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Resumo 
 

Palavras-chave: nanoscopia, super-resolução, PALM, STORM, photo-switchable 

probes, molecular-bleacons, blinkons 

 

O presente trabalho teve por objectivo o desenvolvimento de novas ferramentas e 

aplicações em microscopia de super-resolução por fluorescência, desbloqueando 

informações estruturais de alta resolução em moléculas como DNA, RNA e proteínas. 

Estas moléculas, parte do dogma central da biologia, existem como objectos 

individuais em escalas de poucos nanometros, para além do poder de resolução da 

microscopia de fluorescência clássica. Neste contexto, explorámos neste trabalho 

técnicas de single-molecule localization microscopy (SMLM), que mantêm até hoje o 

recorde em poder de resolução para microscopia óptica. Estas técnicas, têm a 

capacidade de experimentalmente identificar e localizar moléculas individuais na 

escala de sub-nanometros. Nesta família de métodos, photo-activated localization 

microscopy (PALM), stochastic optical reconstruction microscopy (STORM) e suas 

variantes, têm o potencial para resolver estruturas celulares completas com uma 

precisão nanométrica através da localização de milhares de milhões de fluoróforos 

individuais no interior de células marcadas. A implementação e utilização destes 

novos métodos representam um enorme desafio já que estes ainda se encontram no 

seu “estádio embrionário”. O meu doutoramento teve como objectivo melhorar estes 

novos métodos em três áreas diferentes. A primeira área sendo a configuração de 

hardware, nomeadamente através do desenvolvimento de um método que permite 

converter um microscópio wide-field de fluorescência ou de total internal reflection 

fluorescence (TIRF)  em um sistema de super-resolução capaz de alcançar nanoscopia 

3D. A segunda área focou-se em melhorar os métodos de aquisição e análise de 

imagem em super-resolução, através do desenvolvimento de “QuickPALM” e 

ferramentas como o “controle do laser para QuickPALM”. Estes quando integrados 

com outras bibliotecas de software open-source, como o ImageJ ou µManager, 

constituem um conjunto completo de ferramentas de software necessário para 

controlar o microscópio de super-resolução e analisar em tempo real os dados 

adquiridos. A terceira área relacionada com o desenvolvimento de novas sondas 

photo-switchable para super-resolução, baseou-se na exploração de interacções 
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transitórias de fluoróforos "clássicos" com supressores de fluorescência de alta 

eficiência. Estes desenvolvimentos têm sido aplicados para o estudo de processos 

biológicos ao nível nanométrico ao longo do meu doutoramento. A secção de 

resultados da presente tese demonstra uma das implementações mais proeminente, em 

que temos estudado a interacção espacial de proteínas chave na via de sinalização  

NF-κB activada após estimulação de receptores como TNF-α e IL-1. No global, o 

trabalho que desenvolvi durante o meu doutoramento constitui uma contribuição 

científica original e extremamente relevante para o avanço da microscopia de 

localização molecular. Pouco tempo após a publicação e disponibilização do 

QuickPALM à comunidade científica, este tornou-se uma das ferramentas mais 

utilizadas na detecção de partículas e de reconstrução de imagens para a classe de 

técnicas de SMLM. Adicionalmente, os meus resultados fornecem uma visão nova no 

estudo de estruturas celulares a nível molecular e das interacções entre os 

participantes-chave na biologia molecular. 
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Summary 

 

