm in consecutive frames (interrupted by not more than two 
frames) were grouped into a single localization. Finally, localiza-
tions with an uncertainty of σmax > 10 nm (15 nm for live-cell 
imaging) were discarded.

For 3D localization, the axial position of the fluorophores 
was inferred from the measured sizes σ1 and σ2 of the single- 
molecule images using a calibration with 40 nm fluorescent beads 
(TransFluoSpheres 488/645, Invitrogen). To this end, localiza-
tions in the two channels originating from one molecule had to 
be linked. This was achieved by calculating an approximate shift 
between the two channels by cross-correlating the images, link-
ing the brightest molecules in each frame, which were then used 
to calculate an affine transformation between the two channels. 
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This transformation was used to map the positions of channel 2 
onto channel 1. Finally, all molecules were linked and their axial 
position was calculated. Even higher axial localization precision 
can in principle be achieved by using an experimental PSF for 
data fitting21 instead of a Gaussian.

For dual-color imaging, the transformation between the two 
channels was calculated using all AF647 localizations, which 
were visible in both channels. Subsequently, for each localization, 
 background-corrected intensities from corresponding regions in 
the two channels were compared to assign the proper identity of 
the label.

For the images in Figures 1 and 2, the localization data were 
rendered using a Gaussian with a width according to the localiza-
tion precision of the respective localization, determined from the 
fitted number of photons and background. Line profiles (Fig. 1a) 
were obtained by binning the localizations inside the selected 
region along the cross-section in intervals of 4 nm. The FWHM 
(Fig. 1a,b) was determined by fitting a Gaussian to the binned 
data. All analysis software was written in Matlab (Mathworks).

Yeast strains and proteins. All yeast strains were obtained from 
a yeast GFP-fusion library10 (Invitrogen). In this study we inves-
tigated the localization of the yeast proteins Cdc11, Nic96, Bfr2, 
Spc42, Bud3, Pmp1, Rox3, Htx3, Sir2, Kar3, Nop2, Pma1, Tub1, 
Snf7, Cdc14, Cop1, Erg6, Sec13, Sur7, Tom20, Vma2, Nic96, 
Mep2, Hho1, Ilv6 and Fet3, which we selected for their distinct 
localization pattern according to ref. 6. Detailed information 
can be obtained from http://www.yeastgenome.org/ and in the 
Supplementary Note.

16. Kaech, S. & Banker, G. Nat. Protoc. 1, 2406–2415 (2006).
17. Amberg, D.C., Burke, D. & Strathern, J.N. Methods in Yeast Genetics.  

(Cold Spring Harbor Laboratory Press, 2005).
18. Edelstein, A., Amodaj, N., Hoover, K., Vale, R. & Stuurman, N. Curr. 

Protoc. Mol. Biol. 14.20 (2010).
19. Schoen, I., Ries, J., Klotzsch, E., Ewers, H. & Vogel, V. Nano Lett. 11, 

4008–4011 (2011).
20. Smith, C.S., Joseph, N., Rieger, B. & Lidke, K.A. Nat. Methods 7, 373–375 

(2010).
21. Juette, M.F. & Bewersdorf, J. Nano Lett. 10, 4657–4663 (2010).
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the quality of super-resolution images obtained by single-
molecule localization microscopy (smlm) depends largely 
on the software used to detect and accurately localize point 
sources. in this work, we focus on the computational aspects 
of super-resolution microscopy and present a comprehensive 
evaluation of localization software packages. our philosophy 
is to evaluate each package as a whole, thus maintaining 
the integrity of the software. We prepared synthetic data 
that represent three-dimensional structures modeled after 
biological components, taking excitation parameters, noise 
sources, point-spread functions and pixelation into account.  
We then asked developers to run their software on our data; 
most responded favorably, allowing us to present a broad 
picture of the methods available. We evaluated their results 
using quantitative and user-interpretable criteria: detection 
rate, accuracy, quality of image reconstruction, resolution, 
software usability and computational resources. these metrics 
reflect the various tradeoffs of smlm software packages and 
help users to choose the software that fits their needs.

We have conducted a large-scale comparative study of software 
packages developed in the context of SMLM, including recently 
developed algorithms. We designed realistic data that are generic 
and cover a broad range of experimental conditions and compared 
the software packages using a multiple-criterion quantitative  
assessment that is based on a known ground truth.

Our study is based on the active participation of developers of 
SMLM software. More than 30 groups have participated so far, 
and the study is still under way. We provide participants access to 
our benchmark data as an ongoing public challenge. Participants 
run their own software on our data and report their list of  
localized particles for evaluation. The results of the challenge are 
accessible online and updated regularly.

SMLM was demonstrated in 2006, independently by three 
research groups1–3, and has enabled subsequent breakthroughs 
in diverse fields4,5. SMLM can resolve biological structures at the 
nanometer scale (typically 20 nm lateral resolution), circumventing 
Abbe’s diffraction limit. At the cost of a relatively simple setup6,7, it 
has opened exciting new opportunities in life science research8,9. 

The underlying principle of SMLM is the sequential imaging 
of sparse subsets of fluorophores distributed over thousands of 
frames, to populate a high-density map of fluorophore positions. 
Such large data sets require automated image-analysis algorithms 
to detect and precisely infer the position of individual fluorophore, 
taking advantage of their separation in space and time.

The acquired data cannot be visualized directly; further com-
puterized image-reconstruction methods are required. These 
typically comprise four steps: preprocessing, detection, locali-
zation and rendering. Preprocessing reduces the effects of the 
background and noise; detection identifies potential molecule 
candidates in each frame; localization performs a subpixel  
refinement of the initial position estimates, usually by fitting 
a point-spread function (PSF) model; and rendering turns the 
detected molecule positions into a high-resolution map of mole-
cule densities. The performance of the overall processing pipeline 
contributes to the quality of the super-resolved image10.

The current literature describes more than 25 image-analysis 
software packages that process SMLM data. Each has its own char-
acteristics, set of parameters, accessibility and terminology10,11. 
Moreover, these packages are often validated using different data. 
In the absence of guidance, end users face a difficult choice in 
deciding which software is most suitable for them. The lack of a 
standardized methodology for conducting performance analysis 
and the need for reference benchmark data constitute the gap that 
we address in this work.

Our synthetic data imitate microtubule structures. The data 
consist of thousands of images with labeling densities that  
span well over an order of magnitude. The model of image  
formation accounts for the stochastic nature of the emission 
rate of the fluorophores, the characteristics of the optical setup,  
and various sources of noise. As in real data, it also includes 
inhomogeneous excitation, autofluorescence and readout  
electron-multiplying noise from the detector, typically an  
electron-multiplying charge-coupled device (EMCCD).

Our benchmark criteria were designed to objectively measure 
computational performance in terms of time and quality. Our 
evaluation effort is more comprehensive than previous work12 in 
benchmarking a large number of software packages, in synthesizing  
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We generated training data and disclosed them together with 
the true locations of the fluorophores, allowing participants to 
tune their software. We also generated contest data and deliv-
ered them without ground-truth information. We assessed every 
algorithm on the basis of the contest data. We make these data 
available at http://bigwww.epfl.ch/smlm/datasets/; the collection 
is already used by developers14–19.

Quantitative assessment metrics
The core task faced by participants in our study is the 2D localization 
of single molecules. To rate the performance of their software, we 
defined multiple criteria (Online Methods) that highlight different 
aspects of SMLM algorithms: detection rate, accuracy, image quality, 
resolution, usability (USA) and execution runtime (TIME). Other 
preprocessing or postprocessing steps, such as drift correction and 
rendering, were excluded from our analysis to better provide an unbi-
ased comparison based primarily on the localization performance.

detection rate and localization accuracy
The detection rate and localization accuracy are based on the pair-
ing between the molecules localized by the participants and the 
molecules from the ground truth. These criteria do not depend 
on any rendering mechanism.

The detection rate quantifies the framewise fidelity and the 
completeness of the set of localizations with respect to the ground 
truth, measured in our case by a Jaccard index. We found that the 
detection rate (JAC) correlates with the level of difficulty.

The localization accuracy (ACC) is measured by the root-mean-
square error (RMSE) of matched localizations. We found that this 
averaged 21.05 nm and 32.13 nm for LS1 and LS2, respectively.  
This is consistent with the Cramér-Rao lower bound predicted 
according the definition of uncertainty given by Rieger et al.20. The 
detection rate and localization accuracy of each software are docu-
mented in Figure 2 and in Supplementary Figures 1 and 2.

image quality and image resolution
Ultimately, the data representation favored by SMLM  
practitioners is not a list of localizations but a rendered  
image10 (Supplementary Data 1 and Supplementary Videos 1–6).  

Figure 1 | Construction of the bio-inspired 
data. (a) Top, 3D structure simulating 
biological microtubules. Every single 
fluorophore event is uniquely identified  
and stored; collectively, they constitute  
the ground-truth localizations which  
can be rendered at any temporal and  
spatial scale (lower panels). (b) Each  
fluorophore is considered a point  
source and convolved with a 3D PSF.  
Combined with background and  
autofluorescence of the structure,  
the convolved image determines the  
number of photons at each pixel.  
These photons are then transformed  
into a number of electrons based on  
quantum efficiency (QE), shot noise  
and the EMCCD parameters. The image  
is reduced to the desired camera  
resolution, for example, 100 nm/pixel.  
Finally, these values are fed to an electron-to-DN converter (digital number, taking into account the readout noise and the quantization level).  
(c) These operations are repeated to obtain long sequence (LS) of low-density frames or short sequence of high-density (HD) frames.

data closer to biological reality, and in including a rich set of 
evaluation criteria such as detection rate, accuracy, image quality, 
resolution and software usability.

A byproduct of our work is an extensive and annotated list 
of software packages (http://bigwww.epfl.ch/smlm/software/), 
which should prove a resource not only to practitioners but also 
to developers because it helps identify which aspects of existing 
software may be in need of further development.

results
Bio-inspired data
We designed our synthetic data to be as similar as possible to 
images derived from real cellular structures. A key element is their 
continuous-domain description, as opposed to a spatially discrete 
model. For instance, we simulate microtubules by means of three-
dimensional (3D) paths that are defined on the continuum (Fig. 1a),  
making it possible to render digital images at any scale. We typically  
choose a scale of 5 nm per pixel. Our synthetic model takes many 
parameters into account, among them sample thickness, random 
activation, laser power, variability of the excitation laser, the  
lifetime of the fluorophores, autofluorescence, several sources 
of noise, pixelation, analog-to-digital conversion and the PSF of 
the microscope (Fig. 1b). Our PSF model is made up either of 
classical Gaussian-based 3D functions or of the more realistic 
Gibson-Lanni formulation that benefits from a fast and accu-
rate implementation13. Because multiple-frame events are rare in 
the data of interest, we tuned the lifetime model to favor single-
frame events. We rely primarily on these ground-truth data for 
our objective evaluation of algorithms.

To accommodate the intended uses of the available software, we 
chose to image the same synthetic sample using different imaging 
modes: long sequence (LS) and high density (HD). The LS data are 
low-density sequences of about 10,000 frames each, and the HD 
data are high-density sequences of about 500 frames that include 
overlapping PSFs (Fig. 1c). Independently of the imaging mode, 
we changed the degree of difficulty of the data by modifying the 
contribution of autofluorescence, the amount of acquisition noise 
and the thickness of the sample (see Online Methods) to create 
datasets LS1-3 and HD1-3 (in order of increasing difficulty).

3D biological structure

a b c

FOV 6,400 × 6,400 nm Detail

Rendering at 10 nm/pixel Rendering at 0.25 nm/pixel

Frame at low density (LS)

Frame at high density (HD)

e.g., 4 active fluorophores

e.g., 450 active fluorophores

xz section of the 3D PSF
e.g., 5 nm/voxel

Fluoresc.
dyes

Auto-
fluoresc.

Averaging

A/D, readout, quantization

QE, shot noise, EMCCD gain

Photons to e–

Downsampling

e– to DN Sequence of frames
e.g., 100 nm/pixel

Back-
ground
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We used two image-based criteria in our 
assessment: image quality (signal-to-noise 
ratio, SNR) and image resolution (Fourier 
ring correlation, FRC21). Methods afflicted 
by issues such as sampling artifacts or a low 
detection capacity at the image border are 
characterized by a low SNR. Conversely,  
a high SNR is often indicative of a  
successful tradeoff between detection  
rate and accuracy.

software efficiency
In a retrospective analysis, we identified 
the five best methods, in terms of the 
tradeoff between accuracy and detection 
rate for each dataset. We defined a linear 
regression that fits the best methods in  
a plot of ACC versus JAC, and call it  
an efficiency line (Fig. 3). The distance of  
the (JAC, ACC) coordinate for each  
software to such a line indicates the  
performance of the software.

The level of difficulty increases from LS1 to LS3, as evidenced 
by the average performance (JAC, ACC), which was (79.58%, 
29.98 nm) for LS1, (55.64%, 41.91 nm) for LS2 and (35.64%, 55.82 
nm) for LS3. These findings are consistent with our engineering of 
the data to have increasing levels of noise, as the theory predicts 
that the presence of noise leads to an increase in the uncertainty 
of the location of a particle. Likewise, the detection rate is also 
affected by noise; single molecules with lower emission rate and 
deeper axial position are more difficult to detect.

Algorithms
Our study includes more than 30 packages (Table 1), covering 
a large proportion of the SMLM software currently available. 
Aside from a few that do not fit our validation framework because 
their SMLM reconstruction is based on deconvolution without 
explicit localization22, most packages have a similar architecture. 
However, a detailed analysis reveals fundamental differences.

Within the detection step, methods as diverse as low-pass  
filtering, band-pass filtering, watershed, and wavelet transform, to 
name a few, are deployed. The parameters of these preprocessing 
operations need to be determined in an ad hoc fashion. In some 
cases, we found that they cannot be set by the user; even when 

they can be, often there is no calibration procedure provided. 
Most algorithms isolate candidate pixels by applying a threshold 
to identify potential local extrema, but each software uses differ-
ent methods for determining the threshold value: level of noise, 
spot brightness, PSF size and/or particle density.

Over two-thirds of the participating packages carry out the 
localization step by means of a fitting with a Gaussian function. 
Other algorithms use an arbitrary PSF instead; DAOSTORM  
and SimpleSTORM use a measured PSF. Distinctively, the two 
packages MrSE and RadialSymmetry exploit the radial symmetry 
of the PSF.

We have identified three groups of localization methods 
and indicated their performance in Table 2. In Generation 1,  
the basic methods perform localization by means of center  
of mass (QuickPALM), triangularization (fluoroBancroft) or  
linear regression (Gauss2dcir). Although very fast, these methods  
often fail to reconstruct HD data. Generation 2 is the larg-
est group of methods, including about two-thirds of all soft-
wares submitted thus far. They are characterized by the use of  
iterative localization algorithms such as maximum-likelihood esti-
mators (MLE) or least-squares minimizers (LS). Previous works 
compare the LS or MLE algorithm in detail10,23. Generation 3  
comprises advanced methods, often unpublished. They improve 
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Figure 2 | Accuracy versus detection rate for 
each tested software. Scatter plots show high-
density (HD) data above and long sequence 
data below. Efficiency lines (Eff. lines) are 
computed from the five results at the boundary 
of the field with high JAC and/or low ACC. 
The length of the bars is proportional to the 
grade, from 0 (poor) to 5 (good). Grades above 
3.5 are written in the corresponding bar. The 
grades of the three data sets are given here 
for the detection rate, JAC1–JAC3; for the 
localization accuracy, ACC1–ACC3; for the image 
quality assessment, SNR1–SNR3; and for the 
image resolution, FRC1–FRC3. The grades of the 
computational time (TIME) and usability (USA) 
are reported in light gray bars.
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the detection rate while keeping a high 
localization accuracy. This group includes 
minimum mean squared error (MMSE)/
maximum a posteriori probability (MAP) 
approaches (B-recs), a method with high-
quality interpolation (simpleSTORM), a 
template-matching technique (WTM),  
a mean-shift approach (simplePALM) 
and packages that exploit the radial symmetry (RadialSymmetry 
and MrSE). Detailed information on the software packages is  
in Supplementary Notes 1 and 2.

usability and computation time
End users require that software packages be accessible, easy to use 
and fast. Although these aspects are subjective, they are important 
enough to justify their inclusion in our study. To score them, we 
prepared a questionnaire for the participants. We combined the 
accessibility score with a usability score that covers quality of 
documentation and user-friendliness. The open-source software 
ImageJ/Fiji and the versatile platform Matlab are the most highly 
represented frameworks hosting SMLM packages.

Finding the accurate position of millions of fluorophores is a 
heavy computational task. We observed that the four packages 
that use specialized hardware accelerators (a graphics processor 
unit, GPU, or field-programmable gate array, FPGA) reduce their 
runtimes by an order of magnitude, sometimes reconstructing a 
super-resolution image in less than a minute.

Benchmarking reporting and ranking
We returned to every participant a benchmark report that includes 
renderings at different scales (Fig. 3) and quantitative measures 
(Fig. 4). In particular, the bottom left curve of Figure 4 illustrates 
how the proximity of fluorophores, dNN, influences the perform-
ance of the software. In this specific case, the rate of detection 
improves from about half—when dNN is below the FWHM of the 
PSF—to near perfection when dNN is sufficient high.

To coalesce our six criteria for a single ranking, we computed 
the final score as the weighted sum of relative grades from  
0 to 5, as presented in Table 2. We gave a greater weight to  
the objective criteria JAC, ACC, SNR and FRC than to the sub-
jective criteria USA and TIME. With our particular choice of 
weights, the ranking for the LS data is as follows, starting from 

the best results: ThunderSTORM, SimpleSTORM and PeakFit. 
For the HD data, it is B-recs, WTM and DAOSTORM.

disCussion
The accuracy of single-molecule localization has a direct impact 
on the resolving power of the reconstructed image. We confirmed 
in this study of SMLM software packages that the experimental  
accuracy is one order of magnitude better than the classical  
diffraction limit, which supports theoretical findings24,25. This is 
the best one can hope for; indeed, a few software packages nearly 
achieve the Cramér-Rao lower bound.

Notwithstanding its popularity, the accuracy measure may 
still misrepresent performance. For instance, it does not capture 
issues related to the spread of the localizations—too few accurate 
ones, for example, or too many false positives. To avoid reliance 
on accuracy alone, we therefore considered additional criteria  
such as the detection rate, which describes the overlap between 
the set of detected molecules and the set of true molecules, along 
with a measure of the quality of the rendered image and a measure 
of its resolution.

Accuracy and detection rate tend to be in opposition—the 
average accuracy of localization can often be made to artificially 
increase just by excluding those unreliable molecules that emit a 
low number of photons. It is therefore enlightening to quantify the 
tradeoff between accuracy and detection. This idea has led us to 
propose the efficiency lines or curves (Fig. 2), which should aid 
microscopy practitioners in selecting software by better allowing 
them to judge if a particular software will help them meet their 
own preferred tradeoff.

We proposed a combination of six simple metrics to help users 
choose an SMLM software package. While no single measure  
of performance can capture the complexity of this choice, our  
goal with the combined criterion is to provide guidance to  
practitioners that is balanced and fair.
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Although the correlation (CORR) between the number of 
photons of the ground truth and the number estimated by the 
tested software is a parameter of interest, only a few participants 
provided us with relevant output to obtain these correlations.  
We therefore decided to exclude CORR from the final score  
but have encouraged developers to focus their efforts on  
improving accessibility and usability and to provide an estimate 
of the number of photons or the uncertainty of measurements  
for future releases. Also, we did not assess the grouping of  

multiple-frame emission from a single molecule, as this is  
often carried out at the postprocessing stage.