Keywords: nanoscopy, super-resolution, PALM, STORM, photo-switchable probes, 

molecular-beacons, blinkons 
 

This work reports the development of new tools and applications for the visualization 

of biological macromolecules in the cellular context using super-resolution 

fluorescence microscopy. DNA, RNA and protein molecules, the central dogma 

molecules of biology, typically exist at dimensions of a few nanometers, well beyond 

the resolving power of classical fluorescent microscopy. In this context we have 

explored single-molecule localization microscopy (SMLM) techniques that to date, 

hold the record in resolving power for optical microscopy. These have both the 

capacity to identify and localize individual molecules at scales experimentally 

demonstrated to be at sub-nanometre level. In this family of methods, photo-activated 

localization microscopy (PALM) and stochastic optical reconstruction microscopy 

(STORM) as well as their variants, hold the potential to fully resolve complete 

cellular structures at the nanoscale by precisely localizing thousands to millions of 

individual fluorophores within a labelled cell. Confronting these novel methods was 

highly challenging due to their near embryonic state. My Ph.D. aimed to improve 

these novel methods in three different areas. First, the hardware configuration, by 

creating a simple setup method that converts a standard wide-field fluorescence or 

total-internal reflection fluorescence (TIRF) microscope into a super-resolution 

system able to achieve 3 dimensional nanoscopy. Second, the super-resolution image 

acquisition and analysis, by developing “QuickPALM” and tools such as the “Laser 

control for QuickPALM”, which integrated with other open-source libraries such as 

ImageJ or µManager provide a complete set of software tools to achieve super-

resolution hardware control and real-time analysis of the acquired data. Third, the 

discovery of new photo-switchable probes for super-resolution, achieved by the 

exploitation of the transient interaction of “classical” fluorophores with high-

efficiency quenchers. These developments have been applied on to the study of 

biological processes at the nanometer level throughout my Ph.D. Specifically; the 

results section of the present thesis demonstrates one of the most prominent 

implementations, where we have studied the spatial interaction of key proteins of the 
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NF-κB pathway upon receptor stimulation by TNF-α or IL-1. Altogether, the work I 

developed during my Ph.D. has provided important and original scientific 

contributions for the advancement of single molecule localization microscopy. 

Shortly after QuickPALM was published and made available to the scientific 

community it became one of the most widely used analytical tools at the core of 

particle detection and reconstruction for this class of SMLM techniques. Moreover, 

my results provide a novel view into cellular structure at the molecular level and 

provide a novel framework to study the interplay of key molecular participants in 

biology. 
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The present thesis is structured in 3 main chapters: 

 

• Chapter 1 (Objectives) – a discussion of the aims of the presented work. 

 

• Chapter 2 (General Introduction) - provides an overall introduction to the work 

developed. Introduces the concept of super-resolution and explores how it 

provides a new molecular scale view into the spatial-dynamics of biological 

systems. It also addresses one of the key dogmas of super-resolution - live-cell 

imaging - and the necessary steps to overtake this challenge.  

This chapter includes text from my published reviews: 

o Ricardo Henriques and Musa M. Mhlanga (2009). PALM and STORM: 

what hides beyond the Rayleigh limit?. Biotechnol. J. vol. 4(6): 846- 57. 

o Ricardo Henriques*, Caron Griffiths*, E. Hesper Rego and Musa M. 

Mhlanga (2011). PALM and STORM: unlocking live-cell super-

resolution. Biopolymers vol. 95(5): 322-331. 

 

• Chapter 2 (Methods and Results) – Presents my original research in the field of 

super-resolution. Here you can find as: 

(2.1) the description of QuickPALM, a software package that when used in 

conjunction with other open-source libraries as ImageJ and µManager allows real-

time processing for super-resolution imaging;  

(2.2) the development of “blinkons”, a novel class of probes able to induce 

photo-switchable behaviour in “classic” organic dyes by exploring the transient 

interaction of fluorophores with high-efficiency quenchers and;  

(2.3) a super-resolution view into the spatial interaction and structural role of 

the key proteins NEMO, poly-ubiquitin and K63-chains on receptor stimulation 

upon TNF-α or IL-1 modulation of the NF-κB pathway.  

Included in this chapter is my published article: 

o Ricardo Henriques, Mickael Lelek, Eugenio F. Fornasiero, Flavia Valtorta, 
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1 Objectives  
 

The work presented aims to develop new methods and demonstrate new applications 

within the single-molecule localization microscopy (SMLM) field by both tackling 

some of its current limitations and demonstrating results that otherwise could not be 

achieved without this suite of novel methods. 

 

The first challenge tackled was the need for a high-performance method to analyse the 

data generated by super-resolution photo-activated localization microscopy (PALM) 

or stochastic optical reconstruction microscopy (STORM) experiments. Typically, 

these methods can generate up to hundreds of thousands of images within few 

minutes of acquisition. These need to be processed in order to generate a final super-

resolution dataset composed of all the detected individual fluorophores within each 

acquired image. The entire analysis procedure could typically take a far greater period 

of time than the acquisition itself. This obliged users of these techniques to only 

visualize the complete acquired data hours to days after the acquisition itself.  

By developing and publishing QuickPALM (see section 3.1) I have aimed to provide 

the scientific community with new method for both the analysis of PALM, STORM 

or SMLM type datasets. The algorithm within QuickPALM excels in processing 

speed, being able to examine the generated multi-dimensional data in few minutes or 

in parallel to the acquisition procedure itself. QuickPALM today has become one of 

the standards in PALM and STORM data analysis and has a user-base of over 600 

known users.  

The development and applications of QuickPALM are discussed in depth in the 

results section 3.1.  

 

Another aim concerns the development of novel super-resolution fluorescent probes. 

The PALM and STORM methods require the stochastic activation of photo-

switchable fluorophores, a class of fluorophores able to transition between light-

emitting and non-emitting states (note, photo-switching properties can be partially 

induced in conventional fluorophores by special embedding mediums). This photo-
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switching procedure is at the core of these techniques and without it single-molecule 

localization in densely labelled samples cannot be achieved. 

However, there remains a dearth of multi-color photo-switchable fluorophores with 

optimal characteristics for these techniques. Through the exploitation of the properties 

of molecular-beacons, I have been able to develop a new type of photo-switching 

probes that I termed  “blinkons”.  

Blinkons are based on an oligo-nucleotide hairpin conformation similar to molecular-

beacons, i.e., a fluorophore and a high-efficiency compatible (fluorescence) quencher 

are set at opposite ends (5’- and 3’- ends) of their sequence. By default, the close 

proximity between both the quencher and fluorophore will disallow any fluorescence 

emission. The special property presented by blinkons is their capacity to transiently 

and reversibly change the hairpin structure and as such, temporarily switch into a 

light-emitting state. This behaviour induces photo-switching in these probes. 

Through application of the blinkon structure to most multi-color fluorophores with 

known efficient quenchers it is possible to create novel fluorescent photo-switching 

molecules. Moreover, the addition of a biotinylated nucleotide to the blinkon oligo-

nucleotide structure allows it to bind to proteins or cellular structures fused with 

streptavidin. 

The description and characterization of the blinkon probes can be found in section 3.2 

of the results chapter. Here, we take advantage of QuickPALM to undergo a single-

molecule characterization of the blinkons. QuickPALM it is also used to validate the 

blinkon probes as fluorescent markers conjugated to antibodies by super-resolving 

bundled microtubules in neuron cells. 

 

The final aim of this thesis was to super-resolve the sub-cellular territories of NEMO 

(NF-κB Essential MOdulator) and its associated binding of poly-ubiquitin chains 

through the use of dSTORM technique and QuickPALM.  

NEMO is a key regulatory protein in the NF-κB pathway. NF-κB represents a family 

of transcription factors with a key role in immune, inflammatory and anti-apoptotic 

responses. It stimulates immune cell function and acts in a pro-inflammatory manner 

by inducing the expression of cytokines, chemokines and their receptors. 

Furthermore, NF-κB is capable of inhibiting programmed cell death through 

transcription stimulation of anti-apoptotic genes and as such, can be also a main 

driver in cancer growth and survival. 
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Here we show for the first time through super-resolution microscopy that NEMO 

forms a sub-diffraction nanoscale scaffold structure near the cell membrane. My data 

suggests that this structure can be modulated by poly-ubiquitin binding to NEMO. 