All packages we studied require parameters from the user. 
Unfortunately, choosing appropriate values is by no means easy 
or straightforward. More often than not, the tuning of parameters 
requires a deep knowledge of the algorithmic pipeline; inexperi-
enced users may find that they need to invest a lot of time before 
they can obtain satisfactory results. For this study, to ensure  
that each software was properly tuned to our simulated database, 

table 1 | Description of SMLM software 
software molecule detection PsF method Platform Acc. Affiliation

3D-DAOSTORM28 Adaptive threshold—update on residual 
images

Gauss LS Python + Harvard Univ., USA

a-livePALM29 Denoising, SNR threshold, adaptive  
histogram equalization

Gauss MLE Matlab + Karlsruhe IT, Germany

Auto-Bayes Generalized minimum-error threshold  
(GMET), local maximum

Gauss, Weibull LS Stand-alone + NCNST, Beijing, China

B-recs Detection: n/a; fit: Bayesian inference 
framework

Arbitrary MMSE, MAP Stand-alone − Janelia Farm, HHMI, USA

CSSTORM30 No explicit localization; convex  
optimization problem (HD)

Gauss Compressed  
sensing

Matlab + UCSF, USA

DAOSTORM31 Gaussian filtering, local maximum (HD) Measured, LS Python + Univ. Oxford, UK
FacePALM32 No explicit localization; background 

estimation
arbitrary − Python − Univ. Amsterdam,  

the Netherlands
FALCON33 Deconvolution with sparsity prior, local 

maximum (HD)
Taylor approx. ADMM Matlab + KAIST, Daejeon,  

Republic of Korea
Fast-ML-HD34 Sparsity constraint, concave-convex  

procedure (HD)
Gauss MLE Matlab − KAIST, Daejeon,  

Republic of Korea
FPGA35 Adaptive threshold Gauss MLE, CoMass Stand-alone − Univ. Heidelberg, Germany
Gauss2DCirc36 Fixed SNR threshold Gauss REG Matlab + Univ. Illinois, USA
GPUgaussMLE37 Simple (unspecified) methods to select 

subregions
Gauss MLE Matlab + TU Delft, Delft,  

the Netherlands
GraspJ38 Peak finding: fixed threshold value Gauss MLE ImageJ + ICFO, Barcelona, Spain
Insight3 Low-pass filtering, local maximum Arbitrary LS Stand-alone − UCSF, USA
L1H39 No explicit localization; L1 homotopy,  

FIST deconvolution
Gauss, arbitrary Compressed  

sensing
Python + Harvard Univ., USA

M2LE40 Adaptive threshold Gauss MLE ImageJ + Cal Poly Pomona, USA
Maliang41 Annular averaging filters, denoising by 

convolution
Gauss MLE ImageJ + WUST, Wuhan, China

Micro-Manager LM Adaptive threshold Gauss LS ImageJ + UCSF, USA
MrSE42 Band-pass filtering, local maximum Radial CoSym Stand-alone − WUST, Wuhan, China
Octane43 Watershed maximum Gauss LS ImageJ + Univ. Connecticut, USA
PeakFit Band-pass filtering, local maximum Gauss LS ImageJ + Univ. Sussex, UK
PeakSelector44 Time-domain filtering, adaptive threshold Gauss LS IDL, Matlab − HHMI, USA
PYME27 Wiener filtering, adaptive threshold Arbitrary LS Python + Univ. Auckland, New Zealand
QuickPALM45 Band-pass filtering, fixed SNR threshold Gauss CoMass ImageJ + Institut Pasteur, France
RadialSymmetry46 Filtering, local max., minimal distance  

to gradient
Radial CoSym Matlab + Univ. Oregon, Eugene, USA

rapidSTORM12 Low-pass filtering, local maximum Gauss LS, MLE Stand-alone + Univ. Würzburg, Germany
SimplePALM47 Variance stabilization denoising, DoG, 

probabilistic threshold
n/a Mean-shift Stand-alone − Molecular Genetics Center,  

Gif-sur-Yvette, France
simpleSTORM14 Self-calibration, noise normalize,  

background subtraction, P value
Gauss, measured Interpolation Stand-alone + Univ. Heidelberg, Germany

SNSMIL Gaussian filtering, fixed contrast threshold Gauss LS Stand-alone + NCNST, Beijing, China
SOSplugin Wavelet transform, local maximum,  

Gaussian mixture
Gauss LS ImageJ + Erasmus MC, Rotterdam,  

the Netherlands
ThunderSTORM15 Extensive collection of methods, preview, 

filtering, local maximum
Gauss LS, MLE ImageJ + Charles Univ., Prague,  

Czech Republic
W-fluoroBancroft48 Wavelet, adaptive threshold Gauss fB Matlab + Boston Univ., USA
WaveTracer49 Wavelet, watershed maximum Gauss LS Metamorph − Univ. Bordeaux, France
WTM50 Wedge template matching (HD) Wedge Match. Stand-alone − Hamamatsu Photononics, Japan
The software packages whose manufacturers participated in our study are listed. The study is ongoing, and this list will be updated at http://bigwww.epfl.ch/smlm/software/. Software marked 
‘ImageJ’ runs on compatible products ImageJ, Fiji, Icy and ImageJ2. Abbreviations for PSF: Gauss, Gaussian, elliptical Gaussian or averaged Gaussian. Abbreviations for methods: ADMM, alternat-
ing direction method of multipliers; CoMass, center of mass; CoSym, center of symmetry; fB, fluoroBancroft; LS, least-squares; MAP, maximum a posteriori; MLE, maximum-likelihood estimator; 
MMSE, minimum mean-square error; REG, regression. Abbreviations regarding open access: +, available online (sometimes upon request); −, not available or included in commercial package.
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we encouraged the developers themselves to run their own soft-
ware, guided by the training data. To alleviate the difficulty of 
presetting parameters, we suggest that developers incorporate 

self-calibration capabilities or dynamically tune the parameters26. 
We predict that this will be one of the key factors determining the 
success of future software14.

table 2 | Quantitative comparison for long-sequence (LS) and high-density (HD) data
Physical values Grades

score run byCriteria JAC ACC snr FrC Corr JAC ACC snr FrC usA time

ls data
Unit % nm dB nm % [0..5] [0..5] [0..5] [0..5] [0..5] [0..5] [0..5]
Weights 1 1 1 1 0.25 0.25
3D-DAOSTORM 62.5 36.1 6.0 71.1 n/a 3.58 3.67 4.20 3.03 3.00 1.98 3.44 Author
a-livePALM 54.5 35.6 5.1 62.6 n/a 2.02 3.74 3.13 3.71 2.50 3.97 3.09 Author
Auto-Bayes (W) 69.1 45.4 5.6 66.7 n/a 4.83 2.00 3.72 3.38 0.00 0.41 3.05 Author
B-recs 64.2 40.4 5.9 74.1 51.2 3.91 2.89 4.07 2.78 0.00 0.00 2.96 Author
Fast-ML-HD 52.9 44.9 3.7 83.9 60.6 1.72 2.08 1.40 2.00 0.00 0.00 1.43 Author
FPGA 47.8 36.3 4.2 81.3 62.8 0.73 3.63 2.01 2.21 0.00 4.11 2.00 Author
Gauss2dcirc 53.8 71.5 1.1 143.2 64.0 1.90 0.00 0.00 0.00 3.00 2.75 0.69 Expert
GPUgaussMLE 60.9 44.0 4.4 65.5 2.8 3.26 2.25 2.26 3.48 4.00 3.00 2.78 Author
GraspJ 51.7 47.2 4.4 77.2 n/a 1.48 1.67 2.22 2.54 4.50 5.00 2.13 Author
InSight3 53.9 41.8 4.1 74.5 53.5 1.90 2.64 1.91 2.75 2.50 2.50 2.19 Author
Maliang 53.3 35.6 4.4 69.5 60.4 1.80 3.75 2.22 3.16 1.50 0.50 2.44 Author
MicroManager 55.3 34.5 4.9 64.3 57.7 2.18 3.95 2.87 3.57 5.00 5.00 3.28 Author
MrSE 54.6 34.8 4.5 67.6 n/a 2.05 3.89 2.35 3.31 1.50 0.50 2.60 Author
Octane 42.7 53.9 3.2 114.4 n/a 0.00 0.48 0.84 0.00 4.00 3.99 0.62 Expert
PeakFit 60.0 34.9 5.5 64.6 59.5 3.09 3.87 3.61 3.55 4.50 3.07 3.51 Author
PeakSelector 49.8 40.3 5.2 66.9 59.4 1.11 2.91 3.18 3.36 0.00 2.50 2.39 Expert
PYME 48.6 36.5 3.5 73.8 n/a 0.88 3.58 1.16 2.81 3.00 3.97 2.13 Author
QuickPALM 41.9 50.6 3.5 95.4 57.7 0.00 1.05 1.21 1.08 5.00 5.00 1.14 Author
RadialSymmetry 47.3 31.0 4.4 74.4 n/a 0.64 4.57 2.21 2.76 4.00 4.11 2.61 Author
RapidSTORM 54.7 45.4 5.5 68.4 61.7 2.06 1.99 3.60 3.25 5.00 5.00 2.88 Author
SimplePALM 68.8 44.4 5.8 79.1 n/a 4.79 2.17 3.96 2.39 0.00 5.00 3.15 Author
SimpleSTORM 67.9 40.8 5.6 66.3 n/a 4.61 2.81 3.64 3.41 5.00 2.74 3.59 Author
SNSMIL 63.0 45.3 5.0 66.0 n/a 3.66 2.01 3.03 3.44 0.00 2.17 2.73 Author
SOSplugin 59.2 37.8 5.7 70.0 n/a 2.94 3.35 3.77 3.11 2.00 3.69 3.18 Author
ThunderSTORM 68.6 40.0 6.0 60.8 46.5 4.75 2.97 4.14 3.85 5.00 1.41 3.81 Author
W-fluoroBancroft 61.9 56.5 1.5 113.8 n/a 3.45 0.00 0.00 0.00 1.50 3.70 1.02 Author
WaveTracer 60.0 38.8 6.1 69.5 n/a 3.08 3.17 4.28 3.16 2.50 0.00 3.12 Author
WTM 66.0 47.6 4.0 89.7 60.5 4.24 1.61 1.83 1.54 0.00 3.28 2.08 Author
Average on LS 57.0 42.6 4.6 77.7
Gauss 43.6 4.6 78.1
Radial 32.9 4.4 71.0
Generation 1 59.5 2.0 117.5
Generation 2 40.8 4.9 72.1
Generation 3 39.9 5.0 75.2

hd data
B-recs 63.7 78.4 4.4 93.2 20.2 5.00 1.76 4.44 3.86 0.00 0.00 3.35 Author
DAOSTORM 45.1 82.2 3.9 78.5 27.5 3.99 0.91 3.52 4.60 3.00 0.00 3.06 Author
FALCONa 39.1 75.5 3.9 99.2 17.3 3.38 2.42 3.49 3.56 3.00 0.00 3.02 Author
Fast-ML-HD 52.1 80.3 3.4 104.6 19.7 4.70 1.33 2.53 3.29 0.00 0.00 2.63 Author
FPGA 14.3 70.2 3.0 104.9 30.1 0.89 3.59 1.68 3.27 0.00 4.11 2.32 Author
L1H 42.5 76.9 3.6 136.1 n/a 3.73 2.10 2.81 1.71 3.00 1.62 2.56 Author
Octane 18.2 62.9 3.0 124.0 n/a 1.28 5.00 1.83 2.32 4.00 3.99 2.76 Expert
PeakFit 37.3 81.5 3.9 105.9 11.9 3.20 1.07 3.39 3.22 4.50 3.07 2.84 Author
PeakSelector 15.7 84.4 3.5 87.8 n/a 1.03 0.43 2.78 4.13 0.00 2.50 2.00 Expert
RadialSymmetry 11.8 61.5 2.0 164.2 n/a 0.64 5.00 0.00 0.30 4.00 4.11 1.77 Author
SimpleSTORM 27.9 70.5 3.6 131.8 n/a 2.26 3.54 2.90 1.92 5.00 2.74 2.79 Author
SNSMIL 23.3 80.8 3.3 143.2 n/a 1.80 1.23 2.29 1.35 0.00 2.17 1.60 Author
SOSplugin 18.2 71.8 3.6 106.2 n/a 1.28 3.23 2.85 3.21 2.00 3.69 2.67 Author
ThunderSTORM 31.7 70.9 2.9 154.2 15.7 2.64 3.44 1.67 0.80 5.00 1.41 2.26 Author
W-fluoroBancroft 19.2 80.9 0.8 203.5 n/a 1.38 1.19 0.00 0.00 1.50 3.70 0.86 Author
WTM 54.2 85.5 4.4 91.2 21.9 4.91 0.17 4.36 3.96 0.00 3.28 3.16 Author
Average on HD 32.2 75.9 3.3 120.5
aSoftware version under development.
Performance measures for the indicated software packages are shown. JAC, Jaccard index; ACC, localization error; SNR, image quality; FRC, image resolution; USA, usability; TIME, computational time. Bold 
numbers indicate top scorers. The correlation of the estimated number of photons (CORR) was excluded from our analysis but is given here for the sake of completeness. The relative grades are normalized 
on a scale from 0 (worst) to 5 (best). The score is a weighted sum of the six criteria; here, the weights are 1 for the four quantitative criteria, 0.25 for the usability, and 0.25 for the computational time.
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The simulated ground-truth data used for our comparison remain 
accessible to future participants. We pledge to extend this study with 
new results as they become available and to enrich our collection 
of data. We plan to include additional features such as several levels  
of molecule density, 3D (PSF engineering and multiple planes),  
drift and various noise models for EMCCD cameras and sCMOS 
(scientific complementary metal-oxide-semiconductor) cameras.

We encouraged all participants to produce output data in com-
mon formats to facilitate interoperability and to promote inde-
pendent rendering software27 (https://github.com/PALMsiever/). 
A first step in this direction was taken by many participants in 
the IEEE International Symposium on Biomedical Imaging 2013 
(ISBI 2013) challenge. 

Our study has shown that a simple Gaussian PSF model is suffi-
ciently accurate for low-density data, whereas the quality of high-
density imaging depends strongly on the model of the PSF. We 
predict that the PSF model will have an even more significant role 
in 3D SMLM applications. We see great potential in a two-phase 
reconstruction workflow—a first reconstruction that is fast but 
has reduced performance, followed by a slower run that yields 
improved results.

methods
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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online methods
Data. Establishing reference data is a key point for conducting a 
fair evaluation of image analysis algorithms; all software packages 
should use the same benchmark data sets. In microscopy, biolo-
gists and practitioners prefer real experimental image sequences, 
while algorithm developers need simulated data sets with ground-
truth information. Here, we provide both: real experimental data 
sets which are mostly useful for visual inspection and synthetic 
simulated data sets, which are intensively used for the quantita-
tive evaluation.

Experimental data. We acquired two sequences of images of 
tubulins, one in low-density imaging conditions (RealLS, a long 
sequence of 15,000 frames of 64 × 64 pixels) and one in high-
density imaging conditions (RealHD, a short sequence of 500 
high-density frames of 64 × 64 pixels). The sample is Cos-7 cells 
fixed in methanol. The microtubules are stained with α-tubulin 
primary antibodies and Alexa-647–conjugated secondary anti-
body fragments.

Simulated data. To achieve realistic images, we defined math-
ematical models for biological structure. We chose microtubules 
because they are often used to showcase SMLM studies. They are 
components of most eukaryotic cells which have widths smaller 
than the diffraction limit of the conventional light microscope. 
Microtubules are defined with their central axis elongating in a 3D 
space having an average outer diameter of 25 nm with an inner, 
hollow tube of 15 nm diameter.

To obtain rendered images at all scales including very high reso-
lution (up to 1 nm/pixel), we represent the continuous-domain 
3D curve by means of a polynomial spline. The sample is imaged 
in a limited field of view, i.e., less than 20 × 20 µm2, and the cen-
terlines of the microtubules have limited variation along the z  
(vertical) axis, i.e., less than 1 µm. The fluorescent markers are 
uniformly distributed over the structure according to the required 
density. We randomly assign each fluorophore with a random 
photon emission rate and with an active time instant according to 
a statistical lifetime model. For the synthetic data sets, we devel-
oped a simulator that can generate realistic image sequences of 
thousands frames resulting from the stochastic activation of mil-
lions of fluorophores.

The sample structure, fluorophore excitation, and image for-
mation can be completely controlled with a large number of user 
configurable parameters (Supplementary Note 3). We defined 
the underlying sample structure in a continuous space which 
allows rendering of digital images at any scale. The exact loca-
tions of all fluorophores are therefore stored at high precision, as 
floating point numbers expressed in nanometers. This ground-
truth file is useful for conducting objective evaluations without 
human bias.

Photon emission model. We calculate the photon flux in the 
following manner51:

F
P
e

= F s

where Φ is the quantum yield of the dye, P is the excitation  
laser power in W/cm2, e is the energy of a single photon,  
σ = 1,000 ε ln(10)/NA is the absorption cross section, ε is the 
absorptivity coefficient of the dye and NA is the numerical aperture 
of the lens. The spatial variation of the excitation laser power, P, is 
modulated by a unimodal function that produces higher excitation  

at the center, rather than the border, of the field of view. The flux 
F is given in photons/s, and it is used for randomly determining 
a flux value for every excited fluorophore under a probability 
density function of a Poisson random variable.

Once the flux has been determined for the excited fluorophore, 
we choose an active duration A and a life-time model for comput-
ing the number of photons that would be emitted during the frame 
acquisition time T. We proposed three different life-time models: 
constant, linearly decreasing and exponentially decaying. This 
last is motivated by photobleaching phenomenon. An additional 
temporal parameter is a time delay ∆ between the beginning of 
the frame and the time the fluorophore starts emitting photons. 
In this study, we chose A, ∆ and T to be random variables but we 
impose that most of the photons of a single molecule are emitted 
within a single frame.

Source of photons. We consider three independent sources of 
photons: the signal of interest (the activated molecule) modeled 
as described above, the background signal normally distributed, 
slowly changes with time, and the autofluorescent signal simu-
lated by introducing deep clusters of intense fluorophores that are 
constantly in an active mode, slowly changes with time. We sum 
these three sources of photons to yield the image that impinges 
on the detector. We then generate the microscopic image of each 
fluorophore by simulating the image formation process (Fig. 1b). 
Noise sources and perturbations include: non-homogeneous exci-
tation laser power; random nature of the emission process of the 
fluorophore; shot noise for small photons count; EMCCD and 
read-out noise models.

A volumetric density parameter ρ controls the number of 
fluorophores per µm3 that we generate. This parameter, together 
with the number of frames parameter, controls the total imaging 
density conditions: low-density, long sequences (LS) and high-
density sequences (HD).

High-density. A recent trend in the super-resolution localization 
microscopy is the development of methods to detect multiple over-
lapping emitters in high density data sets31,41,52–55. To benchmark 
these methods, our generated HD are particularly suitable. Taking 
advantage of the exact knowledge of the sample structure, we 
defined three properties to qualify the density of the sequence: the 
average distance dNN of a fluorophore to its nearest fluorophore 
within the same frame, the average number of fluorophores N per 
frame, and the average number of fluorophores M per µm2. We 
obtained the following properties: dNN = 1,536.1 nm, N = 26.3 nm,  
M = 0.14 for LS data sets and dNN = 156.9 nm, N = 562.7 nm,  
M = 2.19 for HD data sets. The high number of fluorophores  
per frame and the small dNN setting induce numerous overlapping 
of PSFs in the HD data sets.

Image formation. We put our effort in implementing a faithful 
reproduction of the physical reality to produce plausible synthetic 
images. The individual fluorophores, which are taken to be ideal 
point source, are convolved with the PSF of the microscope. Here, 
two models of PSF were considered, the defocussed Gaussian PSF 
model and the Gibson and Lanni PSF model.

The xy-Gaussian and z-exponential PSF model is defined as a 
2D Gaussian function in the xy plane centered at (xc, yc) in

f x y z A z e

x xc y yc
z, ,( ) = ( )

−
−( ) + −( )

( )

2 2

2 2s
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where the variance depends on the axial position of the particle,

s l
z e

z z
z z

( ) = −
−

( )
2

2
NA

focus

defocus focus

log

The amplitude A(z) is chosen in such a way as to make f(x,y,z) 
have a unit norm at every value of z. The value zfocus is the axial 
position of the focal plane and zfocus allows one to introduce defo-
cussing effects. The xy-Gaussian and z-exponential is a common 
approximation of the main lobe of the Airy pattern.

The scalar Gibson-Lanni model generates a more accurate  
PSF by using a 3-layer model taking into account refractive 
index mismatch at each optical interface. We rely on our accurate  
and fast implementation of the Gibson and Lanni PSF model  
to evaluate millions of convolution operations in very high  
resolution (5 nm/pixel) in a reasonable amount of time.

Conversion of photons to a digital number. At this stage, the 
number of electrons is converted to a digital number DN56 by  
a simulated A/D converter that is characterized by a linear gain 
and an offset. Readout noise (Gaussian distributed) and dark 
noise (Poisson distributed) are added, as well. Final pixel values 
are calculated by checking for saturation and by quantization 
into 14-bits. Our simulated EMCCD camera down-samples the 
high resolution image from 5 nm/pixel to 100 or 150 nm/pixel 
by means of averaging. We then simulated the electron multiplier  
component by multiplying every pixel value by the EM noise  
factor 2½.

Data delivery. The frames are stored in a standard uncom-
pressed 16-bits TIFF format. While typical experimental data 
consists of 10,000 frames, we restricted the number of frames so 
as to have data sets of moderate size, say 300 MB, after lossless 
compression. Such file sizes are still convenient to download from 
the Internet. Our data sets are accompanied by metadata infor-
mation that includes microscope and camera parameters that are 
usually available in real experiment.

Level of difficulty. To produce data sets with different degrees 
of difficulty, we modified the contribution of autofluorescence, 
the level of acquisition noise, and the thickness of the sample. 
At the end of each simulation, we calculated two measures for 
every fluorophores: dNN, the distance of the nearest neighbor-
hood in the same frame; SNRf, the local signal-to-noise ratio of 
a fluorophore. The SNRf is the ratio of the difference of the peak 
signal and the mean of the local surrounding background and the 
standard deviation of the local background. For the HD data, dNN 
is smaller than the size of the PSF, so that frames contain many 
overlapping PSFs (Supplementary Note 3).

Future directions. In the future, our reference data will include 
more features, such as drift, 3D localization (PSF engineering57,58 
and multiple planes59,60, additional levels of molecule density, 
multiple fluorescent channels, asymmetrical PSF due to dipole 
effect61, scattering effects, and a richer variety of noise models 
associated with various types of cameras, EMCCD, sCMOS62,63. 
It will also be interesting to generate benchmarking data to test 
the impact of clustering (spatial aggregation) and diffusion for 
single-particle tracking.

Evaluation and scoring calculation. Theoretical accuracy.  
The simplest theoretical localization precision is given by s/√N, 
where s is the size of the PSF and N is the number of detected 

photons23,25. This Cramér-Rao lower bound (CRLB) was initially 
introduced as a fundamental limit of accuracy23,24,37. There also 
exist refined CRLBs that take pixelation, various sources of noise, 
and fluorescence background into account. A survey of localiza-
tion accuracy and precision in the SMLM context can be found 
in Deschout et al.64, while uncertainties in the lateral localiza-
tion in super-resolution microscopy were also addressed in Rieger  
et al.20.

Some of our data fail to be compatible with the restrictive 
assumptions needed to establish CRLBs. It is only over LS1 and 
LS2 that it is valid to compare the experimental accuracy of the 
tested software packages to the theoretical expectations. Selecting 
the five best algorithms, we found that the accuracies are 21.05 nm  
and 32.13 nm for LS1 and LS2, respectively. They are worse than 
predicted by Thompson’s rule (13.98 nm, 15.96 nm), but it is 
known that Thompson’s rule24 is too optimistic. More-realistic 
results are obtained with a bound recently proposed that gives 
(19.10 nm, 25.78 nm)20.

Matching of two sets of localization. To establish statistical  
measures of detection rate and the localization accuracy, a pairing 
must first be found between the molecules localized by the partici-
pants and the molecules from the ground-truth. For each frame f,  
the pairing is obtained by solving a bi-partite graph-matching 
problem of minimizing the sum of distances between the two  
elements of a pair. The matching is enabled when the distance from 
Pref(f) to its closest point Ptest(f) is less the full-width half-maximum  
(FWHM) of the PSF. We deployed two matching algorithms: the 
presorted nearest-neighbor search and the Hungarian algorithm 
(Supplementary Software). Both gave similar results.

Computation of detection rate using the Jaccard index (JAC).  
The localized molecules successfully paired with some ground-
truth molecule are categorized as true positives, TP; the remaining 
localized molecules are farther than ρ, unpaired, and categorized 
as false positives, FP; finally, ground-truth molecules that are not 
associated with any localized molecule are categorized as false 
negatives, FN.

The detection rate quantifies the framewise fidelity and com-
pleteness of the set Ptest(  f  ) of localizations with respect to the 
ground-truth Pref (  f  ). It involves the positive predictive value (pre-
cision p), the sensitivity (recall r) and the Jaccard index (JAC). 

p r=
+

=
+

=
+ +

TP
FP TP

TP
FN TP

JAC
TP

FN FP TP
, ,

In this study, we observed that the precision value p is high (aver-
age 0.956, s.d. 0.09) in comparison to the recall value r (average 
0.487, s.d. 0.25). We thus believe the most relevant measure of 
similarity between lists of localized molecules is the Jaccard index, 
j (i.e., JAC, in %).