Also, both the NF-κB activation through TNF-α or IL-1 stimulation demonstrates a 

re-arrangement on the NEMO formed scaffold in the vicinity of the corresponding 

receptors. 

An advanced analysis of the NEMO sub-cellular territories can be found on section 

3.3 of the results chapter. 
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2 General Introduction 
 

Modern cell biology depends extensively on fluorescence light microscopy to provide 

key insights into cellular structure and molecular behaviour. Inherent advantages, 

such as its non-invasive nature and the ability to use highly specific labelling tools, 

have made fluorescence light microscopy the preferred strategy for imaging fixed and 

living cells. The maximum optical resolution of this method is typically restricted to 

200-nm laterally and 500-nm axially. This limitation constrains its ability to provide 

high-resolution structural information on molecules that are central to the dogma of 

biology, namely DNA, RNA and protein, which exist as single-molecules at scales of 

few nanometres. The physics-based resolution limit of light microscopes imposed by 

their optical architecture and the wave nature of light was mathematically described in 

the 19th century by Ernst Abbe (1).  

Electron microscopy (EM) has been able to surpass the resolution limit of optical 

microscopy and for several years was the routine approach to resolve cellular 

architecture at the ultra-structural or atomic level. However, EM lacks the basic 

advantages of fluorescence microscopy such as highly specific multi-colour labelling, 

and live-cell imaging, both of which remain altogether impossible with EM. 

In response to this dilemma, recent developments in microscopy have aimed to create 

techniques able to retain the advantages of fluorescence microscopy while 

approaching the resolving power of EM. Indeed recent advances in single-molecule 

localization microscopy (SMLM) have shown resolution below the nanometre (2). 

Variants such as photo-activated localization microscopy (PALM) (3), fluorescence 

PALM (FPALM) (4), stochastic optical reconstruction microscopy (STORM) (5), 

direct STORM (dSTORM) (6) and PALM with independent running acquisition 

(PALMIRA) (7-9) have emerged at the forefront of the new “super-resolution” 

methods retaining the labelling advantages of fluorescence imaging.  
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2.1 The optical microscopy diffraction limit 
 

When observing a single fluorophore on a microscope, the emitted light will be forced 

to cross several different physical mediums until it reaches the detector. As a result, 

light scatters throughout the different environments leading to an artificial spatial 

broadening of the discrete point. In the 19th century E. Abbe described analytically 

this hard limit on optical microscopy by which any point source of light smaller than 

the diffraction limit of the imaging system would have a fixed observable size (1). 

The observable spatial profile of such spots defines the point-spread function (PSF) of 

the microscope, also known by the airy diffraction pattern. 

Any two fluorescent molecules whose overlapping PSFs are separated by a distance 

smaller than the PSF width become difficult or impossible to resolve as separate 

objects. This distance known as the Rayleigh Criterion is given approximately by 

λ/(2NA) laterally (x-y) and 2λη/(2NA)2 axially (z), where λ is the wavelength of the 

emitted light, η is the index of refraction of the medium and NA the numerical 

aperture of the objective lens(10). In a conventional fluorescence microscope using 

visible light (λ between 450 and 700nm) and a high numerical aperture objective (NA 

≈ 1.4) the resolution limit given by the Rayleigh Criterion is approximately ~200nm 

in the focal plane (x,y) and 500-800nm along the optic axis (z). 

 

2.2 From micro-to-nano 
 

For several years electron microscopy (EM) has been the predominant technique for 

high-resolution nanoscopy of biological samples (11) having an outsized impact on 

our understanding of ultra-structural biology at scales of just a few nanometres. 

Nevertheless several limitations arise from the use of this technique such as low 

labelling efficiency and laborious sample preparation methods that are currently 

incompatible with live-cell imaging. As a result the vast majority of microscopy 

research in the life sciences is still carried out with optical light microscopy (12). 

By default, fluorescence microscopes are able to detect and position single-molecules 

with a high accuracy if they present distinct spectral emissions or if their associated 

PSFs do not spatially overlap extensively (13, 14). The problem arises when 
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neighbouring markers are excited simultaneously stimulating a coincident emission 

making the separation of their overlapping PSFs virtually impossible (Figure 2.1). 

 

 

Figure 2.1.  Scheme of the distortion created by a fluorescence microscope. Using the 

words PALM and STORM as an example, as light travels from the emitting 

molecules through the optics of the imaging system diffraction occurs and the spatial 

information of the fluorophores becomes blurred. When a light detector acquires this 

information, noise is introduced into the resulting produced image. 

 

One of the earliest techniques that attempted to tackle this problem was near-field 

scanning optical microscopy (NSOM) where the detection of non-propagating light 

waves emanating from a very restricted number of molecules was achieved through 

scanning with a nanosized tip (15). However this technique is restricted to the 

imaging of the sample surface and not able to give information about the interior and 

contents of cells.  

Far-field fluorescence nanoscopy arose by cleverly making use of Abbe’s formulas; 

one such way was to reduce the PSF size, for example by increasing the angular 

aperture of the imaging optics. This concepts have been around since the late 

seventies, such as in the case of the first 4Pi illumination ideas from the brothers 

Cremer and Cremer in Heidelberg (16) leading to the development of the 4Pi confocal 

microscope (17-19) or the wide-field approach I5M (20), both the techniques take 

advantage of opposing objective lenses leading to up to a seven-fold increase in the z-

axis resolution. However, using two objectives creates a wave-front that is still non-

spherical giving rise to the appearance of unwanted side-lobes on the focal spot that 

need to be reduced mathematically in post-processing steps (21). Another approach 

has been achieved by Structured Illumination Microscopy (SIM) (22-25) where a 

wide-field periodically patterned illumination allows for the expansion of the 
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frequency space detectable by the microscope, reducing the size of the PSF and 

allowing a resolution increase of up to a factor of two. The combination of this 

method with I5M allows for a 3D image resolution of around 100 nm (26). By 

implementing saturated intensities - Saturated Structured Illumination Microscopy 

(SSIM) is able to use arbitrarily high spatial frequencies to generate an excitation 

pattern (27). This enables SSIM to achieve an experimentally measured 50 nm in 

lateral resolution (28). Stimulated Emission Depletion (STED) fluorescence 

microscopy makes use of two lasers, while a focused excitation laser beam pushes 

fluorophores to their excited state, a second laser with a doughnut-shaped intensity 

profile prompts a stimulated emission of the excited fluorophores surrounding the 

excitation spot impelling them to the ground state (18, 29). This feature confines the 

fluorescence emission to the non-stimulated region inside the doughnut reducing the 

size of the PSF and thus achieving a remarkable measured resolutions as high as 20 

nm laterally and 30-40nm axially, 40-45 nm can be achieved in any of the three 

dimensions if STED is combined with a 4Pi setup (30, 31). Recently STED has been 

shown to be able to produce video-rate images of synaptic vesicles with a resolution 

of 60 nm in live neuronal cells (32). Thus Abbe’s basic insight remains true and is 

only overcome by “PSF engineering.” 

A concept observed since the 1980s in biology comes out of the fact that although the 

size of observed particles is limited by the resolution of the microscope, if a sufficient 

number of photons is detected, the centre of the particle can be determined precisely 

(33, 34), unlimited resolution could even be achieved if this number tends to infinity 

(35). Notwithstanding, two main constraining factors in achieving accurate particle 

localization exist: Firstly, neighbouring particle PSFs cannot overlap and secondly, 

the localization accuracy depends heavily on the signal-to-noise ratio of the sampled 

image. Despite these limitation it has still been possible to conduct far-field 

microscopy single-particle tracking studies with an astonishing precision as high as 1 

nm, as is the case of the work of Gelles et al. in the movement of kinesin-coated 

beads (36) or Yildiz et al. on the movement of Myosin V over actin filaments (37). 