Computation of localization accuracy using the root-mean- 
square error (RMSE). Let (x yn n

Test Test, ) and (x yn n
Ref Ref, ) be the nth 

matched pair, and where the superscripts Ref and Test indicate 
the oracle (ground-truth) and participant’s list of localizations, 
respectively. The root-mean-square error (RMSE) of the matched 
localizations is

a
N

x x y y
n

N

n n n n
2

1

2 21= − + −
=
∑ ( ) ( )Test Ref Test Ref
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The expectation of a2 is the sum of the variance (precision) and 
the square of the bias (accuracy).

Independent computations convinced us that the bias is always 
negligible (unbiased estimators). Hence, the RMSE represents 
essentially the standard deviation of the errors, which is truly 
the precision of the estimator. Confusingly enough, in the specific 
lingo of the SMLM community, this term is called “accuracy” 
instead; we shall follow this improper terminology and call RMSE 
a localization accuracy.

Computation of the image quality using signal-to-noise ratio 
(SNR). To render an image, we let the contribution of each local-
ized molecule take the form of an additive 2D Gaussian circular 
function with a standard deviation ten times smaller than the 
standard deviation of the PSF. Correspondingly, we let the reso-
lution of the rendered image be ten times finer than that of the 
simulated camera with which we collected our synthetic data.

To compare the super-resolved image Itest to the oracle image 
Iref, we compute

SNR log ref

ref test
=

−
10 10

2

2
||

||
||

||
I

I I

Computation of the image resolution using the Fourier ring 
correlation (FRC). Fourier-ring correlation (FRC) was recently 
introduced as a method for measuring the image resolution in 
the SMLM context21,65. In the formalism of FRC, the set of posi-
tions is partitioned in two halves to determine the resolution. In 
our case, we populate the first half with Pref(f) and the second 
half with Ptest(f). The resolution is determined by applying the 
threshold T = 0.5 on the spectral correlation curve which typically 
decays monotonically66.

Parsing the localization files. Because every software has its 
own file format, unit, axis and coordinate convention, we asked 
the participants to report their results in a delimiter-separated 
values text file (typically CSV), where every localized position in 
a frame is stored as a single row in this file. For every software, 
we created a description file (XML) containing the information 
to univocally parse the localization. The description file contains  
the type of separator (comma, tab...) the unit of position  
(nm, pixel), the first row containing fluorophore, the x and y shift 
of the system coordinate (center of the pixel, top-left corner), 
the unit of shift, the shift in the numbering of the frame (0, 1)  
and finally the column numbers in which to find the infor-
mation: x, y, intensity and frame. With this simple procedure,  
we succeeded in reading all localization files without modifying 
any software.

Minimal bound on performance. We developed a rudimentary 
ImageJ plugin in Java, called CenterOfGravity, to determine a 
lower performance bound. This software detects candidate mol-
ecules by thresholding the local maximum of the band-pass filter; 
the accurate position is simply the center of gravity of a local 
neighborhood window centered on the candidates. Two software 
packages consistently failed to meet this criteria and were not 
further evaluated.

Usability. For the practitioner, the usability of the software 
is an important aspect for the daily work. The usability (USA) 
evaluation cannot be carried out quantitatively because it  
involves human behavior and multiple interaction factors 

between computer, data and users. Here, we follow the strategy  
of Carpenter et al.67 and evaluate each software using two sources 
of information: a questionnaire that was filled out by the soft-
ware developers and some testing of the software. The maximum  
usability grade is 5 and such a software fulfills the following 
requirements.

•  Accessibility: easy to find and to download from the  
web. Non-accessible softwares are assigned a usability  
grade of 0.

•  Open-source: free tool or an add-on of a free software  
(for example, ImageJ), accessible source code, no cost.

•  Installation: no dependency of specific hardware, no require-
ments of additional library, easy to install, binaries for  
multi-platforms, multiple operation systems, double-click 
type installation, fast learning curve.

•  Usage: user-friendly interface, intuitive parameters,  
documentation, interoperability.

•  Maintenance: continued, long-term support, feedback  
mechanism.

Computational time. At first sight, execution runtime would 
appear to be measurable objectively. Unfortunately, the participat-
ing packages all exhibit some degree of dependence upon specific  
hardware installations and code-development environments. 
This prevented us from running every software by ourselves. As 
a proxy, we determined the computational runtime (TIME) by 
analyzing the answers we received from the participants and by 
normalizing it by the power of their machine.

We asked the algorithm developers to report not only  
their own run-time values but also the main specifications of the 
run-time machine. There is a large variety of processors among 
the participants of this study. We therefore weighted the runtime  
by “normalized” coefficient: 0.75 for relatively slow desktop 
machine (e.g. 2.70 Ghz Intel Core i5), 1.25 for fast desktop 
machines (e.g. 3.40 Ghz Intel 4 cores).

For computers that are equipped with additional hardware, like 
graphical processing unit (GPU) usage, or field-programmable 
gate array (FPGA), we assign a penalty factor of 3.00. Another 
aspect we take into account is non comparable tasks between the 
various packages. Some software measures only the elapsed time 
of the localization task. Others measure the full processing task: 
loading frames in memory, localization and rendering. We com-
pensate for that by introducing an advantage factor of 0.75 and we 
apply it to software that measured the full processing task.

The runtime of every software was normalized by the above 
coefficients to yield a “normalized runtime” measure, Tn, which 
is mapped to a grade scale and clipped to between 0 and 5. We 
note that our grading should be regarded as a rough indicator of 
the software efficiency only.

Grading and ranking. For all criteria, JAC, ACC, SNR,  
FRC, USA and TIME, we attributed a normalized grade  
between 0 (worst case) and 5 (best case); see Supplementary Data 2.  
The values of criteria were normalized to impose an average of 
2.5 and a s.d. of 1.5, and they are clipped to 0 and 5.

We computed an overall performance score as a weighted sum 
of the criteria (average over the 3 data sets if necessary). The final 
rank is associated with either low-density imaging data sets or 
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with high-density imaging data sets. We normalize the criteria 
values to be in the interval [0,5] and define the final score as

s =
⋅ + ⋅ + ⋅ + + ⋅ +⋅ ⋅l l l l l l

l
JAC ACC SNR FRC USA TIMEJAC ACC SNR FRC USA TIME

JJAC ACC SNR FRC USA TIME+ + + + +l l l l l

We ran a principal-components analysis on the 4 criteria JAC, 
ACC, SNR and FRC showing that all criteria have an similar 
importance. We chose to compute an overall performance meas-
ure, as weighted sum, namely a score s, by choosing the following 
weights (see Supplementary Fig. 3).

Challenge organization. The organization of a world-wide chal-
lenge was an opportunity to get the attention of a large number 
of the developers working in different fields, including biology, 
biophysics and computer science. We broadly advertized the chal-
lenge trying to ensure coverage of most representative and well-
known software and also to attract newcomers to the field. The 
Localization Microscopy challenge (http://bigwww.epfl.ch/smlm) 
was presented at the IEEE ISBI conference, at San Francisco, in 
April 2013. The high participation rate of the developers reveals 
the importance of this study. The localization task was carried 
out by the software developers themselves with the exception of 
PeakSelector, Octane and CSSTORM, which were performed by 
experts. By having the authors or experts use their own algorithms, 
we believe we obtained the best performance possible. We initially 
provided them with training data sets that included ground-truth 
information, allowing them to choose the appropriate mode and 
to properly tune the parameters of their algorithms. We assumed 
that developers were at the same time most knowledgeable about 
their software, and keenest on cranking out the best performance, 
guided by the training data. We also offered the opportunity to sub-
mit three different runs for each data sets with different settings. 
Only four participants (a-livePALM, Auto-Bayes, SimpleSTORM 
and SOSplugin) have chosen this option. Finally, we observed that 
the results were very similar from one run to the next. This is sum-
marized in Table 2 and reported in Supplementary Data 2.

This comparative study was first released at the IEEE ISBI 
2013 Symposium (http://bigwww.epfl.ch/smlm/). Ever since, it 
has proved to be a valuable resource to developers and end users 
alike. The ISBI challenge has now turned into a permanent online 

challenge and is referred to in the Grand Challenge in Medical 
Image Analysis website (http://www.grand-challenge.org/).
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Abstract

In this study we use a spinning disk confocal microscope (SD) to generate super-resolution images of multiple cellular
features from any plane in the cell. We obtain super-resolution images by using stochastic intensity fluctuations of
biological probes, combining Photoactivation Light-Microscopy (PALM)/Stochastic Optical Reconstruction Microscopy
(STORM) methodologies. We compared different image analysis algorithms for processing super-resolution data to identify
the most suitable for analysis of particular cell structures. SOFI was chosen for X and Y and was able to achieve a resolution
of ca. 80 nm; however higher resolution was possible.30 nm, dependant on the super-resolution image analysis algorithm
used. Our method uses low laser power and fluorescent probes which are available either commercially or through the
scientific community, and therefore it is gentle enough for biological imaging. Through comparative studies with structured
illumination microscopy (SIM) and widefield epifluorescence imaging we identified that our methodology was
advantageous for imaging cellular structures which are not immediately at the cell-substrate interface, which include the
nuclear architecture and mitochondria. We have shown that it was possible to obtain two coloured images, which
highlights the potential this technique has for high-content screening, imaging of multiple epitopes and live cell imaging.
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Introduction

Many biological structures are too small to be resolved by

standard confocal microscopy, which has a limit of resolution of

approximately 200 nm. Until recently this has restricted the scope

of research into small molecular structures and cellular complexes,

such as bacteria, viruses, membrane vesicles, nuclear ultrastructure

and cytoskeletal filaments. Super-resolution microscopy has

circumvented this resolution limit, described by Abbe’s law

[1,2], permitting observations of structures as small as 30 nm in

size. This technological revolution advances our understanding of

molecular cell biology as it reveals novel biological phenomena at

nanometre resolution.

Super-resolution techniques can be performed by a number of

approaches [3]; Structured Illumination microscopy (SIM) is a

technique where a grid pattern, generated from diffraction of light,

is super-imposed on the specimen and rotated in steps. The output

dataset is processed with specialised algorithms giving an

improvement in lateral resolution by a factor of two [4]. Other

techniques, such as STED, GSD, SSIM, PALM, STORM,

FPALM, dSTORM, GSDIM and PAINT rely upon the principles

of Reversible Saturable Optical Fluorescence Transitions (RE-

SOLFT) microscopy. In RESOLFT proteins or organic fluor-

ophores are switched between dark and fluorescent states

stochastically, data are captured and processed to give an output

image with resolution refined beyond the Abbe limit of 200 nm

[2,3,5].

Methods of super-resolution which use stochastic molecular

switching, do not require specialised microscopy systems [5];

instead they generate super-resolved images by iteratively activat-

ing a set of photo-switchable fluorophores and precisely fitting the

point of emission through complex image analysis [6,7]. Tech-

niques such as photo-activation light microscopy (PALM) [6],

stochastic optical reconstruction microscopy (STORM) [8] and

ground state depletion microscopy (GSDIM) [9,10] all operate on

the statistical methods principle. PALM uses photo-switchable

fluorescent proteins and STORM/GSDIM photo-switchable

fluorescent dyes to generate stochastic fluorescent emissions which

are imaged and then processed to refine image resolution [5]. The

methodologies employed by image processing algorithms for

statistical SR methods fall broadly into two categories; specific

identification of spatially separate individual fluorescent emission

events and fitting of these events in an reconstructed image, e.g.

RainSTORM [11], QuickPALM [12] and GLRT [13] or higher

order statistical analysis of intensity fluctuations e.g. SOFI [14,15],

3B [16], Deconvolution-STORM (DeconSTORM) [17] and

Faster-STORM [18] (Table S1). These latter group of image

analysis methodologies, such as SOFI and Decon-STORM do not
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require single molecule activations and were developed for super-

resolution imaging of structures which may be more densely

labelled by fluorescent dyes [15,17]. For all RESOLFT methods

using iterative imaging of stochastic light emission the photon yield

of the dye, detector sensitivity and detector resolution play a key

role in determining the level of resolution improvement that can

be obtained [19].

PALM, STORM and other forms of statistical super-resolution

methodology require only a standard light microscope and

electron-multiplying charge-coupled device (EMCCD) camera as

hardware [5]. For these techniques to work well, image datasets

must be acquired at fast frame rates and with good signal-to-noise

(S/N). This ensures a sufficient number of stochastic fluorescent

emission events are collected for the super-resolution image

analysis algorithms to work accurately [1]. It can be challenging

to obtain good S/N in PALM/STORM using biological samples

in widefield illumination. This is due to photo-bleaching of the

fluorophore labelling the epitope of interest, which reduces the

number of fluorophores actively emitting light; and artefacts

arising from photo-interactions above and below the focal plane.

The out of focus light is generated from fluorescent emission of

labelled proteins that are not in the desired plane of focus and the

viscous nature of the cytoplasm, which scatters light [5]. These

photo-interactions, from above and below the focal plane, impede

correct reconstruction of the super-resolution image.

Total Internal Reflection Microscopy (TIRF) overcomes these

issues by creating an evanescent wave that only illuminates a thin

(,100 nm) optical section at the immersion oil and coverslip

interface omitting out of focus light [20]. The excellent S/N this

achieves makes TIRF the standard method for PALM and

STORM imaging. Unfortunately, TIRF visualisation is not

appropriate for all biological samples due to the limited imaging

depth [20]. This means that structures further away from the

coverslip than 100 nm such as; the cells’ nucleus and organelles

immediately surrounding the nucleus such as the endoplasmic

reticulum, mitochondria and Golgi apparatus, are cannot be

imaged using TIRF based PALM/STORM. Recent research has

tried to overcome this problem by using a TIRF microscope with

double objectives to visualise the actin cytoskeleton at the very top

and the bottom of the cell [21]. Selective plane illumination

microscopy (SPIM) has also been used to generate 3D super-

resolution images [22]. Another alternative is ‘near TIRF’ where a

highly inclined laminated optical light sheet (HILO) is generated

using an intense laser illumination of light, angled through a high

numeric aperture objective [23]. However, HILO only increases

the depth of light penetration into the cell to 500 nm, so cellular

structures which are 2–3 mm inside the cell such as the nucleus,

Golgi apparatus, Endoplasmic reticulum and mitotic spindle still

cannot be visualised.

In widefield microscopy all of a specimen in the optical path of

the microscope is excited by the light source. This means for a

point source there will be in focus light and out of focus light

present at the detector (Figure 1A).It is particularly important to

improve the signal to noise ratio when imaging the nucleus at

super-resolution as it is a dense structure in the centre of the cell

and so a lot of out of focus light is present which degrades the

quality and accuracy of the output image. Spinning disk confocal

microscopy (SD) presents an excellent solution to this as it

functions as a widefield confocal, selectively illuminating one focal

plane with thousands of pinholes and omitting out of focus light

(Figure 1A) [24–26]. The spinning disk speeds up the acquisition

time, compared with a standard raster scanning confocal and

improves the S/N ratio compared with a standard widefield

epifluorescence. Combining the spinning disk together with

super-resolution imaging allows a truly single plane super-

resolution image to be acquired at any z-axis (Figure 1A), which

allows any plane in the full depth of a cell to be imaged [25].

Here we combined the flexibility of an SD microscope with the

simplicity of using PALM/STORM probes to present a novel

methodology using spinning disk microscopy for super-resolution

imaging (SDSI). We further present a comparative study of several

image analysis algorithms available for PALM/STORM to inform

potential users of the advantage different image analysis strategies

provide for the interpretation of their particular datasets.

Results

Spinning disk super-resolution imaging set up
Spinning disk super-resolution imaging (SDSI) was developed to

facilitate the super-resolution imaging of proteins or organelles at

any single location in the cells axial (z) plane across a large field of

view.

Figure 1. Setup of spinning disk stochastic imaging (SDSI)
system and evaluation of imaging capabilities. (A) Schematic
diagram describing how the point spread function is refined in a
selected axial plane by spinning disk confocal microscopy and super-
resolution image processing. (B) Diagram showing the configuration of
the SDSI microscope, abbreviations are as follows. EMCCD=Electron
multiplied Charge Coupled Device camera. FW=Filter wheel. SD= Yo-
kagawa CSUX1 spinning disk, M=mirror. PCF= Piezo coupled focus
feedback unit. OB =Objective. (C) Workflow of the SDSI experiments
used in this paper, Briefly samples are prepared with probes for either
PALM or dSTORM, next samples are imaged and finally SR data is
generated using the SOFI image processing algorithm.
doi:10.1371/journal.pone.0074604.g001

Spinning Disk Super Resolution Microscopy
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To implement SDSI it was necessary to perform the following

modifications to our spinning disk set up (Materials and Methods,

Figure 1B): Environmental vibrations were minimized by remov-

ing all non-essential equipment from the optical table and

incorporating active damping legs to the optical bench

(Figure 1A and Figure S1A–C) and isolating the system from air

currents. This reduced system drift to around 40 nm reasonably

consistently in SDSI experiments (Figure S1C). The accuracy of

super-resolution image assignment is directly correlated to the

number of photons detected and pixel size of the detector [6,19]

(materials and methods). The spinning disk unit (CSU) itself is

moderately light inefficient [26,27] therefore laser power was

increased slightly above levels normally used in routine SD

imaging to maximise sufficient photon counts. We investigated

different detectors for SDSI and identified that an EMCCD

camera with an 70% quantum efficiency and 8 mm pixels was

required, as a minimum, to detect sufficient photons for the super-

resolution image reconstruction on our system using a 1006
1.4NA objective. This is because the number of photons detected

and pixel size of the detector determine the amount of resolution

refinement as explained in the equation given by Thompson et al

[19] (materials and methods). We also found it necessary to use

fluorescent probes with high quantum efficiency for data

reconstruction, and confirmed that TdEos, mEOS, Dronpa,

AlexaFluor555 and AlexaFluor647 performed well in our exper-

iments.

As proof of principle, we performed experiments that visualised

cellular structures smaller than the resolution limit of a standard

confocal microscope. We also examined two different super-

resolution imaging methodologies PALM and STORM to

determine if both of these techniques could be used with SDSI.

Eos Actin was used to generate PALM images of the actin

structure in the lamellipodia of cells (Figure 2A). The Eos Actin

dataset was also used to confirm and optimise the occurrence and

collection of photo-switching events (Figure S2A and B). Antibod-

ies were used to generate STORM images of Connexins

trafficking through the cell (Figure 2B). PALM required cells to

be transfected with a photo-convertible probe that switched

between the off and on state through illumination from two lasers.

To determine if PALM could work with SDSI, HeLa cells were

transfected with tdEos-Actin. Actin was imaged using simulta-

neous imaging of the sample with an activation laser at low power

(405 nm laser, 1–5 mW) and an imaging laser at medium power

(561 nm laser, 10–12.5 mW). Over the course of the experiment

the laser power of both the activation and imaging laser were

modulated to ensure only a sparse population of fluorophores were

present in each frame (Figure 2A and B). dSTORM microscopy

relies on a combination of standard chemical dyes and a bespoke

image buffer that is used to reactivate dyes, which are in the

fluorescent off-state (i.e. not emitting light but not photo-bleached)

(Materials and Methods) [10]. For STORM microscopy the

composition of the imaging buffer was modified to account for the

dye used [18]. To visualise Alexa Fluor 647 labelled Connexin

vesicles cells were again imaged carefully by monitoring the laser

power (640 nm laser, 8–16 mW). Laser power was altered to

ensure a sparse set of fluorophores were present and that photo-

bleaching of the AlexaFluor647 was minimised to ensure sufficient

signal was available for image reconstruction (Figure 2B) [10]. All

SDSI images were processed using the 3rd order SOFI algorithm

implemented in the Localizer software suite [13,14] achieving a

minimum resolution of 80 nm (Figure S3A). Two colour super

resolution imaging was conducted by combining photoswitchable

fluorescent proteins and dyes combining PALM and dSTORM

sample preparation methodologies, by transfecting cells with

Eos-Histone 2B fluorescent proteins (PALM) and LaminA/C

labelled with AlexaFluor647 (dSTORM) (Figure 2C). The

presence of the buffer for dSTORM did not perturb photo-

conversion events for Eos fluorescent proteins (Figure 2C). For

correct image registration of two colour data was correctly 100 nm

gold beads were added to the sample as fiduciary marks and left to

settle onto the glass. The electrostatic charge on the glass was

sufficient to hold the beads in place during imaging. The gold

beads were visible in all imaging channels, we also found that

40 nm gold beads could be used if a higher level of resolution

accuracy was required. Taken together these data show that both

PALM and dSTORM sample preparation methodologies can be

used separately and together to acquire super-resolved data on a

spinning disk microscope.

SDSI image analysis
All super-resolution data reconstruction algorithms require a

certain minimum number of photo-conversion events to correctly

assign structure. Under-sampling of super-resolution data can lead

to artefacts where the structure is not completely assigned. To find

the best image analysis methodology for SDSI comparative studies

between seven different algorithms, (Table S1 and Materials and

Methods) were conducted. Three separate datasets were used: a

simulated dataset of overlapping emitters [17] (Movie S1) this

dataset was chosen to model data from our biological system as it

comprises simulated overlapping emission events. A dataset

generated using recombinant actin filaments visualised using

TIRF (Movie S2) (a kind gift from D.Metcalf, NPL, UK), and Eos-

actin filaments in cells generated by SDSI (Movie S3). Analysis of

the reconstructed simulated data showed the single molecule fitting

algorithms QuickPALM and GLRT could not reconstruct the

simulated dataset, this is because it contained overlapping emitters

(Figure 3A). Of the algorithms that reconstructed the simulated

Figure 2. SDSI super resolution imaging using both PALM and
STORM. (A) Comparison of SD and PALM images (processed by SOFI)
of Eos-Actin, (B) Comparison of SD and d-STORM images of Connexin
43, Secondary Fab fragment antibodies conjugated to AlexaFluor647
were used for dSTORM imaging, SR data was generated using 3rd order
SOFI, in both images bar = 1 mm. (C) Comparison of SD and SDSI
combining PALM and dSTORM imaging of Eos-Histone 2B (PALM) and
Lamin A/C (dSTORM). Secondary Fab fragment antibodies conjugated
to AlexaFluor647 were used for dSTORM imaging. SR data was
generated using 3rd order SOFI. Arrow indicates individual histone
complexes, bar = 2 mm.
doi:10.1371/journal.pone.0074604.g002
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dataset, FasterSTORM and DeconSTORM gave smoothened

results, whereas RainSTORM and SOFI produced results more

representative of the sample data (Figure 3A). We also performed

comparative analysis with a noisy background sample. We found

GLRT, and RainSTORM would on occasion mis-assign the

background as a positive signal (Figure 3B). The spatial fitting for

both TIRF and SR data varied between the algorithms with

QuickPALM and FasterSTORM reported to give the highest

accuracy (Figure 3B) [12,18]. However, visual analysis of both the

TIRF and SDSI images showed that only SOFI and Rain-

STORM reconstructed all of the features in the original image

(Figure 3A). The partial reconstruction of images is likely due to

either overlapping emitters, which the algorithms rejects (Table

S1), or a low number of stochastic emitting events occurring in the

region reconstructed during data collection; collecting more data

could remedy the latter problem. The TIRF dataset did appear to

be slightly better resolved; most likely due to more photo-

conversion events being detected by TIRF than SDSI due to light

inefficiency of the spinning disk or because of increased sensitivity

of the camera on the TIRF system (Figure 3A and Figure S3B).