However, in most instances, biological-imaging experiments will encounter the 

visualization of densely labelled samples. In such cases the overlapping PSFs due to 

the emission of the densely packed fluorophores prevent their accurate localization 

(see Figure 2.2).  
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Researchers have been able to cleverly find methods to circumvent these constraints. 

In 1995, E. Betzig suggested that one might identify individual molecules with 

differing spectra whose separation is smaller than the PSF width (38), several groups 

have latter shown the application of these ideas in single-molecule spectral selection 

sub-diffraction imaging (39). Other ingenious approaches have also been developed 

such as single-molecule localization through sequential photo-bleaching (40, 41) or 

through the analysis of the stochastic blinking of quantum dots (42). 

 

 
Figure 2.2. PALM and STORM imaging scheme. Several images are acquired where 

very few emitting molecules are observed in each. Although ultimately images 

becomes blurred and noisy during acquisition, the low probability of overlapping 

fluorophores (and PSFs) allows for the detection and localization of the majority of 

emitting particles inside each image. As this information is integrated in time, the 

localization of all detected molecules can be matched and a final super-resolution 

dataset or image is generated. 

 

One of the solutions to these problems that has become popular in the research 

community emerges through the sequential and stochastic switching ON and OFF of 

fluorophores therefore minimizing the probability that at any given time two or more 

fluorophore light emissions (and thus PSFs) spatially overlap. In each imaging cycle 

most molecules remain dark but a small number are randomly switched on, imaged 

and localized. This process can then be repeated for numerous iterations until the 

majority of molecules have been accurately detected and positioned (see Figure 2.2). 

A consequence of using this method is that thousands of images may need to be 

acquired to generate one super-resolution dataset. This feature has become the 
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backbone of techniques such as photo-activation localization microscopy (PALM) 

(43), fluorescence photo-activation localization microscopy (FPALM) (44), stochastic 

optical reconstruction microscopy (STORM) (5) and PALM with independently 

running acquisition (PALMIRA) (7-9).  

 

2.3 Super-resolution by photo-switching of single-molecules 
 

Three key components are required to achieve super-resolution with stochastic photo-

switching. They are firstly the microscope optics and the detector that must be able to 

detect very few photons. Secondly, the fluorescent dyes and proteins that enable 

photo-switching permitting stochastic activation. Thirdly and perhaps not fully 

appreciated, analysis of thousands of images and their reconstruction into a super-

resolved image. 

 

2.3.1 Detection & Microscope Optics 
 

As isolated emitting diffraction limited spots are imaged, their centroid can be 

localized with an approximate precision of 

€ 

σ / N , where 

€ 

σ  is the standard deviation 

of the PSF and 

€ 

N  is the number of detected photons (13). This relationship reveals 

the importance of the imaging system and fluorophores used. To achieve high 

localization accuracy, one would want to achieve a small PSF by using a high NA 

objective and optical components that minimize the unwanted diffraction. Yet one of 

the main problems arises from the low photon-detection efficiency in microscopes 

leading to the need for high-sensitivity and low-noise detectors as is the case with 

electron-multiplying charge-coupled devices (EM-CCD) cameras and low absorption 

optics. Labelled biological samples, however, can present a large number of 

fluorophores in a diffraction-limited region preventing precise single-molecule 

localization. A solution based on photo-switchable fluorescent molecules – molecules 

that can be reversibly switched from non-fluorescent (OFF-state) to fluorescent (ON-

state) by stimulation of light with specific wavelengths – can be created through the 

use of activation-deactivation imaging cycles. Importantly the density of activated 

molecules in each single image must be kept very low, such that the images (in this 
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case PSFs) of individual fluorophores do not overlap permitting single-particle 

detection. In each step of this imaging process a small number of molecules is 

activated, imaged and deactivated, repeating this cycle creates a sequence of images 

where sequentially most of the photo-switchable population will appear distributed 

over a large number of temporal-slices allowing for the individual spot detection and 

localization.  