This may explain why Deconvolution STORM processed TIRF

data well and the SDSI data poorly. FasterSTORM was not able

to process SDSI images (Figure 3A), which may be due to the

optics of spinning disk not being compatible with the signal

processing algorithms of FasterSTORM (Table S1) [18].

In terms of retention of image intensity information: SOFI

performed the best with RainSTORM also producing excellent

data, (Figure 3A and C). QuickPALM, GLRT, FasterSTORM,

Deconvolution STORM images had punctate and broken

appearances in the TIRF and SDSI data. This should not be

the case as actin is filamentous as transmission electron microscopy

studies have shown [28]. There was a considerable variation in

speed of processing, which appeared not to correlate to refinement

in resolution accuracy or retention of intensity information

(Figure 3C). We found that 3B [16] was unable to reconstruct

this size of dataset using a standard lab computer as the algorithm

crashed and so excluded it from the analysis. We anticipate that

with a multicore image processing cluster that the 3B algorithm

would perform admirably. In summary SOFI gave the best

compromise between refinement of spatial resolution of the image,

retention of image intensity information and convincing image

rendering for SDSI data. Therefore for the remainder of studies

the SOFI algorithm, as implemented in Localizer was used for SR

image processing.

Comparative study between SDSI and SIM
To examine the validity of the SDSI methodology a parallel

study was performed using SIM. SIM differs from stochastic SR

methods as the sample is visualised using standard widefield

illumination and a structured light pattern is projected onto the

sample. Superimposing two or more of these patterns on one

another causes an interference pattern (termed moiré pattern),

containing harmonic frequencies not available in standard

microscopy. Data processing is then carried out to generate an

image with resolution of around 120 nm, (Figure S3A) [4,29]. For

both SDSI and SIM imaging specific cellular components of HeLa

cells were labelled with fluorescent probes compatible with PALM

and STORM methodologies. SIM was shown to be advantageous

for visualising structures in 3D as datasets comprising the whole

cell could be collected between 2 and 10 minutes, although

resolution was limited to 120 nm. SDSI could only be used to

visualise structures in a single plane, using currently available

image analysis algorithms, as samples bleached during data

acquisitions of longer than 10,000 frames.

Comparing the single plane SDSI image to the SIM showed a

resolution enhancement of fine structured microtubules in the

mitotic spindle (Figure 4A). Although SIM gave a better 3D

reconstructed image of the mitochondria, SDSI images processed

using the 3rd order SOFI algorithm showed smaller (80 nm)

mitochondria (Figure 4B and C). It was found that Alexa-Fluor

dyes gave sufficiently high quantum yields to be used in correlative

SIM/STORM microscopy experiments as both had high quan-

tum yield and low photo bleaching. Unfortunately, it was more

difficult to carry out correlative PALM/SIM studies due to the

fluorescent proteins not being photo-stable enough to withstand

the intense illumination required for 3D SIM. Eos-FP probes also

performed poorly in SIM studies as they were liable to photo-

convert in the process of imaging, generating artefacts of intensity

in the output image. However, we found that the Dronpa

fluorescent protein performed better than Eos, making it possible

to visualise mitochondria (Figure 4B). The 150 nm resolution of

Dronpa-Mito in SIM studies was substantially worse than the SIM

spindle images generated using Mitotracker-Orange due to the

Dronpa-Mito signal being degraded during SIM image acquisition

(Figure 4C).

SDSI of the nucleus
The nucleus is a challenging structure to visualise using current

super-resolution methodologies as it is above the maximum lateral

height of visualisation of both TIRF (100 nm) and HiLo (500 nm)

(Figure 5A). To compare SDSI with widefield epi-illumination

(WF) super-resolution we visualised HP1a, a marker of hetero-

chromatin in the nucleus using dSTORM sample preparation.

HP1a is present throughout the nucleus and gives punctate

staining which can be seen in 3D (Figure 5B). This caused serious

problems with WF as the photo-interactions of the labelled HP1a
were above and below the plane of focus masked photo-switching

in the focal plane (Figure 5B). This meant the SR image processing

using the SOFI algorithm was unable to enhance the resolution of

WF images or correctly assign structures (Figure 5B). The raw

image acquired using the spinning disk system had little out of

focus light present as the image was confocal (Figure 5B).

Therefore photo-interactions from out of focus light were excluded

and the whole image could be accurately processed by SOFI

(Figure 5B and C). We found WF imaging of actin, on the basal

layer of the cell, gave slightly better data as there are no photo-

interactions from out of focus light from below the focal plane

(Figure S4A and B). However the resolution improvement with

actin was still above the Abbe limit (Figure S4C) whereas SDSI

can give super-resolved actin data (Figure 2A).

To show the flexibility of the technique two coloured SDSI was

used to resolve hetero-chromatin structures in the medial plane of

the nucleus (Figure 5A and D). HP1a and LaminA/C were both

prepared using dSTORM sample preparation methodologies,

with HP1a being labelled with AlexaFluor555 and LaminA/C

with AlexaFluor647, we ensured that the super-resolution sample

buffer was compatible with both fluorophores for dSTORM [10].

The heterochromatin fluorescence appeared more diffuse by SD

microscopy, while SDSI super-resolution image analysis revealed

several small discrete objects ranging from small foci, most likely

less than 100 nm in diameter, to larger agglomerations 600 nm in

diameter (Figure 5D and E). In addition the background

subtraction achieved by SOFI clearly allowed visualisation at

high resolution of structures where heterochromatin was absent,

such as the nucleolus and PML bodies. SOFI reconstruction

revealed regions which appeared as smaller ‘beads’ of heterochro-

matin whereas confocal microscopy showed only large diffuse

staining (Figure 5D and E). Detailed analysis of Lamin A/C also
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showed variations in the width of the nuclear membrane between

100–200 nm, SIM studies confirmed this observation [30].

Multicolour analysis of our data showed that small puncta of

heterochromatin are found immediately adjacent to the nuclear

membrane (Figure 5D, indicated by arrow). This is a significant

improvement on the confocal data which shows that the nuclear

membrane and heterochromatin are localised, which is an

erroneous interpretation of the data. Many scientific studies of

colocalization could benefit from super-resolution imaging as it

provides better information about the precise localization of

proteins and obtains stronger and clearer data about protein-

protein interactions or their absence.

Conclusions
We show that multi-spectral SDSI can collect super-resolution

images with good S/N, resolved in any selected axial plane within

a cell. We compared both PALM and STORM and found that

either these techniques can be used either separately or together

for generation of super-resolution data. We examined seven

different algorithms for processing SD data and found SOFI gave

the best retention of image intensity information and provide the

most accurate data reconstruction, in terms of spatially assigning

all of the emission data found in the original images. This decision

was aided by the user friendly GUI for SOFI in the Localizer suite

of super-resolution algorithms and the fast data processing times

[13]. The speed of processing was important as we intended to use

SDSI for imaging multiple large image datasets in 2–3 colours. As

SOFI only requires 2000 frames of data for accurate assignment of

all of the fluorophore used in this study it would be possible to

expand SDSI in future work to encompass applications such as

high content screening, imaging of multiple epitopes, and live

imaging.

SDSI generated data was comparable to or an improvement on,

the SIM dataset. In summary, the SDSI technique was flexible

enough to analyse a range of cellular structures in a fast and

reliable manner. Our comparative study showed that SIM was

more appropriate for imaging 3D structures, such as the mitotic

spindle as even the fastest super-resolution data collection and

Figure 3. Comparative study of different stochastic super-resolution image processing algorithms. (A) Reconstructed super-resolution
images from: a simulated dataset of 800 frames, a 64664 pixel, 5000 frame dSTORM dataset of actin filaments labelled with AlexaFluor647 visualised
by TIRF microscopy, a 90690 pixel 5000 frame PALM dataset of Hela cells transfected with Eos-Actin. SR images were generated using DeconSTORM,
FasterStorm, QuickPALM, RainSTORM, 3rd order SOFI and GLRT implemented in the Localizer image analysis package respectively. An image of the
raw, unreconstructed, data is shown for comparison. For TIRF and SD this is the average of 8 frames of data, for the simulated data a maximum
intensity projection of the whole dataset is shown. (B) Graphs showing the percentage of mislocalized pixels in datasets reconstructed from a noisy
background image. The noisy background image was generated by acquiring 5000 frames of images of a red fluorescent Perspex slide. Graph
showing the predicted localization precision between all of the investigated algorithms. (C) Chart comparing retention of intensity information,
processing speed, software interface and ease of use of the software of all the algorithms in the comparative study.
doi:10.1371/journal.pone.0074604.g003
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image processing, would still require several hours compared to

10 minutes of SIM imaging. However, PALM/STORM SDSI

could generate higher resolved data than SIM for single plane

imaging dependant on the image processing algorithm used. Both

SIM and PALM/STORM techniques required strong fluoro-

phore labelling and powerful lasers to generate sufficient data for

image analysis, due to the signal degradation during data

collection and processing.

SDSI is a powerful addition to the range of super-resolution

methodologies as it is capable of resolving structures that are

located in the centre of the cell where there is a considerable

amount of light scattering and densely labelled structures. In the

comparative study widefield epi-fluorescence based methodologies

could not achieve this (Figure 5B, Figure S4) and TIRF is not able

to visualise the nucleus. SDSI has the potential of being applied to

visualise multiple epitopes, at high resolution, in the centre of cells

instead of cryosectioning or transmission electron microscopy. The

increased resolution of SDSI allows accurate interpretation of

proteins which are closely connected and are distant neighbours in

a disparate group. It also provides an improved assignment of the

size and composition of protein-protein complexes. We have

shown that multicolour images can be collected and processed in

less than two hours using fast image analysis algorithms. This

technique provides the utility in multi-parametric biological

studies and delivers it to within easy reach of the biomedical

researchers who are not microscopy specialists. Naturally if a

question demanded higher resolution than 80–100 nm further

spatial resolution can be obtained by using other algorithms,

although these would require collecting a larger dataset with more

photo-interactions for accurate image reconstruction making it

impossible to carry out 3D or live imaging studies due to

photobleaching/phototoxicity. RainSTORM gave better localiza-

tion accuracy than SOFI and provided better preservation of

image intensity information, in addition it has a useful toolkit for

registration of multicolour images [11]. However with our

implementation of super-resolution on a spinning disk microscopy

and SOFI image processing it would be possible to expand the

technique to such applications as live cell imaging, high content

screening and 3D imaging. Overall we show that this method

presents an encouraging step forward for the wider application of

super-resolution methodologies for the biological researcher.

Figure 4. Comparison between single channel SDSI super-
resolution imaging and SIM imaging in a medial plane of HeLa
cells. (A) Comparison of SD, SDSI-dSTORM and SIM images of the
mitotic spindle, the spindle was visualised using b-tubulin antibodies.
Secondary Fab fragment antibodies conjugated to AlexaFluor647 were
used for dSTORM imaging. SR data was generated using 3rd order SOFI,
bar = 1 mm. (B) Comparison of SD, SDSI-dSTORM and SIM images of the
mitochondria, the mitochondria were visualised by transfecting cells
using the Dronpa-Mito construct for PALM imaging, SR data was
generated using 3rd order SOFI, bar = 1 mm. (C) Line-scans (indicated in
yellow parenthesis) through the mitotic spindle and mitochondria
comparing SD resolution with SDSI and SIM.
doi:10.1371/journal.pone.0074604.g004

Figure 5. Multispectral super-resolution imaging of the nucle-
us. (A) Point scanned confocal images showing orthogonal axial (x,z)
view of Histone H3 (Red), LaminA/C (Green) and Nuclei (Blue). (B) Wide-
field epifluorescent (WF) and spinning disk (SD) x,y and x,z images.
Yellow line in x,z images indicates the plane shown in the x,y image of
hetero-chromatin in the nucleus visualised using HP1a, bar = 2 mm. (C)
dSTORM images of hetero-chromatin in the nucleus visualised using
HP1a antibodies acquired by widefield epifluorescence (WF) and
spinning disk confocal (SD). SR data from both WF and SD images
was generated using 3rd order SOFI, bar = 1 mm. (D) Comparison of SD
and SDSI images of hetero-chromatin visualised using HP1a antibodies
and the nuclear membrane visualised using LaminA/C antibodies.
Secondary FAb fragment antibodies conjugated to AlexaFluor555 and
647 were used for dSTORM imaging, SR data was generated using 3rd

order SOFI, bar = 1 mm. Lower panel shows high-resolution region
(indicated by orange box in upper panel) of heterochromatin,
bar = 1 mm. (E) Intensity profiles, through regions indicated by yellow
parenthesis in E, comparing SD resolution with SDSI.
doi:10.1371/journal.pone.0074604.g005
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Materials and Methods

Cellular sample preparation and transfection
HeLa cells were grown as described elsewhere [29]. For

transfection, cells were seeded onto glass-bottomed dishes (WPI,

UK) at a density of 26104 cells ml21 and transfected one day after

plating using jetPRIMETM (Polyplus transfection, France) accord-

ing to the manufacturers protocol with either 1 mg Eos-actin, Eos-

H2B or Dronpa-Mito DNA. Cells were incubated for 48 hours

after transfection then fixed in 4% Paraformaldehyde diluted from

a 16% EM grade stock (Agar Scientific, UK). For STORM/SIM

imaging, cells were permeabilized using 0.16 Triton x100 and

incubated with primary antibodies raised against b-Tubulin
(Sigma, UK), Connexin 43 (BD, UK), LaminA/C (Santa Cruz

Biotech, USA), raised against mouse and HP1a (New England

Biolabs, USA) raised against rabbit. For STORM imaging samples

were incubated with anti—mouse Fab fragment AlexaFluor647

secondary antibodies or AlexaFluor 555 anti-rabbit antibodies

(Invitrogen, UK). For SIM imaging anti-mouse Fab fragment

AlexaFluor 594 secondary antibodies were used. For SIM F-actin

was labelled with Alexa-Fluor488 phalloidin (Invitrogen, UK) and

nuclei were labelled using DAPI (Sigma, UK).

Imaging buffer
For SDSI samples were placed in imaging medium consisting of

PBS containing 100 nM 2-mercapto-ethanol, to promote photo-

switching, 10 nm ascorbic acid to reduce reactive oxygen species

which may damage fluorophores [31] and an oxygen scavenging

system [18]. Prior to imaging the medium was degassed by

bubbling through nitrogen for 10 minutes. 100 nm gold beads

were added to the sample as fiduciary marks (BBI Gold, UK).

These are left to settle onto the cells and coverslip for 1 hour prior

to imaging and used for post-hoc drift correction and multispectral

image registration.

Spinning disk super-resolution optical setup
The SDSI system was built on an inverted optical microscope

(Nikon TE2000E), with a Yokagawa Nipkow spinning disk unit

(CSU X1 DSD, Yokagawa Electric Corporation). Four solid state

lasers were used as the excitation source: a 405 nm (100 mW),

488 nm (50 mW), 561 nm (50 mW) and 640 nm (100 mW)

(Coherent Inc. CA. USA), all lasers were collimated, combined

and coupled into an optical fibre (Andor laser combiner, Andor

Technologies, UK). The fluorescence emission was filtered using a

quad dichroic mirror (Semrock, USA). All imaging was carried out

using a 1006 1.4N.A Plan Apochromat VC objective (Nikon,

UK). Images were collected on a xIon885 EMCCD camera

(Andor Technologies, UK).

For SDSI data was acquired using streaming to the camera,

images acquisition rates varied between at 4–6 frames per second.

Data was collected using IQ2 software (Andor Technologies, UK).

Throughout all SDSI experiments laser power was adjusted to

ensure a sparse field of stochastic fluctuations were continuously

visible (Figure S2). For SDSI PALM probes were simultaneously

activated by a 405 nm (0.5–6% power) and imaged and bleached

with either a 488 nm or 561 nm laser (15–30% power). For

STORM imaging, the dSTORM methodology was used as

described elsewhere [10], For dSTORM imaging 8–20% of the

100 mW power of the 647 nm laser was used. Analysis of

fluctuation of intensity of individual actin foci throughout the

experiment showed these imaging conditions could capture of

photo-conversion events (Figure S2A and B).

Super-resolution image analysis, including algorithm
comparison
Data analysis was carried out on a Dell Alienware PC, 12 GB

RAM, Core I5 3.0 GHz quad core processor, 500 GB hard disk.

Prior to analysis images were reconstructed and re-registered using

FiJi (http://fiji.sc/wiki/index.php/Fiji). To optimise the number

of frames for SDSI imaging a 105 frame dataset of 100 nm Tetra

speck beads (Invitrogen, UK) was acquired using a 561 nm laser.

Data was reconstructed using SOFI algorithms using input

datasets of 200, 500, 1000, 2000, 4000, 6000, 8000 and 10,000

frames (Figure S3C). The reconstructed area of the bead was then

measured and was repeated for five separate beads. The data

analysis showed that a minimum of 2000 frames were required for

consistent data reconstruction of the 100 nm beads using SOFI

(Figure S3C). An estimate of the localization error along a single

axis in the x–y imaging plane showed, for our system, the

localization error was 18 nm for single molecule imaging

(Materials and Methods). This is due mainly to the small pixel

size of our camera, as SDSI detects approximately half the number

photo-switching events TIRF does, although individual emission

events can be detected (Figure S2A and B and 3B). Using the actin

test dataset we found 3rd order SOFI was able to obtain a

resolution standard of 80 nm (Figure S3A).For the super-

resolution image analysis comparison three datasets were used:

A simulated dataset, 64664 pixel and 800 images with some

simulated overlapping emission events, taken from Mukamel et al

[17] (Movie S1). A dataset of recombinant actin filaments labelled

with AlexaFluor 647 obtained by TIRF microscopy: 64664 pixels,

5000 frames, which was a kind gift from Dr D. Metcalf, NPL,

London UK (Movie S2). A dataset of tdEos-Actin from transfected

Hela cells obtained by spinning disk microscopy: 90690 pixels

5000 frames (Movie S3). 3B and QuickPALM image analysis was

carried out using the FiJi plugin [12,16]. RainSTORM [11] image

analysis was carried out in Matlab, (www.mathworks.co.uk).

FasterSTORM [18] and DeconSTORM [17] analysis were

carried out according to published instructions. The Localizer

suite of super-resolution image analysis algorithms [13] was used

to conduct SOFI [14] and GLRT [32] image analysis. For the

comparative studies each separate test dataset was processed by all

of the algorithms and the reconstructed images compiled and

measured. A 5000 frame ‘noisy background’ set of images was

acquired by using a red fluorescent Perspex slide on the SDSI

system to determine if the algorithms would incorrectly assign

noise as signal. All data analysis of reconstructed images was

carried out using FiJi (http://fiji.sc/Fiji).

Drift correction
To determine the SDSI system accuracy 100 nm Tetraspeck

fluorescent microspheres (Invitrogen, UK) were dried onto glass

bottomed dishes (WPI, FL, USA). Bead samples were imaged

continuously for 45 minutes and particles tracked using the

Particle Tracker plugin in FiJi (http://fiji.sc/wiki/index.php/

Particle_Tracker) (Figure S1A–C). Lateral image drift was reduced

by placing the system in an environmental enclosure which

maintained a stable temperature. To maximise stability the

environmental chamber surrounding the system was pre-warmed

for 4–6 hours to 32uC prior to imaging for all experiments

(Figure 1A and Figure S1). A lateral drift of around 40 nm is

assumed for all experiments, however the gold beads are tracked

for each experiment and if lateral drift above 40 nm is observed

the experiment is rejected and not processed. Axial drift of the

objective was corrected using a capacitive feedback system (Pi-Foc

721, Physik Instruments, UK).
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Spinning disk system calibration
PSFs were measured from 100 nm Tetraspeck beads, images

were processed by SOFI or QuickPALM and were fitted using the

MetroloJ plugin in ImageJ (http://imagejdocu.tudor.lu/doku.

php?id = plugin:analysis:metroloj:start) (Figure 1C). The localiza-

tion accuracy of our system was determined using the standard

equation for determination of localization error [6,19]
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where, s is the standard deviation of the PSF, a is the pixel size in

the image (taking into account the system magnification), Nm is the

total number of photons measured from molecule m, and bm is the

number of background photons collected in the fitting window

used for molecule m. To determine photon number 5000 frames

of data were acquired of td-Eos Actin. Photon number was

estimated using FiJi and information from the camera suppliers

(http://www.andor.com/learning-academy/count-convert-quantify

ing-data-in-electrons-and-photons). To determine the resolution

achieved by SOFI this dataset was also analysed.

SIM microscopy
3DSIM was performed on a microscope system (OMX version

2; Applied Precision, USA) as described previously [29]. Raw

3DSIM images were processed and reconstructed using algorithms

implemented in SoftWoRx software (Applied Precision, USA)

[4,33,34].

Widefield and spinning disk microscopy
Widefield epi-fluorescent microscopy was carried out by

removing the spinning disk from the optical path in our system.

All other components were identical. For widefield analysis HeLa

cells were processed as described above. F-actin was labelled with

Alexafluor 555-phalloidin. Spinning disk microscopy images were

captured using the same software, laser power, camera gain and

exposure time as for SDSI imaging. The widefield and spinning

disk images presented are the average of 8 frames of data.

Supporting Information

Figure S1 Quantification of axial drift in the super-
resolution system. Drift measurements were obtained from

100 nm Tetraspeck beads (Invitrogen). Imaging conditions were

identical to those used in PALM/STORM data acquisition, where

data are streamed to the camera at a rate of 4–6 frames per

second. Data are pooled from 10 independent tracks, (A) Drift in

the x plane in the SDSI system during a 2000 frame data

acquisition series. (B) Drift in the y plane in the SDSI system

during a 2000 frame data acquisition. (C) Position map showing x,

y drift in the SDSI system during a 2000 frame data acquisition.

(TIF)

Figure S2 The photo conversion properties of Eos-FP
Actin. (A) Images taken from a 5000 frame dataset showing

stochastic photo-conversion of Eos-FP actin vesicles. Frame

number is indicated on bottom left, data are acquired by

streaming at a rate of 4–6 frames per second so total time for

dataset acquisition is 1250 seconds approximately, bar = 5 Am. (B)

Graph indicating the rate of photo conversion of an individual

Eos-Actin vesicle. Imaging conditions were identical to those used

in PALM/dSTORM data acquisition, 250 frames of data

acquired at a rate of 5 frames per second were measured of a

representative sample are shown here.

(TIF)

Figure S3 Resolution improvement using the SD-SI
system. (A) Graphs comparing the resolution of SSIM and

SDSI using an intensity profile of a 100 nm Tetraspeck fluorescent

bead. Fluorescence form the bead was excited using a 488 nm

laser, Intensity profiles of the bead were collected. Left hand graph

shows the OMX SSIM system, right hand side graph compares

raw data from the spinning disk with the resolution enhancement

in SR images generated using 3rd order SOFI. On both graphs

the full width at half maximal intensity are indicated by a line.

Data are pooled from 5 separate beads. (B) Graph comparing the

number of photo-switching events detected by QuickPALM

software in data collected by TIRF and SD. Test datasets of

64664 images of AlexaFluor647 labeled F-actin (TIRF) and

90690 pixel images of tdEos-actin in HeLa cells (SD) were

compared. (C) Bar chart showing average area reconstructed from

SOFI analysis of 100 nm Tetraspeck beads. Datasets of 200, 500,

1000, 2000, 4000, 6000, 8000 and 10000 frames are measured.

Data are pooled from 10 separate beads, error bars show standard

deviation.

(TIF)

Figure S4 (A) Widefield epifluorescent of HeLa cells labeled

with AlexaFlour555 Phalloidin. SR data was generated from a

Widefield image set using 3rd order SOFI. (B) High-resolution

region (indicated by orange box in image (A) of F-actin

bar = 1 Am. (C) Intensity profiles, through regions indicated by

yellow parenthesis in E, comparing WF resolution with the super-

resolution images generated using 3rd order SOFI.

(TIF)

Table S1 Table showing how super-resolution algo-
rithms work and any assumptions the algorithms made
about the nature of the input image data prior to data
processing.

(DOCX)

Movie S1 A simulated multiframe fluorescence micros-
copy data sets in which only a subset of fluorophores
was activated in each frame taken from Mukamel et al
[17].

(AVI)

Movie S2 A 5000 frame dataset of AlexaFluor 647
labelled actin generated using TIRF.

(AVI)

Movie S3 A 5000 frame dataset of HeLa cells transfect-
ed with Eos-Actin generated using SDSI.

(AVI)
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Image artifacts in Single Molecule
Localization Microscopy: why
optimization of sample preparation
protocols matters
Donna R. Whelan & Toby D. M. Bell

School of Chemistry, Monash University, Clayton, Victoria 3800, Australia.

Single molecule localization microscopy (SMLM) techniques allow for sub-diffraction imaging with spatial
resolutions better than 10 nm reported. Much has been discussed relating to different variations of SMLM
and all-inclusive microscopes can now be purchased, removing the need for in-house software or hardware
development. However, little discussion has occurred examining the reliability and quality of the images
being produced, as well as the potential for overlooked preparative artifacts. As a result of the up to an
order-of-magnitude improvement in spatial resolution, substantially more detail is observed, including
changes in distribution and ultrastructure caused by themany steps required to fix, permeabilize, and stain a
sample. Here we systematically investigate many of these steps including different fixatives, fixative
concentration, permeabilization concentration and timing, antibody concentration, and buffering. We
present three well-optimized fixation protocols for staining microtubules, mitochondria and actin in a
mammalian cell line and then discuss various artifacts in relation to images obtained from samples prepared
using the protocols. The potential for such errors to go undetected in SMLM images and the complications
in defining a ‘good’ image using previous parameters applied to confocal microscopy are also discussed.

T
he recent widespread uptake of new super resolution techniques has revolutionized and invigoratedmolecu-
lar and cellular biology. Methods based on the detection and localization of single molecules such as
(f)PALM ((Fluorescence1) Photoactivated localization microscopy2) and (d)STORM ((Direct3) Stochastic

optical reconstruction microscopy4) have achieved the most superior gains in spatial resolution with live cell
measurements reportedly achieving,30 nm spatial resolution5 and fixed cell measurements achieving,10 nm
spatial resolution6. These techniques take advantage of the ability to fit the emission pattern of a single emitting
molecule’s point spread function giving a precise localization coordinate. Whereas conventional widefield or
confocal fluorescence microscopy views all fluorophores in an emissive state at once, localization techniques
achieve temporal separation through one of several (photo)physical or (photo)chemical methods (For a recent
comprehensive review see Klein et al.7).

Extensive protocol and methods papers have been published for PALM, fPALM8, STORM4 and dSTORM9, as
well as 3D STORM6,10, and live cell dSTORM11,12. These papers, however, focus on microscope set up and image
acquisition and processing providing extensive detail on these matters, but typically provide only outlines of
common epifluorescence sample protocols. In an effort to demonstrate the importance of, and stimulate further
discussion regarding, sample preparation in SMLM, we share here, optimized fixation and staining protocols for
single color, 2D SMLM of microtubules (MTs), mitochondria (MC) and actin in COS-7 cells. More importantly,
we detail the optimization process via the systematic investigation of the images produced by varying the fixative
used, fixation time, temperature and concentration, permeabilization time and concentration, use of blocking
buffers and quenching of glutaraldehyde-related autofluorescence. Overall glutaraldehyde is demonstrated to be
the best fixative for structure-preservation, though we also detail highly reproducible paraformaldehyde and
methanol protocols for MT staining. The images rendered by our optimized protocols are comparable in
localization precision and spatial resolution to the very best SMLM images in the literature and surpass many
of those images published of un-optimized samples.

A potentially underappreciated consequence of any gain in resolution is that previously satisfactory protocols
(e.g. for confocal imaging) may be insufficient for SMLM. This is because any artifacts present on a distance scale
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smaller than that previously imaged have not been visible in fluor-
escence imaging, due to the overlapping of point spread functions
and the resultant blur. In the case of SMLM, cellular structure must
be preserved much more accurately because sub-diffraction devia-
tions will be resolved to the same extent as ‘real’ sub-diffraction
detail.
There is not much discussion in the literature about the processes

by which sample preparation should be optimized for SMLM and
even less research has been conducted into the effects of suboptimal
fixation and/or staining on the resulting SMLM image. A handful of
publications have endeavoured to highlight some common artifacts
seen in SMLM images10,13,14, however, those discussed are more often
due to acquisition error. Developing a robust understanding and
appreciation of the causes and appearance of artifacts in SMLM
images is of paramount importance because oftentimes, these arti-
facts will not be easily identified. This is particularly true in SMLM
involving unknown or dispersed target molecules. A stringent degree
of benchmarking is therefore needed to assure that cells imaged using
SMLM truly reflect the biologically native state as closely as possible.
To do this, targets such as microtubules (MTs) and nuclear pore
complexes (NPCs) are ideal as has been demonstrated by extensive
publication of these structures imaged using SMLM10,15,16. In addi-
tion to well-defined sub-diffraction width, MTs show decreased SM
signal in the center of the two-dimensional projection of their
three-dimensional cylindrical structure17 and NPCs possess an
eight-fold symmetry that can be distinctly resolved15. These features
allow for comprehensive and rigorous assessment of the perform-
ance of the experiment including preservation of the cells.
Therefore, along with our discussion of optimized protocols for

SMLM, images of sub-optimally prepared samples are discussed in
relation to our understanding of super-resolution image artifacts as
well as the underlying chemistry of fixation. Particular attention is
paid to artifact structures observed only in the super-resolution
images and not in the epifluorescence images. We draw attention
to the inherent artifactual nature of fixed samples as recently high-
lighted18 and demonstrate the importance of widespread and
enhanced understanding of the limitations of SMLM.

Results and Discussion
Optimized Protocols for Paraformaldehyde, Glutaraldehyde and
Methanol Fixation. The main outcome of the research presented
here is the optimization of several protocols using common fixatives
for SMLM. Moreover, the crucial steps in the fixation process are
pinpointed and discussed in relation to corresponding SMLM
images containing artifacts. For all of these fixation protocols to
progress well the chambered coverglass must be removed from the
incubator and placed immediately on a pre-warmed 37uC surface
with the fixation steps proceeding without delay.

Paraformaldehyde (PFA) fixation. The majority of the culture
medium is aspirated using a glass pipette placed carefully into a
corner of each chamber. Simultaneously, 500 ml of 37uC 3.7% PFA
is added down the side of the chamber using a second glass pipette.
This PFA should be freshly prepared from frozen 10% PFA (filtered
after thawing and adjusted to pH 7.4) by adding 2X Phosphate
buffered saline (PBS) and then the equivalent milli-Q water to
make an isotonic solution. This is again pH adjusted using 1 M
KOH or HCl to achieve a pH of 7.4.
The 3.7% PFA solution is then left on the cells for 12 minutes with

occasional gentle agitation before aspiration using a glass pipette,
again positioned in the same corner of each chamber to minimize
perturbation damage. 500 ml of PBS is added concurrent to the
removal of the fixative solution. This PBS wash is aspirated after
approximately 30 seconds and replaced with fresh PBS that is
removed after another 60 seconds. Threemore PBSwashes are admi-
nistered lasting approximately 5, 10 and 15 minutes each. To per-

meabilize the cells Triton X-100 in isotonic PBS at concentrations
ranging from 0.1–1% for 10 minutes is used. Following permeabili-
zation, cells are again washed in PBS, once for 30 seconds and then
twice for 5 minutes.
Blocking can be achieved using bovine serum albumin (BSA) in

PBS at concentrations between 1 and 10%. Immunostaining is then
done in BSA/PBS at the same concentration as the blocking step with
the antibodies used at dilutions ranging 15100–152000 primary anti-
body and 15200–154000 secondary antibody depending on the anti-
bodies themselves. Three washes of five minutes in PBS follow each
staining step.

Gluteraldehyde (GA) fixation. For glutaraldehyde fixation, a
previously optimized protocol used for electron microscopy (EM)
and SMLM experiments that yielded excellent preservation of the
cytoskeletal network6,19,20 was slightly modified. Unlike published
SMLM methods using PFA or methanol, which are generally
identical to the protocols used for confocal samples, this particular
GAprotocol was specificallymodified for ultrastructure preservation
and SMLM measurements and therefore required minimal
adjustments. Instead it afforded us the opportunity to investigate
what changes to SMLM images resulted from slight deviations
from the established, well-developed protocol.
For GA fixation, the culture medium is aspirated and a primary

fixative of 0.4% glutaraldehyde and 0.25% Triton X100 in PBS is
added simultaneously as detailed in the PFA fixation protocol.
After 90 seconds this primary fixative solution is removed, the cells
are washed once quickly with 37uC PBS, and a second solution of 3%
GA in PBS applied. This solution is removed after 15 minutes. Both
the 0.4% and 3% glutaraldehyde are made from frozen 10% glutar-
aldehyde stock, 2X cytoskeleton stabilizing buffer (CSB)21 (1 M
NaCl, 100 mM PIPES, 30 mM MgCl2, 10 mM EGTA, and 10 mM
sucrose) and Milli-Q water to form an isotonic solution, pH 6.2.
The cells are washed following fixation as in the PFA protocol

prior to addition of a reductant to quench auto-fluorescence from
remaining free aldehyde groups. The 500 ml aliquots of reductant are
either NaBH4 (0.1–1% w/v) or glycine (0.3 M) in PBS solution and
are left for 15 minutes. Cells are then washed extensively with two
quick washes (30, 60 seconds) and then three longer washes (5, 10
and 15 minutes). Blocking and staining steps are carried out as out-
lined in the PFA protocol.

Methanol(MeOH) fixation.One hour prior to fixation, the medium
of cells for methanol fixation is replaced with pre-warmed medium
that does not contain FBS. Cells are then returned to the incubator.
After one hour themedium is aspirated and the cells are washed once
quickly with PBS (37uC). The PBS is then aspirated and 500 ml of
220uCmethanol is added to each well. The cells are left in a freezer at
220uC for five minutes and then the methanol is removed and the
cells washed with PBS as detailed in the PFA protocol. Cells are then
blocked and stained as outlined in the PFA protocol.

Development of well optimized protocols yield exemplary SMLM
images of microtubules, mitochondria and actin. In the develop-
ment of the optimized protocols we focussed primarily on
microtubules (MTs) and mitochondria (MC) because they have
very well defined structures. MTs are polymeric and expected to
measure approximately 60–65 nm in width when immunostained
and imaged with a localization precision of,10 nm22. The structure
ofMCnetworks is also well documented using SMLMmethods10 and
by targeting the Tom20 protein in the import receptor on the outer
membrane we expect to see 40–50 nm clustering as previously
detected using STimulated Emission Depletion (STED)23. By
knowing the structure of our targets prior to SMLM dSTORM
measurements we were able to more readily identify deviation
from the biologically native state in response to changes in fixation
and staining protocols.

www.nature.com/scientificreports
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As such, the three optimized protocols detailed above are a result
of careful, systematic consideration of many of the different facets
and steps of sample preparation and were initially developed specif-
ically for MT fixation. Conclusively, all three fixatives—para-
formaldehyde (PFA), glutaraldehyde (GA) and methanol—when
used in accordance with the protocols outlined, give exemplary
SMLM images of MTs (Figure 1). The PFA fixation protocol also
worked well for MC networks but actin microstructure was lost;
conversely the GA fixation protocol worked well for actin but MC
appeared susceptible to shrinkage as has been observed before24.
Overall, methanol gave unsatisfactory results for both MC and actin
stains as expected based on previous literature and the precipitory
action of methanol on the MC membrane25–27.
Figure 1 shows these results with highly magnified sections of

reconstructed dSTORM images of COS-7 cells stained to show
MTs, the MCmembrane, and actin. These images are representative
of images taken of cells routinely fixed following the detailed proto-
cols. The top row (a–c) are images of cells fixed using the optimized
PFA protocol, the middle row (d–f) depicts cells fixed using the GA
protocol, and the bottom row (g–i) shows cells fixed using the meth-
anol protocol. The PFA and GA protocols used to obtain the images

in Figure 1c and 1f included a pre-extraction step (Full protocol
parameters can be accessed in SI Methods 1).
The images of PFA and GA fixed cells stained for all three target

proteins (Figure 1a–f) show sub-diffraction structural detail whereas
the methanol protocol yields very poor images of mitochondria and
actin (Figure 1g–h) whilemaintaining goodMT structure (Figure 1i).
As each image is of a 23 2 mmarea, the sub-diffraction detail present
in these images can immediately and clearly be observed. In the case
of the Tom20 stains (1a and 1d), the boundaries of the MC are more
clearly delineated in the PFA fixed cell than in the GA fixed cell and
similarly, a lower level of background/non-specific stain is observed
when PFA is used. The previously reported23 clustering of the import
receptor unit on the outer MCmembrane is also visible. This cluster-
ing is clear evidence of the successful application of SMLM to elu-
cidate sub-diffraction structure as epifluorescence images of
identically prepared Tom20 stained cells yield highly homogeneous
membrane visualization with no evidence of the underlying
clustering.
The successful actin stains (Fig 1b and e) were somewhat more

difficult to obtain and cytoskeleton-stabilizing buffers (CSBs) were
found to make a significant difference to the preservation of the

Figure 1 | Optimized protocols using paraformaldehyde, glutaraldehyde and methanol preserve ultrastructure for SMLM imaging of mitochondria,
actin andmicrotubules. (A–C) COS-7 cells fixed using the optimized 3.7% paraformaldehyde protocol and stained using Alexa Fluor 647 in conjunction

with (A) anti-Tom20, a protein component of the import receptor on the outermembrane ofmitochondria, (B) phalloidin which strongly associates with

filamentous actin, and (C) anti-a/b-tubulin, the unit protein that polymerizes into microtubules. (D–F) Similarly stained mitochondria (D), actin (E)

and microtubules (F) in cells fixed using the optimized 3% glutaraldehyde protocol. (G–I) Similarly stained mitochondria (G), actin (H) and

microtubules (I) in cells fixed using the optimized220uCmethanol protocol. All images show sub-diffraction structure with the exception of G–H that

show substantial damage. Scale bar: 1 mm.

www.nature.com/scientificreports
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structure during GA fixation and have accordingly been used
throughout. Any perturbation to the architecture of the actin was
found to significantly impact the SMLM images. This is because the
distribution of actin within cells is far denser, sometimes taking up to
20% of the protein mass in muscle cells and having less defined and
more complicated ultrastructure compared to the MT or MC net-
work28. Singular microfilaments of actin are only 4–6 nm in dia-
meter, with intermediate filaments ,10 nm wide29. Larger
bundles, known as stress fibres consist of tens of microfilaments
and can measure up to 300 nm wide30 with filaments of various
widths often distributed ,10 nm from neighbouring filaments31.
In epifluorescence and confocal imaging only the large stress fibres
can be imaged and identified over the homogeneous signal of actin
throughout the rest of the cell. Using the optimized PFA protocol
(Fig 1b) we were unable to identify structural features beyond this,
although the stress fibres themselves were resolved with much
enhanced acuity demonstrating cross sections regularly smaller than
those limited by diffraction (50–70 nm).
Using GA (Fig 1e) much of the substructure could be observed

with fibres detected at less than 25 nm wide and resolved well from
microfilaments less than 30 nm away. In both cases, the average
localization precision of the Alexa Fluor conjugated F(ab’)2 frag-
ments was calculated to be approximately 13 nm and so the lack of
clear structure in Fig 1b is strong evidence that the limitation to
spatial resolution is not the measurement or equipment but rather
the sample itself.
Under optimized conditions all three fixatives could produce very

high quality MT images (Fig 1c,f,i) with good cross section widths
(,60 nm in all three examples) and very little background/non-
specific stain. This low background stain was achieved by adding a
pre-extraction step for both the PFA and GA fixations that removed
the cytosol (SI Methods 1), and with it, many of the potential sites for
non-specific attachment. It should also be noted that for good con-
tinuous structures in the methanol fixed cells, a four-fold increase in
antibody concentration was necessary as well as the previously men-

tioned careful modulation of the temperature of the fixative. It is
important to appreciate that conventional background fluorescence
does not manifest directly in a reconstructed SMLM image because
only single, bright fluorophore PSFs are fitted to Gaussians and
localized using rapidSTORM. Instead, any background fluorescence
that is present as homogeneous signal, lowers the localization pre-
cision of themeasurement and can thenworsen the spatial resolution
of the resulting image (See SI Figure 1). It is fair to assume then that
any localized molecule in these images is an Alexa Fluor and the
question becomes whether the fluorophore is specific to the target
molecule or not.

Sub-optimal initial application of the fixative to cells causes sub-
diffraction artifacts. Following optimization of the protocols, we
investigated the many artifacts observed in SMLM images of sub-
optimally fixed MTs and MC. Worth mentioning but without need
for extensive discussion, we observed that temperature, fixative
concentration, fixation time, the use of blocking buffers, and the
importance of quenching after glutaraldehyde fixation, were all
parameters that need to be optimized for each new cell type and
target protein. These parameters have previously been discussed in
the literature extensively14,18,32 and artifacts associated with them
were often observed in both the epifluorescence and SMLM images.
Interestingly, the steps within our optimized protocols and,

indeed, in all trialled protocols, that were observed to produce the
most sub-diffraction scale damage were those involved in the initial
application of the fixative. This included both the type of fixative used
and the technique with which it was introduced into the cells.
Examples of the regularly observed sub-diffraction artifacts that
resulted are shown in Figure 2. Contrary to widespread practice,
we observed best structure preservation when no initial washing step
was conducted for the PFA and GA fixations. Application of PBS
even at 37uC for 60 seconds caused changes in the clustering distri-
bution on the MC membrane and introduced short unstained/
damaged tracts on the MTs like those shown in Fig 2e. Similarly,

Figure 2 | SMLM microtubule images of sub-optimally fixed cells reveal sub-diffraction artifacts not observable in epifluorescence images.
(A–C) Epifluorescence images of COS-7 cells stained for tubulin using Alexa Fluor 647 after fixationwith PFA (A) for a shorter period than optimal, (B) at

a lower concentration than optimal, and (C) for a longer period than optimal These images are not readily identified as having fixation artifacts.

(D–F) Corresponding SMLM images of sub-areas fromA–C show clear sub-diffraction scale damage to themicrotubule architecture with some areas well

preserved and continuously stained in D–E (white arrows) and other long stretches of filament missing or damaged beyond antibody-epitope

recognition. Scale bars A–C: 5 mm, D: 1 mm, E–F: 500 nm.

www.nature.com/scientificreports
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any degree of dehydration prior to fixation caused similar artifacts to
arise and because of the chamber walls, our samples were particularly
susceptible to this if care was not taken. For these reasons we have
specified that culture medium be removed from one side of the
chamber while 37uC PFA or GA fixative is added simultaneously
down the opposite chamber wall. This appears to increase the
amount of non-specific aggregated stain on the coverglass outside
of the cells but allows very good preservation of the MT, MC and
actin substructure.
Often extra-cellular protein was observed to precipitate onto the

glass or cells duringmethanol fixation and was not easily removed by
extensive washing following fixation For this reason we developed a
protocol via which FBS was removed from the cell culture envir-
onment prior to fixing and then a single warm wash was applied.
It is possible that some of the artifacts seemingly omnipresent in our
methanol fixed cells and discussed below are due to the inclusion of
these extra steps although precipitating fixatives have previously
been identified as causing a significant loss of overall cellular
structure27.