Imaging by itself can be easily implemented on a TIRF or wide-field based system 

that features a high magnification and numerical aperture objective (100x 1.45 NA or 

better), high-efficiency optics and detector, and an excitation system that is 

compatible with the photo-switching activation and excitation of the chosen 

fluorophore (see Figure 2.5) - minor modifications to the setup might be needed in 

order to achieve 3D information through the introduction of astigmatic lenses or 

simultaneous double-plane detection (45, 46). 

 

 
 

Figure 2.3. Setting up your own SMLM. Aside from the complexities involving 

fluorophore selection discussed extensively here, assembling a SMLM compatible 

microscope is both cost-effective and straightforward. TIRF microscopes can easily 

be adapted for SMLM or a custom system can be set up by combining a commercial 

microscope body with a high-sensitivity camera and a custom laser excitation system. 

A cylindrical lens inserted into a slider below the objective revolver can provide 
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astigmatism characteristics enabling 3D imaging with the system – an extensive list of 

tutorials on the subject can be found in http://code.google.com/p/quickpalm. 

µManager constitutes a free, open-source software for hardware control and 

acquisition compatible with SMLM experiments and can be used in tandem with 

QuickPALM – a dedicated ImageJ plugin to process SMLM data.  

 

2.3.2 Fluorescent Proteins & Dyes 
 

For PALM and STORM, the choice of the right photo-switchable fluorophores is key, 

as they are critical factors that modulate the speed of acquisition and localization 

accuracy of the techniques. Desirable fluorescent molecules should be extremely 

bright in order to allow for the detection of the maximum possible amount of photons 

per molecule (N) - this can be achieved by selecting dyes or fluorescent proteins that 

have both a large extinction coefficient (ε) and quantum yield (QY). It is important to 

maintain a good ratio between the amounts of photons emitted in the fluorescent 

activated state in comparison with the residual photons emitted in the non-activated 

state. Acquisition speed is highly dependent on the activation and deactivation rates of 

the fluorophores as experimental settings need to be optimized in order to prevent 

unwanted PSF overlapping (this issue comes to the forefront in specific biological 

examples described later). Thus, by maintaining a good balance between the small 

number of fluorescent molecules that are activated in each acquired frame and the 

amount that do not immediately deactivate between consecutive frames allows single-

molecule to be achieved.  

Several different classes of photo-switchable fluorophores compatible with super-

resolution localization have been described (see Table 2.1): irreversible photo-

activation  fluorescent proteins – can only make a single transition from a dark to an 

emitting state, deactivation is achieved by irreversibly bleaching the molecule. One of 

the earliest developed and most successful fluorophore of this class is PA-GFP (47) 

spearheaded by the early work of the A. Diaspro group on restricting the activation of 

PA-GFP in 3D space through two-photon activation (48) or the recent work of Hess 

and colleagues with live cell FPALM (49). Due to its low contrast ratio the spatial 

resolution is severely limited; irreversible photo-shiftable fluorescent proteins – are 

able to do an irreversible shift between two fluorescent colours. These are some of the 
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most commonly used proteins for super-resolution imaging. mKiKGR has been 

recently engineered based on the KiKGR tetramer making it a more suitable 

alternative for cellular protein imaging (50). Of this class, PS-CFP2 is the only green-

emitting protein and has successfully been used in multi-color super-resolution 

imaging (51); reversible photo-activatable fluorescent proteins – capable of shifting 

between active and non-active states multiple times, even though the wavelength of 

the emission peak of bsDronpa, rsFastLime and Padron are near each other, Andresen 

et al. (52) has shown that the time-spectral photo-switching characteristics of these 

fluorophores can be used to differentiate them in multi-color imaging (52); reversible 

photo-activatable fluorescent dyes – non-genetically encoded they are able to undergo 