Temperature, blocking buffer, quenching, washing and tonicity
all affect SMLM images. In the case of the temperature of the applied
fixative, the literature values vary from220uC to room temperature
for methanol33, and from 4uC to 45uC for cross linking fixatives34–36,
depending on the target. Clearly optimization of fixation tempera-
ture was required and various temperatures were tested and incorrect
temperatures observed often to result in artifacts like those depicted
in Figure 2. However for MT, MC and actin, 37uC PFA or GA, and
220uCmethanol were found reproducibly to yield the best structural
preservation. Similarly, the concentrations of fixative and perme-
abilizer listed in the protocols yielded the best SMLM images when
compared with other tested concentrations.
We developed washing steps that increased in duration because

this was observed to aid in the removal of the majority of the con-
taminant in the first 2–3 steps and then any remaining strongly-
bound contaminant was removed over the final 10–15 minute
washes. The tonicity of the solutions used was also found to be very
important in preserving sub-diffraction structure, and slightly hyper-
or hypotonic solutions resulted in significant changes to the MT
architecture and MC size. This was particularly true if the solutions
used prior to, or during the fixation and permeabilization steps were
not isotonic. This is why we have stressed the use of 2X PBS and CSB
to calculate isotonic solutions throughout.
As reported previously14 blocking buffers were used to lower the

degree of antibody binding to non-target proteins. However, the
antibodies usedwere found to have very high specificity for our target
proteins with there being only small decreases in non-specific bind-
ing upon use of a 2–10% blocking buffer. This slight decrease in non-
specific dye localizations was only observed when all subsequent
steps including antibody incubations and washes were also con-
ducted in the same concentration of BSA blocking buffer. Finally,
quenching of samples with either NaBH4 or glycine following GA
fixation6 was observed to drastically increase the signal to noise of
single Alexa Fluor 647 dyes thus improving overall localization pre-
cision. Overall various concentrations of permeabilizing agent
(Triton X-100, 0.1–1%), blocking buffer (BSA, 2–10%) and quencher
(NaBH4, 0.1–1%) were all observed to produce acceptable images
with only slight changes in quality and structure. Finally, in optim-
ization of the fixation protocols it was observed that the use of cytos-
keleton stabilizing buffers aided in preservation of bothMT and actin
architecture but did not affect the images of MCs when used in
conjunction with GA.

Over or under exposure of cells to fixative chemicals cause sub-
diffraction artifacts. Fixative concentration and incubation time
were found to be key to preserving sub-diffraction structure.
Figure 2 depicts epifluorescence and super-resolution images of

MTs in cells that were fixed in GA for less time than optimal
(Fig 2a and d), at a lower concentration than optimal (Fig 2b and
e), and for longer than optimal (Fig 2c and f) (Full protocols in SI
Methods 2). These types of sub-diffraction artifacts were also
routinely encountered when different temperatures or pre-fixation
washing steps were used. Moreover, the severity of these artifacts was
found to vary depending on several parameters. As such they were
often seen and represent any number of biochemical changes to the
MTs themselves.
Importantly, the epifluorescence images (Fig 2a–c) are not imme-

diately recognisable as having fixation artifacts and would often be
considered fit for publication, especially at low levels of magnifica-
tion such as in images of multiple cells. For comparison epifluores-
cence images of cells fixed according to the optimized protocols are
provided (SI Figure 1a and e) and show similar structures to those in
Figure 2a–c. Conversely the damage to the MT structure is readily
identifiable in the corresponding super-resolution images (bottom,
2d–f). Figure 2a–b, d–e depict cells that we hypothesize have not been
fixed sufficiently so that the MTs themselves have not been immo-
bilized sufficiently and stabilized in place to avoid damage from
subsequent steps. This under-fixation occurs when the biochemical
changes necessary for successful fixation are not completed to the
required degree prior to removal of the fixative solution. Some areas
of the MT architecture are well preserved with continuous, well-
stained MTs observed over .500 nm (Fig 2d, white arrow) while
in other areas, filaments seems to have either been removed or the
epitopes damaged over similar length scales (Fig 2d red arrow).
Lower concentrations of fixative or less time for incubation were
seen to exacerbate this problem as shown in Fig 2e in which long
continuous well-stainedMTs (white arrow) are observable with gaps
in which blur indicates some disruption to the structure or possible
movement during image acquisition (red arrow). Even lower con-
centrations/shorter incubation times were observed to result in large
areas of cells being removed during subsequent washing steps.
Conversely, over-fixing occurred when the primary directive of

fixation—to secure the native biological structure in place—was
achieved but then further chemical modifications were made. In this
case it appears that the MTs have been damaged by the GA in some
places but not others. More extensive over-fixation (either by leaving
the fixative on longer or at a higher concentration) was observed to
erode MT structure completely and, in extreme cases, destroy entire
cells. These images clearly demonstrate that the first few minutes of
any fixation protocol are the most important in preserving sub-dif-
fraction structure.

Without optimization established protocols often result in arti-
factual SMLM images. Figure 3 further investigates sub-diffraction
artifacts by directly comparing four common protocols used for
preparing cells for MT staining and confocal imaging (Full pro-
tocols in SI Methods 3). Figure 3a shows a cell fixed using metha-
nol kept at220uC throughout the fixation. Some epitope damage is
observed since there are discontinuous filaments present, (white
arrow) despite the use of increased antibody concentration for
methanol fixed stains. Minimal background/nonspecific stain is
observed without the use of pre-extraction or blocking steps.
Figure 3b shows a cell fixed in methanol at 220uC but allowed to
sit in ambient conditions for the 20 minutes of fixation, thus raising
the temperature of the methanol. There is some indication of non-
native curvature in these MTs (blue arrow) as well as structure and
clustering in the non-specific dyes localized near the filaments (red
arrow). This clustering of the non-specific stain is not observed
under any of the other trialled or optimized fixation methods.
Figure 3c shows MTs fixed using room temperature, 4% PFA:
while MT filaments can be observed in this image and the average
cross section of these single MTs is comparable with optimized
protocols (,60–65 nm), the image suffers from some discon-
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tinuousness in the MT structures as well as increased background/
non-specific stain. Finally, Figure 3d showsMTs in a cell fixed using a
pre-extraction step and 3% GA in CSB, demonstrating well-
conserved architecture and a low level of background/non-specific
stain. While methanol is an often-used fixative for MT structure
preservation, these results show that GA is preferable and invite
further investigation into the biochemical causes for the differences
between methanol and GA fixed cells. They are also an excellent
illustration of a previously sufficient protocol yielding unexpected
artifacts at a sub-diffraction level.

Both antibody concentration and permeabilization techniques
affect the distribution of fluorophores within the sample. Like
the MTs in Fig 1i, Fig 4a shows a cell fixed in 220uC methanol. In
this cell almost no non-specific stain is detected despite a high
antibody concentration used. Similarly, cells pre-extracted with
0.3% Triton X-100 in growth medium have a very low amount of
non-specific stain (Fig 4b) (SI Methods 4). Permeabilization of the
cells in a pre-fixation step with a low concentration of GA (0.3%with
0.3% Triton X-100) was observed to leave some cytosolic non-
specific stain (Fig 4c) while permeabilizing after fixation (2% GA,
followed by 0.3% Triton X-100) yielded the highest amount of non-
specific localizations (Fig 4d). In all images the MTs themselves have
been stained well with continuous filaments intact and yielding
average cross-sections of 55–65 nm. These observations led us to
hypothesize that the localized fluorophores not associated with
polymeric tubulin were associated with cytosolic dimeric tubulin
and were not non-specific in the traditional sense. If they were

truly non-specific we would expect to see non-polymeric
localizations even with the cytosol removed.
Images supporting this hypothesis are shown in Figure 5 which

depicts changes observed in response to different antibody concen-
trations applied to MTs. As mentioned above, homogeneous back-
ground fluorescence does not result in localizations therefore this
represents only the Alexa Fluor dyes. These cells were all fixed
according to the optimized GA protocol and then stained over the
dilution range of 1550 to 152000 primary and secondary antibodies.
In all cases the antibody solutions were administered in 200 ml ali-
quots with a primary incubation time of three hours and a secondary
incubation time of one hour. Figure 5a shows heavily overstained
MTs with an increased average MT width (91 nm) as well as a very
high level of background/non-specific stain. A magnitude less anti-
body results in the MTs depicted in Fig 5b. These MTs have average
widths of 58 nm and a significantly lowered amount of non-specific
stain and depict the optimal staining density for SMLM. An image of
stained MTs resulting from further dilution of the antibodies is
shown in Fig 5c depicting an even lower number of non-specific
localizations but also suffering from very discontinuous MT fila-
ments. A control stain in which the primary antibody was not used
showed almost no localizations demonstrating that the non-specific
stain observed in Fig 5 is not simply non-specific secondary antibody.
This suggests that these are not ‘traditional’ non-specific fluorophore
attachment but are something specific, most likely dimeric tubulin.
Previous SMLM publications featuring MTs have not identified the
non-polymeric localizations seen in their published images as
dimeric tubulin. Nor has it been discussed that by pre- or simulta-

Figure 3 | SMLM images of microtubules prepared using standard protocols but with careful initial preparation and application of the fixative
solutions show some sub-diffraction artifacts but preserve much of the filamentous architecture. (A–D) COS-7 cells stained for tubulin using Alexa

Fluor 647 after fixation with (A) -20uCmethanol following a PBSwash, (B)220uCmethanol allowed to equilibrate to room temperature during fixation,

(C) room temperature 4% paraformaldehyde, and (D) 3% glutaraldehyde following pre-extraction using 0.3% Triton X-100. White arrows indicate

discontinuousness of filaments, blue arrows indicate abnormal curvature of the filaments, red arrows indicate structured but non-filamentous

localizations. Scale bar: 1 mm.
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neously extracting the cytosol from cells the resulting images appear
‘cleaner’ with less non-filamentous localizations and that this effect is
achieved with significant alteration of the biology of the sample, i.e.
by removing the cytosol and with it, many ‘real’ tubulin localizations.
Diffraction limited confocal or epifluorescence images of MTs in a
cell would also detect the dimeric tubulin but as a low-intensity
homogeneous background that is easily considered noise below the
signal of the MTs themselves.

Varying fixative and antibody concentration alters the apparent
clustering of Tom20 on the mitochondrial membrane. Our

observations of significant changes in fluorophore distribution and
apparent structure in response to permeabilization and antibody
dilution prompted us to investigate the impact that similar changes
in preparation would have on MC structure. As in Figure 1, the
mitochondrial membrane import receptor was imaged by staining
the Tom20 subunit after fixation with various protocols. In Figure 6
the first column shows cells fixed using the optimized PFA protocol,
the second column shows cells fixed using a mixed PFA/GA (3%/
0.5%) (SI Methods 6) protocol, and the right column shows cells
fixed according to the optimized GA protocol. The three rows
show cells stained with a relatively high concentration of primary

Figure 4 | The timing of permeabilization of cells significantly affects the distribution of fluorophores within the cell, resulting in differences
in the ‘cleanliness’ of the image as well as the degree to which the image is representative of the biologically native structure and distribution.
(A–D) COS-7 cells stained for tubulin using Alexa Fluor 647 after (A) fixation with 220uC methanol, (B) pre-extraction with 0.3% Triton X-100 in

HEPES buffer before 3% glutaraldehyde fixation, (C) simultaneous permeabilization and fixation (0.3% glutaraldehyde with 0.3% Triton X-100), and

(D) fixation with 3% glutaraldehyde prior to permeabilization with 0.3% Triton X-100. Scale bar: 1 mm.

Figure 5 | Varying antibody concentration affects apparentmicrotubule width, non-filamentous stain, and filament continuity—all of which can affect
spatial resolution. (A–C) COS-7 cells fixed using the optimized glutaraldehyde protocol and then stained for tubulin using mouse anti-b-tubulin and

Alexa Fluor 647 conjugated rabbit-anti-mouse. (A) Both primary and secondary antibodies were diluted 1550, (B) 15500, and (C) 152000. Scale bar:
1 mm.
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and secondary antibody (1550, Top, Fig 6a–c), a mid-range con-
centration of antibody (15500, Fig 6d–f), and a low concentration
of antibody (152000, Fig 6g–i). Cells in the top andmiddle rows have
not been quenched or blocked whereas those depicted in the bottom
row (6g–i) were quenched using 1% NaBH4 and blocked in 3% BSA.
Differences in clustering size and distribution are immediately
apparent across antibody concentrations as well as fixatives;
indeed, upon visual examination differences in all nine protocols
can be seen. This is further demonstrated with basic cluster
analysis which was performed by scanning the dSTORM images
for clustered fluorophores forming features larger than 2 3 2
10 nm pixels (400 nm2) and smaller than 30 3 30 10 nm pixels
(90,000 nm2) and then measuring the size of these clusters.
Extensive preprocessing of the data was not necessary, nor was the
definition of regions of interest, in order to acquire reasonable
estimates of average cluster size. This was found to range from
2020–4330 nm2 corresponding to a range of average diameters
(assuming circular arrangements) from 51–74 nm across all
fixation and immunostaining conditions tested. The PFA/GA fixed
preparation with 15500 dilution of antibodies showing the smallest
clusters (Figure 6e) and the 3.7% PFA fixation with 1550 dilution of
antibodies showing the largest clusters (Figure 6a) (Results
summarized SI Table 1). In some cases, this analysis returned

clusters larger than previous work which estimated them to be 30–
40 nm in diameter. This is a consequence of both the enlargement of
the Tom20 clusters by antibodies and fluorophores and the
simplicity of the analysis performed. It should not be taken as truly
quantitative due to the minimal preprocessing, however the large
overall variation in mean size is in good agreement with visual
examination of the images and confirms the role of fixation
artifacts in the final images. In Figure 6 it can be seen that PFA
fixation gives clear clustering at all three antibody concentrations
but cluster size decreases as antibody concentration decreases. The
mixed PFA/GA fixation yields what appears to be a lower degree of
clustering with a more homogeneous distribution of localized dyes
irrespective of antibody concentration. GA fixation shows a different
pattern of clustering once more as well as some indication of
shrinkage of the overall MC structure. This demonstration that
slight changes in sample preparation—all of which yielded
essentially visually identical epifluorescence images—can alter the
sub-diffraction distributions and structures in relation to the
known native state23 is extremely important because in many cases
the sub-diffraction structure is unknown prior to SMLM. In the case
of the Tom20 subunit of the import receptor, previous work using a
PFA-based protocol similar to that depicted in Fig. 6d) has detected
and quantified this clustering23. Without the reference point of this

Figure 6 | Varying fixative and antibody concentration affects the apparent clustering distribution of import receptors on the mitochondrial
membrane. (A–I) COS-7 cells stained using Alexa Fluor 647 primary/secondary antibodies against the Tom20 protein subunit of the import receptor on

the outer mitochondria membrane. Cells were stained with a high (A–C, 1550), mid-range (D–F, 15500) or low (G–I, 152000) concentration of primary

and secondary antibodies. Cells were fixed using the optimized paraformaldehyde protocol (A, D, G), a mixed 3% paraformaldehyde, 0.5%

glutaraldehyde protocol (B, E, H) or the optimized glutaraldehyde protocol (C, F, I). Scale bar: 1 mm.
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previously conducted work it would be more difficult to substantiate
any claim that one protocol wasmore biologically accurate compared
to the others. The fact that nine different levels of clustering were
observed from nine variations of the protocol once again stresses the
importance of determining which resembles the true biological
native state most closely and to identify the causes of any artifacts.

General implications for SMLM.By focussing on fixation and stain-
ing protocols for SMLM we have gained significant appreciation for
the importance of speed, hydration and minimal perturbation,
particularly in the first steps of fixation, as well as for the necessity
of adequate protocol optimization. The importance of carefullymade
solutions with correct tonicity and concentrations of fixative are also
demonstrated. Significantly, all of the SMLM images we have shown
here have been of structured targets with well-understood architec-
ture due to extensive previous fluorescence and EM work. In
contrast, much of the current and ongoing research using SMLM
requires imaging of unknown structures and distributions of
biomolecules that have not previously been extensively studied.
For such research, the protocols established here are presented as a
starting point, in particular the fully optimized double GA and 3.7%
PFA protocols, which were found to present good images of all three
targets. Following fixation with new or modified protocols, cells
should be co-stained to investigate the sub-diffraction preservation
of known structures (MTs, MCs, actin, etc.) as this will provide
insight into the overall structural preservation of the cell. It is
unavoidable that significant work will be required to optimize
fixation protocols for new experiments in such a way that the
structures and distributions of interest are maintained. However,
both efficiency and robustness are maximised by starting with an
established protocol and known structures and proceeding to probe
in a systematic fashion, the impact of changing the main variables
(fixative and fixative concentration, permeabilizer and permeabilizer
concentration) on the SMLM images of both known and unknown
molecule distributions. Extensive further work is necessary to
establish the complicated biochemical effects of fixation on cells
and will allow better predictions of fixation damage and artifacts.
Live-cell SMLMwill also undoubtedly assist in detecting, identifying
and minimizing fixation artifacts but at present remains very
challenging.
Here, by considering well-known structures, we have been readily

able to identify unexpected localizations within the images simply
with direct observation. In the case of the MTs, breaks in the fila-
ments were observed as well as non-native curvature after methanol
fixation, and dyes that were non-specific for the MT filaments but
most likely legitimate localizations of dimeric tubulin. In the case of
MC, various clustering distributions were seen across different anti-
body concentrations and fixation protocols and without a known
clustering behaviour23, no single result would be identifiable as cor-
rect. This demonstrates that careful consideration is required for
interpretation of all SMLM images and in SMLM studies of distribu-
tions of single proteins in the cell, or of co-localization, a significant
amount of benchmarking and protocol development is necessary
before the images can be reasonably believed to be a reliable depiction
of the native state of the sample. It is also worth noting that while
direct observation was sufficient to detect differences in the samples
presented here, future development of analytical tools for objective,
quantitative appraisal of SMLM images will be crucial for the success
of many potential applications.
The identification of fluorophores, such as those attached to

dimeric tubulin, which would usually be thresholded out as noise
also highlights a key difference between confocal and SMLM images.
Specifically, SMLM images are not a true optical rendering rather a
coordinate map of single molecule localizations; a distinction which
must be continually appreciated when evaluating and interpreting
SMLM ‘images’.Moreover, the parameters previously used to judge a

confocal fluorescence image—namely the level of signal-to-noise,
background, and non-specific stain—do not readily apply to
SMLM images and thus judging an image ‘good’ is complicated.
Another interesting point that became apparent during ourmeasure-
ments is that even working with well-known structures, such as MC
and MTs, the SMLM images that resemble the expected images, as
well as those with highest signal or the lowest level of background
stain, are not necessarily the most biologically relevant.
Ample literature exists detailing the various SMLM configura-

tions4,6,9,37–44 as well as the commercial systems available. Con-
versely, sample fixation and immunostaining for SMLMhas not been
well discussed with sample preparation methodologies often pub-
lished without enough information to be reproduced and with no
explanation of optimization or potential artifacts. Our measure-
ments highlight the ability of dSTORM to image sub-diffraction
cellular features at a spatial resolution significantly improved (up
to ten-fold) on conventional microscopy. We also stress that this
improved resolution also brings a similar increase in the apparent
severity of artifacts within the image. The many sub-diffraction arti-
facts we have encountered raise questions over results obtained from
samples that were not fixed under optimal conditions and will hope-
fully be cause for more explicit detailing of the optimization process.
We have aimed to highlight the high degree of variability in resulting
SMLM images and the differences between normal fluorescence
images and SMLM images. Accordingly, we have stressed the
importance of protocol development and benchmarking, as well as
furthering our understanding of the mechanisms of fixation.

Methods
Cell Culture. COS-7 cells were cultured routinely in Dulbecco’s modified eagle’s
medium (DMEM) containing no phenol red and supplemented with 10% foetal
bovine serum (FBS) and penicillin (100 units/ml) and streptomycin (100 mg/ml) at
37uC and 5% CO2. Cells were regularly passaged to keep confluence below 70% using
TryPLE Express (Life Technologies). For all experiments cells were seeded at very low
confluences (,20%) directly into 8 well Lab Tek II chambered coverglass (No. 1.5
borosilicate, Nunc). Prior to seeding, these chambers were cleaned by sonication for
15 minutes in 1 M KOH. Each chamber held 500 ml culture medium and was
returned to the incubator for 36–48 hours prior to fixation.

Antibodies and Variations to Protocols. For the purposes of the figures and
discussion presented in this paper the fully optimized protocols were varied
somewhat to induce artifacts (Full protocols for each experiment and Figure available
in SI). Stated ranges in concentration indicate that little difference was observed. The
concentration and time of the fixation steps themselves were also varied to find the
ideal balance (data not shown). Both the PFA andGA fixations were also donewith an
optional pre-extraction step using 37uC 0.3% Triton X100 in PBS or CB for 30
seconds. For all images of MTs mouse anti-a/b-tubulin (Sigma) and Alexa Fluor 647
rabbit-anti-mouse (Life Sciences) were used. For images of MC rabbit-anti-Tom20
(Santa Cruz) and Alexa Fluor 647 cow-anti-rabbit (Life Sciences) were used. For actin
staining Alexa Fluor 647-phalloidin (Life Sciences) was used at a 15500 dilution of
6.6 mM stock solution.

dSTORM Measurement and Analysis. Samples were kept at 4uC in the dark and
were imaged within a week of fixation and staining. Switching buffer was made up
from stock solutions using 2X PBS and milli-Q water, and pH adjusted immediately
before measurements. The stock solutions were 20% w/v glucose in milli-Q water,
1 M mercaptoethylamine (MEA) in milli-Q water, and an enzyme cocktail
containing catalase and glucose oxidase in PBS. Switching buffer was made up to a
concentration of 10%glucose, 120 mMMEA, 400 mg/mL glucose oxidase, and 35 mg/
mLcatalase in isotonic PBS and 1 MKOHadded to adjust the pH to a starting point of
8. The buffer was measured to shift to a pH of 6 during the experiment before
significant distortions to the photophysics of the Alexa Fluor 647 dyes was observed.

All measurements were conducted on a home-built widefield microscope as
detailed previously37. Briefly, a 150 mW 638 nm (Oxxius) diode laser is expanded
and then focused using two lenses (focal lengths 25 and 100 mm) onto the back focal
aperture of a 1.49 NA 100X TIRF (total internal reflection fluorescence) objective
(Köhler illumination) via a dichroic filter. A quasi-TIRF illumination pattern is
achieved by translating the excitation beam so that it is entering the objective off-
centre, but parallel to the optical axis. Fluorescence is collected back through the
objective and dichroic filter and imaged directly onto an electron-multiplying charge-
coupled device (EM-CCD) camera (Andor Ixon Ultra).

All images were obtained using the Andor Solis software with themicroscope in Q-
TIRF mode using a power density of approximately 3–6 kW cm22. Between ten and
twenty thousand frames were collected at a frame rate of 80–100 Hz with the EM-
Gain held at 200 (For an example of single frames showing single molecule emissions
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see SI Figure 1b–d and f–h). TIFF stacks were directly imported into the rapidSTORM
software suite and used to generate super resolution coordinate files that were ren-
dered into SMLM images using 103 10 nm pixels. The input pixel size was set at
105 nm and the PSF FWHHdiameter found to be 350 nm by using the rapidSTORM
‘Estimate PSF form’. Single molecule emissions were identified only when more than
600 photons were detected within a single frame and localized to a single spot. The
rapidSTORM software identified single molecule emissions as sufficiently intense
local maxima in the noise-reduced (using an average mask) image and localized the
centroid using a 350 nm 2D Gaussian function45. SI Figure 1b–d and f–h show
example frames withwell-separated singlemolecule emissions. Localization precision
was estimated using the equation derived by Thompson46 and MT widths quoted are
full width at half maximum of an intensity cross-section averaged over 400 nm. For
cluster analysis of the distribution of Tom20 on theMCmembrane, the images shown
in Figure 6 were smoothed and analysed using ‘‘Analyse Particles’’ in the FIJI software
suite47.
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Localisation Microscopy Coverglass Guide 

This guide describes 3 different sample formats suitable for (d)STORM, 
PALM, GSDIM and similar super-resolution microscopy techniques 
where sample immersion in an aqueous buffer is necessary. In 
particular this mounting guide is intended for use with dyes or 
fluorescent proteins that require the use of an oxygen scavenging 
switching buffer, for example Alexa 647 in glucose oxidase with MEA. 
Imaging should be possible for 2 to 8 hours without needing to change 
the switching buffer. 

LabTek chambers          2 
Coverslips with cavity chambers         3 
Coverslips with Attofluor cell chamber        4 
Product references           5 
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LabTek Chambered Coverglass 

1. Fill the chambers to the top with switching buffer  (approximately 850 µl). 

2. Place a coverslip on top of the chambers ensuring that there are no bubbles inside. 
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Coverslips with Cavity Slides 
1. Add approximately 150 µl of switching buffer to the cavity and place inverted 
coverslip (18–25 mm diameter circular or square) onto it, with sample side facing down. 
Push lightly down into place with a pair of forceps or a cocktail stick. Carefully wipe 
away excess buffer. 

2. Mix silicone adhesive components A and B together in a 1:1 ratio and then carefully 
apply with a cocktail stick around the edges of the coverslip. Wait 15-30 minutes for it 
to set firmly before imaging.   
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Tip: Try and keep the amount of silicone adhesive to a minimum. This results in quicker setting & reduces 
the chances of the objective lens pushing against the silicone when imaging. 
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Coverslips with Attofluor Cell Chamber 
1. Insert 25 mm diameter circular coverslip into cell chamber with sample side facing 
up. 

3. Fill with switching buffer, approximately 1.5 ml, and place another 25 mm diameter 
circular coverslip over the top. Press gently down with forceps or a cocktail stick 
ensuring that there are no bubbles. Carefully wipe away excess buffer. 
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2. Screw top section down onto coverslip gently to form a seal with red O-ring.  
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Product References 

National Physical Laboratory 
Hampton Road, Teddington, TW11 0LW, UK 

www.npl.co.uk/biotechnology 
Daniel Metcalf 

5 

Glass thickness 
In most cases coverglass thicknesses of #1 or #1.5 will be suitable 
for use with high NA oil immersion objective lenses. Match your 
objective lens, glass thickness and oil refractive index! 

Microscope slides with single cavity  
Fisher – 12312158 

LabTek chambered coverglass 8-well (#1) 
Fisher – 11377694* 

Silicon adhesive (Exaxtosil N21) 
Bredent UK, 54001147 

Attofluor Cell Chambers 
Invitrogen – A-7816 

Number Thickness (mm) 

0 0.08 – 0.13 

1 0.13-0.16 

1.5 0.16-0.19 

2 0.19-0.25 

Coverglass thickness can vary. Correction collar adjustment is 
recommended. If there is a mismatch localisation algorithms 
will not be able to localise molecules as accurately due to 
spherical aberration. This results in super-resolution images 
with worse resolution and fewer localisations in the final image. 

Certain commercial materials, instruments and equipment are identified in this document in order to specify the experimental procedure as 
completely as possible. In no case does such identification imply recommendation or endorsement by the National Physical Laboratory, nor does it 
imply that the material, instrument or equipment identified is necessarily the best available for the purpose. 
 
*There is a similar product with #1.5 thickness glass available (Fisher – 12812794). Be aware this has a plastic tab on the end of the chamber which is 
incompatible with some sample holders. It can be cut off with sharp scissors or a scalpel if careful. 
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Light-induced cell damage in live-
cell super-resolution microscopy
Sina Wäldchen*, Julian Lehmann*, Teresa Klein, Sebastian van de Linde & Markus Sauer

Super-resolution microscopy can unravel previously hidden details of cellular structures but requires 
high irradiation intensities to use the limited photon budget efficiently. Such high photon densities 
are likely to induce cellular damage in live-cell experiments. We applied single-molecule localization 
microscopy conditions and tested the influence of irradiation intensity, illumination-mode, 
wavelength, light-dose, temperature and fluorescence labeling on the survival probability of different 
cell lines 20–24 hours after irradiation. In addition, we measured the microtubule growth speed 
after irradiation. The photo-sensitivity is dramatically increased at lower irradiation wavelength. We 
observed fixation, plasma membrane permeabilization and cytoskeleton destruction upon irradiation 
with shorter wavelengths. While cells stand light intensities of ~1 kW cm−2 at 640 nm for several 
minutes, the maximum dose at 405 nm is only ~50 J cm−2, emphasizing red fluorophores for live-cell 
localization microscopy. We also present strategies to minimize phototoxic factors and maximize the 
cells ability to cope with higher irradiation intensities.

Fluorescence microscopy is the method of choice for the relatively non-invasive visualization of bio-
molecules in living cells because it allows selective and specific detection of molecules with high 
signal-to-background ratio. However, with increasing spatiotemporal resolution the prevention of pho-
todamage effects in live-cell fluorescence microscopy becomes increasingly challenging. This is especially 
true for single-molecule sensitive fluorescence imaging and tracking experiments where photobleaching 
of the fluorophores sets the ultimate experimental limit. To use the limited photon budget efficiently in 
live-cell experiments and reduce photobleaching and phototoxicity, low irradiation intensities confined 
to micron-thin planes1, e.g., light-sheet and Bessel beam plane illumination microscopy, have been used 
also in combination with super-resolution structured illumination microscopy2–4.

Super-resolution microscopy by single-molecule detection and precise position determination (local-
ization microscopy)5–8 achieves a higher spatial resolution but requires higher irradiation intensities in 
the kW cm−2 range, because switching and activation rates of fluorophores are mainly a function of the 
laser power applied9. Total-internal reflection fluorescence (TIRF) microscopy can be used to lower the 
penetration depth to merely the basal cell membrane. In order to image cell’s interior, on the other hand, 
epi- or highly inclined and laminated optical sheet (HILO)10 illumination are required. Nevertheless, 
independent of the excitation method used high irradiation intensities generate reactive oxygen species 
(ROS) through excited-state reactions of endogenous and exogenous chromophores that have a high 
potential to damage cellular components11.

If the cell cannot handle, i.e., repair, accumulating phototoxic events during irradiation, it will ulti-
mately die. Unfortunately, so far live-cell localization microscopy largely ignored possible phototoxic 
effects12 or treated them only superficially likely due to the nonexistence of appropriate instrumentation 
for automated long term live-cell observation. Hitherto, in most studies it was investigated whether 
the cells are still adherent, changed their shape, or showed other apparent ill effects directly after 
super-resolution microscopy experiments13–15. Recently, it has been shown that yeast cells that appeared 
healthy directly after irradiation with a very low light-dose failed to divide when left overnight, whereas 
their non-imaged neighbors divided normally16. Even though the exact mechanism behind light-induced 
cell damage is still unclear and the irradiation sensitivity will undoubtedly vary among different cell types 
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and irradiation wavelengths17–19, the reported results clearly demonstrate that the simple observation 
of the cell’s appearance directly after irradiation cannot be used as a meaningful photodamage marker.

A variety of non-radioactive cell proliferation assays can be used to estimate the number of viable 
eukaryotic cells20,21. The MTT assay22 is one of the most popular assays, which can be used to probe cel-
lular metabolism. Here, the tetrazolium salt MTT (3-(4,5-dimethlythiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) is reduced by cellular reducing equivalents, such as NADH and NADPH, to a blue formazan 
product23. The latter is used as indicator for cell viability and measurable via quantitative absorption 
spectroscopy, e.g., with a plate reading spectrophotometer21.

Here, we used an alternative approach to probe the cell viability after super-resolution microscopy 
experiments where typically single or only a few cells are irradiated with the required high intensities. We 
monitored cell survival of irradiated and non-irradiated cells for 20–24 hours and observed microtubule 
growth after wide-field illumination in epi- and HILO-mode with typical irradiation intensities (0–3 kW 
cm−2) and wavelengths (405–640 nm) used in PhotoActivated Localization Microscopy (PALM)5,13 and 
direct Stochastic Optical Reconstruction Microscopy (dSTORM)14,15,24. We investigated the influence 
of irradiation intensity, wavelength, light-dose, fluorescence labeling, temperature, and reducing agent 
(ascorbic acid) on the viability of various labeled and unlabeled cultured cell lines.

Results
Degree of photodamage. We used U2OS, COS-7 and HeLa cells seeded in petri dishes with an 
imprinted 500 μ m relocation grid, irradiated them under localization microscopy conditions (0–3 kW 
cm−2) and observed them afterwards for 20–24 hours under standard culture conditions using an auto-
mated cell observation system. As irradiation time we used 240 s, a typical acquisition time in localization 
microscopy, sufficient to record 12,000 frames with 20 ms integration time. We used high-power laser 
light sources to generate the required intensities over a large field of view (65.5 ×  65.5 μ m) in order to 
irradiate a few cells per experiment (Online Methods). The laser beams were confined with a rectangu-
lar field stop to ensure that only the cells present within the field of view are irradiated. Photodamage 
analysis was based simply on the fact whether the irradiated cells appear healthy and show cell division 
during the next 20–24 hour after irradiation or not. We classified the cells in three different photodam-
age categories. First, cells that appear healthy and show cell division after irradiation, termed ‘healthy’ 
(Fig. 1a and Supplementary Video 1), second, cells that show no or slowed cell division and detachment 
from the cover slip followed by cell death, termed ‘apoptotic’ (Fig. 1b and Supplementary Video 2), and 
third, cells that do not divide but appear completely immobile attached to the surface, termed ‘frozen’ 
(Fig.  1c and Supplementary Video 3). Frozen cells represent the most damaged type of cells through 
irradiation. For the sake of convenience we do not differentiate between apoptotic and frozen cells in 
the following. We simply count cells that survived irradiation and did further progress through the cell 
cycle like un-irradiated cells and cells that did not further divide and died.

Effect of transfection, dye labeling, and cellular environment. In each experiment we irradiated 
20–50 cells and counted the number of ‘dead’ (apoptotic +  frozen) cells (Table  1). First, we performed 
irradiation experiments with U2OS cells at different irradiation intensities (0–3 kW cm−2) at 514 nm for 
240 s (Fig. 2 and Supplementary Fig. 2). We compared wildtype U2OS cells (Fig. 2a), U2OS cells stably 

Figure 1. Classification of photodamage effects using U2OS cells in three categories. (a) Non-irradiated 
healthy cells (Supplementary Video 1), (b) apoptotic cells irradiated with an intensity of 0.49 kW cm−2 at 
514 nm for 240 s (Supplementary Video 2), and (c) frozen cells irradiated with an intensity of 1.5 kW cm−2 
at 514 nm for 240 s (Supplementary Video 3). Images were taken 1.15 h (t1), 6.15 h (t2), 10.30 h (t3), and 
16.30 h (t4) after irradiation. The red rectangle in (b) and (c) shows the irradiated cells. Dashed arrows mark 
dividing cells, continuous arrows apoptotic cells, and arrowheads frozen cells. Scale bar, 50 μ m.
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transfected with CLIP-H2B (Fig. 2b), and U2OS cells stably transfected with CLIP-H2B and labeled with 
tetramethylrhodamine (TMR) (Fig. 2c), all irradiated at 21 °C. An additional experiment with U2OS cells 
stably transfected with CLIP-H2B was conducted at 37 °C (Fig.  2d). From the titration curves (Fig.  2) 
we determined the intensity where 50% of all irradiated cells died within 20–24 h after an irradiation 
time of 240 s (I50) and calculated the corresponding lethal dose LD50 (Table  1). These results indicate 
that transfection of cells increases the photodamage sensitivity already in the absence of fluorophores.

Conditions

I50 (kW cm−2)a LD50 (kJ cm−2) Number of cells

‘dead’ ‘frozen’ ‘dead’ ‘frozen’ total
per data 

pointb

U2OS

untreated 0.43 ±  0.01 1.06 ±  0.02 104.4 254.1 404 36.7 ±  19.2

transfected 0.34 ±  0.02 1.31 ±  0.06 81.6 313.9 707 22.1 ±  17.7

transfected+ TMR 0.24 ±  0.01 1.38 ±  0.03 58.4 331.6 599 20.7 ±  10.8

transfected+ 37 °C 0.58 ±  0.05 1.06 ±  0.03 138.4 253.6 385 42.8 ±  14.1

transfected+ AA 0.54 ±  0.06 n.d. 129.6 n.d. 458 28.6 ±  21.7

COS-7 untreated 0.53 ±  0.01 0.88 ±  0.04 126.5 211.6 239 26.6 ±  3.5

HeLa untreated 2.82 ±  0.62 n.d. 677.5 n.d. 256 32.0 ±  8.8

Table 1.  Effects of intracellular and environmental conditions on photo-sensitivity of cells. If not 
otherwise stated, cells were irradiated at 21 °C. I50 value is the intensity where 50% of the irradiated cells 
died after imaging at 514 nm for 240 s. U2OS cells were transfected with CLIB-H2B and optionally imaged 
with TMR, at 37 °C, or supplemented with 100 μ M ascorbic acid (AA). aErrors are standard errors from data 
fits. bErrors are given as one standard deviation. n.d., not determined.

Figure 2. Dependence of cell survival on irradiation intensity at 514 nm for 240 s of differently modified 
U2OS cells. (a) Wildtype cells irradiated at 21 °C, (b) cells stably transfected with CLIP-H2B irradiated 
at 21 °C, (c) cells stably transfected with CLIP-H2B and labeled with TMR, irradiated at 21 °C and (d) 
cells stably transfected with CLIP-H2B irradiated at 37 °C. Red dots are masked data points and were not 
considered for fitting. Error bars are given as one standard deviation. For each data point 20–50 cells were 
irradiated (Table 1).
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Labeling with fluorophores further promotes phototoxic effects. (Fig.  2c and Table  1). Transfection 
and labeling with an organic fluorophore (here TMR) that absorbs at the irradiation wavelength exhibit 
comparable photodamage efficiency using U2OS cells. Both, transfection and labeling lower the I50 irra-
diation intensity by 20–25% (Table 1) stepwise from 0.43 (untreated) via 0.34 (transfected) to 0.24 kW 
cm−2 (transfected and labeled). This implies that genetically modified fluorescently labeled cells require 
lower irradiation intensities to survive live-cell fluorescence imaging experiments. Furthermore, our 
finding demonstrates that besides ROS generation by fluorophore triplet states and additional toxicity 
potentially induced through the attachment of fluorophores to cellular molecules other important pho-
totoxic sources exist.

In addition, our experiments show that cells have mechanisms to repair phototoxic effects when 
irradiated under ideal conditions at 37 °C and thus can stand higher irradiation intensities. Thereby, 
I50 increases by 35% to 0.58 kW cm−2. (Fig. 2d and Table 1). Furthermore, the photo-resistance of cells 
can be further improved by the addition of 100 μ M ascorbic acid (AA) as a supplement to the imaging 
medium, thus increasing I50 by 26% to 0.54 kW cm−2 (21 °C) (Table 1 and Supplementary Fig. 1). After 
irradiation, the AA buffer was replaced by standard medium and the cells were observed in the live-cell 
recorder for the next 20–24 h.

Wavelength and illumination-mode dependent phototoxicity. The energy of photons used to 
irradiate cells has a dramatic impact on phototoxicity (Fig. 3a and Supplementary Table 1). In particular, 
the photodamage efficiency increases with decreasing irradiation wavelength with the strongest photo-
toxic effect observed at 405 nm irradiation even at very low intensities, e.g., as typically used for photo-
activation of fluorescent proteins in PALM experiments (0.02–0.05 kW cm−2)13. While at 0.2 kW cm−2 
488 nm irradiation for 240 s cells do not survive, 100% of cells survive when the wavelength is redshifted 
to 514 nm although the cells experienced the same light dose of ~48 kJ cm−2 (Fig. 3a and Supplementary 
Table 1). This small shift of 26 nm shows that cells exhibit a very distinct sensitivity related to the irra-
diation wavelength. But increasing the intensity at 514 nm to 2 kW cm−2 (~480 kJ cm−2) kills all cells, 
whereas 85% and 100% of all cells survive when irradiating with the same intensity and dose at 558 and 

Figure 3. Wavelength, intensity, and irradiation-mode dependent phototoxicity. (a) Wavelength and 
intensity based phototoxicity upon cw irradiation for 240 s. (b) Cell death as a function of the irradiation 
light dose at 405 nm with an irradiation intensity of 0.02 kW cm–2 (pulsed vs. cw mode). Under pulsed 
irradiation conditions the total acquisition time was always 240 s. *No dead cells were observed. Error bars 
are given as one standard deviation. For each data point 10–50 cells were irradiated (Supplementary Table 1 
and 2).
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640 nm, respectively. Even when irradiating at 640 nm with intensities of 4–6 kW cm−2 (960–1,410 kJ 
cm−2) only weak effects on the cell survival rate are observed (< 5% dead cells, Fig. 3a).

Next, we studied the effect of the irradiation dose at 405 nm. Irradiation with 0.02 kW cm−2 was 
applied at different pulse frequencies (continuous wave (cw), 10, 5, and 1 Hz) and pulse lengths (cw, 500, 
100, 50, 20, 10, 2, and 1 ms) resulting in total irradiation times of 2.4–120 s (Fig. 3b and Supplementary 
Table 2). For pulsed irradiation the total acquisition time has been kept constant at 240 s. Our data show 
that pulsed and cw irradiation at 405 nm with 0.02 kW cm−2 corresponding to a total irradiation time 
of 60 seconds (1.2 kJ cm−2) is sufficient to kill virtually all irradiated U2OS cells (Fig. 3b). On the other 
hand, U2OS cells stand a 103-times higher irradiation dose (1,410 kJ cm−2) at 640 nm undamaged (cw, 
6 kW cm−2 for 240 s, Fig. 3a).

Interestingly, the strength of phototoxic effects for cw irradiation is lower than for pulsed excita-
tion applying the same total irradiation time of 24 s, i.e., the same light dose. After cw irradiation with 
0.02 kW cm−2 at 405 nm for 24 s (0.48 kJ cm−2) the survival fraction of cells is ~85%. In contrast, applying 
the same dose by pulsing the laser with 1 Hz pulse frequency and 100 ms pulse length, i.e., a recovery 
time of 900 ms between subsequent 100 ms irradiation pulses, decreases the survival fraction to ~10% 
(Fig.  3b). Increasing the pulse frequency and shortening the pulse length at constant total irradiation 
time of 24 s does not change the situation (Fig. 3b). This implies that U2OS cells rather withstand pho-
totoxic stress through constant but short irradiation periods of 24 s (irradiation time/acquisition time: 
24 s/24 s, 0.48 kJ cm−2) than repetitive irradiation pulses over a longer total acquisition time (24 s/240 s, 
0.48 kJ cm−2) (Fig. 3b and Supplementary Table 2).

However, if cells are irradiated only for a total irradiation time of 2.4 s, short pulse lengths of 1 ms at 
a pulse frequency of 10 Hz allow total acquisition times of 240 s (corresponding to 48 J cm−2) and thus 
the observation of dynamic processes without any obvious phototoxic effect (Fig. 3b). Maintaining the 
light dose constant but increasing the pulse length only slightly, e.g., to 2 ms at 5 Hz pulse frequency, 
phototoxic effects are again detectable (Fig.  3b). These findings indicate that live-cell single-molecule 
localization microscopy experiments using 405 nm photoactivation can be performed for short total 
irradiation times using pulse frequencies of 10 Hz and pulse lengths of 1 ms or less at an irradiation 
intensity of 0.02 kW cm−2.

Irradiating cells for 60 or 120 s (1.2–2.4 kJ cm−2) leads to 100% dead cells, no matter whether cw or 
pulsed irradiation was applied. But pulsing increases the fraction of frozen cells, i.e., from 17% (60 s, cw) 
to 81% (60 s, 5 Hz) and 79% (120 s, cw) to 93% (120 s, 1 Hz). For the 24 s irradiation scenario, a small frac-
tion of frozen cells (3%) was only observed when the pulse frequency was increased to 10 Hz (Fig. 3b and 
Supplementary Table 2). To summarize, our results demonstrate that the total irradiation time especially 
for 405 nm light has to be kept as short as possible in order to minimize phototoxic effects.

Cell lines. Since it is expected that the photodamage sensitivity will vary between different cell lines, 
we performed additional experiments with COS-7 and HeLa cells (Fig. 4, Table 1). The results show that 
COS-7 cells exhibit a photo-sensitivity comparable to U2OS cells, whereas HeLa cells are substantially 
more resistant (Fig. 4d). The I50 value is about 0.5 kW cm−2 at 514 nm (120 kJ cm−2) for U2OS and COS-7 
cells. The transition area between the lower and upper saturation levels—usually accompanied with huge 
variability in cell sensitivity (i.e., large standard deviations, compare Figs 2 and 4)—of U2OS and COS-7 
are in the range of 0.25–0.75 kW cm−2. Here, the increased fluctuation in photo-sensitivity might be due 
to the fact that cells reside in different stages of the cell cycle. With the applied irradiation intensities at 
514 nm, we were unable to achieve 100% dead HeLa cells (Fig. 4b). Even at the highest applied irradiation 
intensity of 2.5 kW cm−2 half of the irradiated HeLa cells survived. This demonstrates that HeLa cells 
exhibit the highest resistance to phototoxicity among all tested cell lines. The transition point I50 was 
determined to 2.8 kW cm−2 and is ~5–7 times higher than for COS-7 and U2OS.

‘Frozen’ cells. So far, we hardly differentiated between ‘frozen’ and apoptotic cells (Fig. 1b,c). While 
in apoptotic cells too many phototoxic effects lead the cell to initiate cell death, frozen cells appear to 
die instantaneously without any residual mobility as if they would have been fixed by light (Fig. 1c). In 
fact, upon irradiation at 405 nm with an intensity of 0.24 kW cm−2 for 240 s (57.6 kJ cm−2) cells are not 
only fixed but additionally the membrane and cytoskeleton is destroyed (Fig. 5a).

Labeling of cells with Alexa Fluor 647 phalloidin followed by fluorescence imaging directly after irra-
diation without any additional fixation and permeabilization step demonstrates that only non-irradiated 
parts of the cell show typical actin filaments, irradiated parts show diffusive background fluorescence 
(Fig. 5a). Furthermore, the structure was super-resolved using dSTORM (Fig. 5c). Here, it can be seen 
that at the edge of the illumination area actin filaments and bundles are sharply disrupted. Labeling of 
ß-tubulin in suchlike irradiated cells shows similar results, i.e., the membrane and microtubule network 
is depolymerized upon irradiation of cells at 405 nm with 0.05 kW cm−2 for 240 s at 37 °C (Fig. 5b).

Microtubule dynamics as light sensor. To identify already first signs of light-induced cell damage 
beyond the crude dead or alive criterion, we performed additional experiments tracking microtubule 
dynamics after irradiation. To this end, we used HeLa cells stably expressing YFP-tagged end binding 
protein 1 (EB1). EB1 localizes to microtubule plus ends and modulates their dynamics and interac-
tions with intracellular organelles25–27. Hence, by tracking the movement of EB1-N-YFP the microtubule 
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growth can be monitored (Fig.  6a). Here it has to be considered that the HeLa cells have been stably 
transfected and microtubule growth represents a central element of cell viability. Therefore, the irradia-
tion resistance of the HeLa cells may be strongly affected (Fig. 2b and Table 1).

The speed of microtubule growth was measured with weak 488 nm irradiation, with an overall irradi-
ation intensity < 10 W cm−2 for 10 s (< 100 J cm−2), before and after additional irradiation at 558 nm or 
640 nm (Fig. 6b and Supplementary Fig. 5). The low irradiation dose allowed us to balance efficient read 
out of the YFP signal and phototoxic effects. All cells merely irradiated under these conditions survived 
(n =  15; Supplementary Table 3 and Supplementary Fig. 3). However, we observed a mean deceleration 
of microtubule growth from 59 to 53 μ m min−1 upon irradiation solely at 488 nm i.e., a deceleration 
by 11%. Additional irradiation with 0.03 kW cm−2 at 640 nm for 225 s decelerates microtubule growth 
by 19% (Fig.  6b). Albeit strong phototoxic effects for irradiation at 640 nm are not expected (Fig.  3a), 
these results demonstrate that microtubule growth is sensitive to much weaker irradiation intensities. 
Upon further increase of irradiation intensity at 640 nm microtubule growth slows down by 40–50% of 
its initial speed (Fig.  6b). This value remains unaffected up to irradiation intensities of 10 kW cm−2 at 
640 nm (Supplementary Table 3). For 558 nm irradiation microtubule growth speed decreases to a pla-
teau with 70 to 76% of the initial speed applying irradiation intensities of up to ~2 kW cm−2 (Fig. 6b). 
After irradiation with intensities of ~5 kW cm−2 at 558 nm and higher, microtubule growth could not 
be measured anymore, because of the loss of microtubule primary structure and cell death, respectively 
(Supplementary Fig. 4).

Discussion
In previous live-cell single-molecule localization microscopy studies the effect of irradiation and poten-
tial light-induced damage was judged after irradiation by the immediate appearance of the cells13–15. 
In this work, phototoxic effects were studied by observing cell viability after irradiation for a period of 
20–24 h. Here, we discovered two different cell death mechanisms (Fig. 1). Apoptotic cells still showed 
motility directly after irradiation, but died some hours later, whereas frozen cells died instantaneously 
through irradiation. Therefore, it is hard to judge to which extent apoptotic cells were already damaged 
during imaging. However, it is certain that through imaging they were damaged to an extent that out-
reached the cells’ repair mechanisms, resulting in cell death later on.

Figure 4. Cell line dependent photodamage efficiency. (a) U2OS, (b) HeLa, and (c) COS-7 cells were 
irradiated at 514 nm with varying intensity. (d) Corresponding I50 where 50% of the cells died (LD50). Error 
bars are given as one standard deviation. For each data point 20–50 cells were irradiated (Table 1).



www.nature.com/scientificreports/

7Scientific RepoRts | 5:15348 | DOi: 10.1038/srep15348

Our results demonstrate that stable transfection of cells reduces photoresistance (Fig. 2 and Table 1), 
at which the degree depends on the transfected protein and its importance for cell viability. Thus, it has 
to be considered that genetically modified fluorescently labeled cells might require lower irradiation 
intensities to survive live-cell fluorescence imaging experiments. As expected, irradiation experiments 
with labeled cells indicate that ROS generated through fluorophore triplet states and subsequent singlet 
oxygen generation damage cells and reduce their photoresistance (Fig. 2 and Table 1)28,29. However, the 
degree of photodamage remains reasonable at least for standard organic fluorophores with low triplet 
quantum yields as used in our experiments. Thus, other processes such as the absorption of light by 
endogenous cellular chromophores and subsequent excited state reactions accompanied by generation of 
toxic substances, have to be taken into account to explain the observed phototoxic effects. 

Generally, cells exhibit a very distinct irradiation sensitivity, i.e., the phototoxicity increases dramat-
ically with decreasing irradiation wavelength (Fig.  3a)30. This is most impressively illustrated compar-
ing the photodamage efficiency through irradiation at 488 nm and 514 nm with an intensity of 0.2 kW 
cm−2 (Fig. 3a). Here, a wavelength shift of only 26 nm suffices to dramatically change the survival rate. 
Fortunately, irradiation of fluorophores in the near infrared region at, e. g., 640 nm with an intensity 
< 6 kW cm−2 without additional activation at 405 nm, can be considered innocuous14. However, after 
irradiation at 640 nm we observed a deceleration of microtubule growth speed (Fig. 6b) indicating that 
monitoring of microtubule growth speed is a very sensitive photodamage parameter.

Our data also clearly show that the fraction of apoptotic and frozen cells is particularly high at 405 nm 
irradiation even at a very low intensity of 0.02 kW cm−2 (Fig. 3a), the wavelength at which most photoac-
tivatable fluorescent proteins have to be activated over time periods of several tens of minutes in PALM 
experiments13,31. Furthermore, we discovered that especially shorter wavelength photons can fix cells, 
permeabilize the plasma membrane and depolymerize the cytoskeleton (Fig.  5). If one would succeed 
to fix and permeabilize cells without any further cellular destruction by application of a short UV-light 
pulse one would have an elegant method at hand to freeze a specific cellular state during live-cell fluo-
rescence imaging under low irradiation conditions.

Figure 5. Imaging the cytoskeleton of a frozen U2OS cell without additional chemical fixation and 
permeabilization. (a) Epi-fluorescence image of f-actin. The upper part of a U2OS cell (yellow dashed line) 
was irradiated with 0.24 kW cm−2 at 405 nm for 240 s at 37 °C and stained with Alexa Fluor 647 phalloidin. 
Only the unirradiated lower part of the cell shows an intact actin network. F-actin in the upper part is 
completely destroyed. (b) Epi-fluorescence image of microtubules. The U2OS cell was irradiated with 
0.05 kW cm−2 at 405 nm for 240 s at 37 °C and stained with SiR-Taxol46 (c) dSTORM image of the actin 
structure shown in a). Scale bars, 10 μ m.
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One way to minimize phototoxic effects in PALM experiments is pulsed activation at 405 nm with 
short pulse lengths of 1 ms at 10 Hz pulse frequency applied for short total irradiation times of only a 
few seconds (Fig. 3b). In addition, TIRF microscopy can be used to confine irradiation to the cell’s basal 
membrane13. Therefore, phototoxic effects are reduced when irradiation is performed in TIRF mode19.

Recently, the question how much light biological specimen can withstand was addressed by Ernst 
Stelzer who suggested the solar constant (~100 mW cm−2, central Europe) as a reference32. After 600 s 
sunlight, the energy density is about 0.6 μ J μ m−2 (60 J cm−2). Albeit half of the sun’s irradiation energy 
is in the infrared spectral range, the estimated value is in general accordance with our result of a max-
imum dose of 48 J cm−2 at 405 nm irradiation (Fig. 3b, Supplementary Table 2) and the result reported 
by Wagner et al. of ~25 J cm−2 at 375 nm19.

However, our experiments using pulsed irradiation (Fig.  3b) reveal that the irradiation dose alone 
does not determine the degree of photodamage. For a total irradiation time of 24 s at 405 nm with an 
intensity of 0.02 kW cm−2 our data unravel that substantially less U2OS cells survive pulsed irradiation 
than cw irradiation albeit they experienced the same light dose of 480 J cm−2 (Fig.  3b). On the other 
hand, all cells survive pulsed irradiation at 405 nm with pulse lengths of 1 ms at 10 Hz applied for a short 
irradiation time of 2.4 s (Fig. 3b). This indicates that cells can cope with the concentration of phototoxic 
molecules generated during 2,400 1 ms irradiation periods. For longer irradiation periods and irradiation 
times more toxic molecules are generated surpassing the cells’ repair capacity.

Whether our results can be applied to other fluorescence and super-resolution microscopy methods 
remains to be experimentally verified but can be carefully estimated. Confocal laser scanning microscopy 
operates typically at irradiation intensities of 10–50 kW cm−2 yet focuses the energy on a very small spot 
and uses short irradiation times typically in the range of 10–500 μ s per pixel and frame33. Using these 
values and a pixel size of ~120 nm we estimate that cells experience a light dose of less than 500 J cm−2 
per image. That is, according to our studies, cells should survive confocal laser scanning microscopy at 
irradiation wavelengths of ≥ 488 nm as long as the total light dose experienced does not exceed a few kJ 
cm−2 (Fig. 3a and Supplementary Tables 1 and 2). On the other hand, it is very likely that live-cell laser 
scanning microscopy at irradiation wavelengths < 488 nm causes severe photodamage.

Stimulated emission depletion (STED) microscopy uses an additional depletion laser with an irra-
diation wavelength usually in the red to near-infrared spectral region (typically at 647 or 800 nm), i.e., 
in a wavelength range where cells survive irradiation intensities of kW cm−2 applied for a few minutes 
(Fig. 3a). However, the irradiation intensity of the depletion laser is typically three to five orders of mag-
nitude higher than the excitation laser because the resolution of STED microscopy scales with the deple-
tion laser intensity34,35. Thus, the total light dose impinging on the cells might easily approach 104–106 kJ 
cm−2 and potentially induce photodamage effects even by irradiation with wavelengths > 600 nm (Fig. 3a 
and Supplementary Table 1).

Figure 6. (a) Live-cell recording of EB1-N-YFP transfected HeLa cells. Movement of a single EB1-N-YFP 
molecule is shown. Dashed arrow in yellow indicates individual EB1 track, arrow heads depict the same EB1 
molecule (Supplementary Fig. 5). (b) Deceleration of EB1 movement depends on the irradiation intensity at 
558 nm (magenta) and 640 nm (black) (median).In absence of additional irradiation at 558 nm and 640 nm 
the microtubule growth speed decreases due to irradiation at the excitation wavelength of EB1-N-YFP at 
488 nm with an intensity of < 0.1 kW cm−2. Solid lines were used to guide the eye. Cells were irradiated at 
37 °C for 225 s. The number of tracks analyzed per data point is given in Supplementary Table 3. Scale bar, 
5 μ m.
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RESOLFT nanoscopy uses photoswitchable fluorescent proteins such as rsEGFP36 and Dreiklang37 as 
photoswitches. Hence, the applied laser power for activation, readout and photoswitching are reduced 
to 0.1–10 kW cm−2, but lasers in the (ultra)violet and blue spectral range are required, e.g., Dreiklang 
at wavelengths of 355 nm for activation (0.3 kW cm−2, 1 ms), 405 nm for photoswitching (10 kW cm−2, 
17 ms), and 491 nm for readout (0.8 kW cm−2, 2 ms) (Fig.  3a)38. Thus, the corresponding light doses 
exceed the 48 J cm−2 level determined in our study for 405 nm irradiation and induce photodamage 
(Fig. 3b, Supplementary Table 2). A way out of this problem offer new improved photoswitchable fluo-
rescent proteins such as rsEGFP2, which require a light dose of only 2–10 J cm−2 for photoswitching at 
405 nm39, and thus enable photodamage-free super-resolution imaging over longer time periods.

To minimize photodamage problems induced by high peak irradiation intensities in confocal live-cell 
fluorescence microscopy schemes, light-sheet microscopy is usually applied enabling fascinating studies 
about the development of living organism also over longer time periods at cellular level1,3. To achieve 
subcellular resolution, lattice light-sheet microscopy in combination with structured illumination has 
been developed4. The method uses ultrathin light sheets which are scanned plane-by-plane through the 
specimen to generate a 3D image. The laser power of 1–100 μ W4 used for excitation of living cells and 
organisms is similar to confocal microscopy but distributed over substantially larger areas in the focal 
plane. Therefore, the light dose impinging on the cells is substantially lower than in confocal microscopy 
approaches and accordingly light-induced cell damage significantly reduced.

Generally, it is assumed that the resolution of wide-field super-resolution microscopy methods comes 
along with the irradiation intensity. For example, single-molecule localization microscopy achieves typ-
ically a lateral resolution of ~20 nm5–8 but requires naturally also higher irradiation intensities (1–5 kW 
cm−2) than methods which achieve a lower spatial resolution, e.g., structured illumination microscopy 
(SIM)40. However, our data clearly demonstrate that living cells can tolerate such high irradiation inten-
sities if excitation is performed at 640 nm or longer wavelengths (Fig. 3a).

As we have seen that HeLa cells withstand much higher irradiation intensities than U2OS cells 
(Fig. 4) it remains to be tested whether all findings can be directly transferred to other cell lines or living 
organisms. In addition, cell cycle dependent mechanisms have to be considered. Even within the same 
population individual cells might respond differently to excessive irradiation41. This also might explain 
fluctuations in the photodamage data found in our study (Fig. 2 and Fig. 4).

Nevertheless, our results give important advice how to perform live-cell super-resolution microscopy 
experiments (Table 2). The use of switching buffers that include enzymatic oxygen scavenging systems 
and thiol containing reducing agents will add additional stress to cells in live cell single-molecule local-
ization microscopy experiments (Fig. 6) and should therefore be avoided. Since living cells contain the 
thiol glutathione at millimolar concentration levels as native reducing agent live-cell dSTORM in stand-
ard media is possible with selected organic fluorophores without addition of external thiols11,14,24,42–44. 
Strategies to maintain cell health can be either achieved by reducing the illumination depth through TIRF 
or single-plane illumination1, or increasing the photodamage resistance, e.g., by imaging at 37 °C and the 
addition of μ M concentrations of ascorbic acid (Table 2). At the same time, ascorbic acid could also serve 
as photoswitching reagent45. On the other hand, phototoxic effects at high irradiation intensities can be 
substantially reduced when exciting fluorophores at > 600 nm, motivating the development of new (near 
infra-) red absorbing photoswitchable FPs and live-cell compatible organic dyes46–48. Independent of the 
method and the wavelength used, live-cell super-resolution microscopy experiments require stringent 
tests to verify that the cellular processes observed are not influenced by the high irradiation intensities.

Online Materials and Methods
Cell culture. All cell lines were cultured at 37 °C and 5% CO2. U2OS cells (human osteosarcoma cell 
line) and COS-7 cells (monkey kidney fibroblast cell line) were grown in DMEM F12 with L-glutamine 
(Sigma, cat. D8062) supplemented with 10% FBS (Sigma, cat. F7524) and 1% penicillin-streptomycin 
(Sigma, cat. P4333). HeLa cells (human cervical adenocarcinoma cell line) were cultured in RPMI-1640 

Parameter Recommendation Example

Wavelength High 640 nm

Intensity Low < 6 kW cm−2 (640 nm)

Activation No ATTO 655*

Cell type Photo-insensitive HeLa

Illumination type Reduced penetration depth TIRF

Temperature Physiological 37 °C

Switching buffer No cell culture medium

Protecting agents Depending AA

Table 2. Recommendations for live-cell single-molecule localization microscopy experiments. AA, 
ascorbic acid. *Ref. 14.
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medium with L-glutamine (Sigma, cat. R8758) supplemented with 1% MEM Non-essential Amino Acid 
Solution (Sigma, cat. M7145), 1 mM sodium pyruvate (Sigma, cat. S8636), 10% FBS (Sigma, cat. F7524) 
and 1% penicillin-streptomycin (Sigma, cat. P4333). All cell lines have been passaged more than 25 times 
before experiments. Live-cell imaging and irradiation were performed in medium without phenol red: 
DMEM F12 with 15 mM HEPES (Sigma, cat. D6434) and RPMI-1640 medium (Sigma, cat. R7509). The 
U2OS CLIP-H2B cell line stably expressing CLIP-H2B was transfected using the transfection reagent 
FuGENE®  HD (promega, cat. E2311) and selected by 0.3 mg/ml G418 (Sigma, cat. G8168). Cells were 
stained with 0.2 μ M CLIP-Cell™  TMR-Star (New England Biolabs, cat. S9219S) for 30 minutes at 37 °C. 
Afterwards cells were washed three times with medium. Ascorbic acid (100 μ M) was added one hour 
before the experiments. After irradiation, the AA buffer was replaced by standard medium.

dSTORM. Irradiation and imaging were performed on a widefield setup42. As laser light sources 
we used 405 and 488 nm diode lasers (iBeam smart Family, TOPTICA Photonics) with 120 mW and 
200 mW total output power, respectively, as well as three optically pumped semiconductor lasers (OPSL, 
Genesis MX STM-Series, Coherent), i.e., 514 nm, 558 nm and 640 nm with 500, 500, and 1000 mW total 
output power, respectively. Laser beams were cleaned-up by bandpass filters (Semrock/Chroma) and 
combined by appropriate dichroic mirrors (LaserMUX, Semrock). Afterwards, they were focused onto 
the back focal plane of a high numerical oil-immersion objective (Olympus APON 60XO TIRF, NA 
1.49), which is part of an inverted fluorescence microscope (Olympus IX71). To separate the excitation 
light from the fluorescence light, suitable dichroic beam splitters (Semrock) were placed into the light 
path before the laser beams enter the objective. Fluorescence light collected by the objective was filtered 
by appropriate detection filters (Semrock/Chroma) and imaged with additional optical magnification by 
an EMCCD camera with 512 ×  512 pixels (iXon Ultra 897, Andor Technology). The achieved pixel size 
was 128 nm/px.

Irradiation and determination of photodamage. For irradiation experiments cells were seeded 
in petri dishes with an imprinted 500 μ m relocation grid (ibidi, cat. 81168) one or two days before the 
experiment. Cells were irradiated with the desired wavelength at 21 °C unless otherwise stated, a defined 
laser intensity and for a particular time (240 s unless stated otherwise) in EPI or in HILO mode. The 
experiments duration was kept constant at 2.5 hours. Using a rectangular field stop (OWIS) irradiation 
was restricted to cells present in the defined field of view of 65.5 μ m ×  65.5 μ m. To achieve virtually 
homogeneous irradiation over the entire field of view the laser beams were largely expanded. The irradi-
ation intensity varied between 6 and 12% from the center to the edge of the field of view (Supplementary 
Fig. 7). The laser power was measured above the objective using a laser power meter (LabMax-TO, 
Coherent). The illuminated intensity in HILO mode was ascertained as described by Tokunaga et al.10. 
According to errors in the adjustment of the field stop, the determination of the incidence angle and the 
measurement of the laser power we assume an uncertainty in intensity assignment of about 5–6%. For 
experiments at 37 °C a custom build incubation chamber was used, which was put on the x-y stage of 
the microscope.

After illumination of several cells, the medium was changed against fresh medium and irradiated cells 
were observed in a live cell recorder (BioStation IM, Nikon) for the following 20–24 hours (0.2 images 
min−1). The recorded images were assembled to an image stack for cell damage analysis.

Microtubule and actin staining. Cells of the stable U2OS CLIP-H2B cell line were seeded in petri 
dishes with an imprinted 500 μ m relocation grid (ibidi, cat. 81168) one or two days before the experi-
ment. They were irradiated at 405 nm for 240 s at 37 °C with an intensity of 0.05 kW/cm2 for microtu-
bule staining and 0.24 kW cm−2 for actin staining. Microtubules were stained with 1 μ M SiR-taxol44 in 
medium for 30 minutes at 37 °C. Actin was stained with 33 nM Alexa Fluor 647 phalloidin (Molecular 
Probes, cat. A22287) in PBS for 30 minutes at room temperature. Cells were washed with PBS and imaged 
at 640 nm using a 679/41 single-band bandpass filter (Semrock). For dSTORM imaging phosphate 
buffered saline (pH 7.4) containing the following components was used as switching buffer: 100 mM 
β -mercaptoethylamine (AppliChem, cat. A1546), 4% glucose (w/v) (Merck, cat. 108337), 10 U ml−1 glu-
cose oxidase (Sigma, cat. G2133), 200 U ml−1 catalase (Sigma, cat. C100)49.

Microtubule tracking. The stable cell line HeLa EB1-N-YFP was given to us by the Medical University 
of Innsbruck (Molecular Pathophysiology, Prof. Dr. Stefan Geley). All measurements were conducted 
at the setup described above at 37 °C. MT-growth was recorded for 50 s by exciting EB1-N-YFP with 
488 nm at minimal intensities (< 10 W cm−2) within the HiLO mode before and after irradiation of the 
cell. In these measurements, the 488 nm laser and the EMCCD camera were synchronized by a pulse 
generator (DG645, Stanford Research Systems, Gilching, Germany), i.e., 2 Hz pulse frequency and 100 ms 
integration time to minimize irradiation effects. Cells were irradiated for 225 s with 558 nm and 640 nm 
laser excitation in the Epi mode with different intensities, respectively (0–4.48 kW cm−2 and 0–10.09 kW 
cm−2). Tracking of the EB1-spots and computation of the microtubule growth speed were performed 
using the software Imaris (Bitplane, Zurich, Switzerland). The median of the MT-growth speed before 
and after irradiation were subtracted and the percentage of deceleration calculated.
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