several shifts between a florescent and non-fluorescent state, in comparison to their 

analogue photo-switchable proteins the photon output (N) of some of these probes is 

extremely high leading to lateral resolutions in the order of 20 nm achieved in 

STORM (53). Although some of these dyes are able to photo-switch alone as is the 

case of Cy5 (6), when paired with a secondary chromophore switching might be 

improved, this feature greatly increases the colour range of STORM probes (53); 

caged fluorophores – irradiation with UV-light causes the release of a protective 

group leading to a fluorescence increase of the dye, caging brings a new way to create 

new photo-switchable probes based on pre-existing fluorophores with desirable 

photo-physical properties (54); fluorophores with reversible photo-bleaching – 

recently it has been shown that embedding samples in oxygen depleted mediums such 

as polyvinyl alcohol, glucose oxidase or glycerol,  allows conventional fluorophores 

(such as EGFP, EYFP, ECFP, Alexa488, Alexa568, fluorescein among many others) 

to switch into dark-states after strong illumination, allowing them after a period of 

“relaxation” to stochastically switch back to an emitting-state (55-57). This method 

has permitted the achievement of 30nm resolution by imaging Alexa488 (58). 
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Fluorophore Switch λ(act) λ(ex) λ(em) ε  QY N Fluorescence 
Increase O. State Ref 

Irreversible photo-activation  fluorescent proteins 

PA-GFP (Pre) 400 515 20.700 0.13 ~70 

PA-GFP (Post) 
ll 413 

504 517 17.400 0.79 ~300 
5 Monomer (54, 59) 

PAmCherry (Pre) ND ND ND ND ND 

PAmCherry (Post) 
ll 405 

570 596 24.000 0.53 ND 
5000 Monomer (60) 

Irreversible photo-shiftable fluorescent proteins 

PS-CFP2 (Pre) 400 468 43.000 0.20 ND 

PS-CFP2 (Post) 
ll 405 

490 511 47.000 0.23 ~260 
>2000 Monomer (54, 59, 

61) 

Kaede (Pre) 508 518 98.800 0.88 ND 
Kaede (Post) 

ll 350-410 
572 580 60.400 0.33 ~460 

2000 Tetramer (54, 59) 
 

mKiKGR (Pre) 505 519 49.000 0.69 ND 
mKiKGR (Post) 

ll 405 
580 591 28.000 0.63 ~970 

>2000 Monomer (50) 
 

mEosFP (Pre) 505 516 67.200 0.64 ND 
mEosFP (Post) 

ll 400 
569 581 37.000 0.62 ~490 

ND Monomer (54, 59) 
 

tdEos (Pre) ll 506 516 84.000 0.91 ND 
tdEos (Post) ll 

405 
569 581 33.000 0.62 ~750 

200 Tandem 
dimer 

(60, 62, 
63) 

mEos2 (Pre) ll 506 519 56.000 0.84 ND 

mEos2 (Post) ll 
405 

573 584 46.000 0.66 ND 
ND Monomer (62) 

Dendra-2 (Pre) 490 507 45.000 0.50 ND 

Dendra-2 (Post) 
ll 405 or 

488 553 573 35.000 0.55 ND 
300 Monomer (54, 60, 

61) 

Reversible photo-activatable fluorescent proteins 
Photo-switchable 

EYFP llll 405 514 527 137.000 0.61 ND ND Monomer (64, 65) 

Dronpa llll 405 503 522 125.000 0.68 120 ND Monomer (52, 54, 
59) 

bsDronpa llll 405 460 504 45.000 0.50 ND ND Monomer (52) 

Padron llll 496 503 522 43.000 0.64 ND ND Monomer (52, 54) 
rsFastLime llll 405 496 518 46.000 0.60 >2000 ND Monomer (8, 52) 

Reversible photo-activatable fluorescent dyes 
Photochromic 

Rhodamine llll 375 530 620 105.000 0.65 ~750 ND NA (7, 54) 

Alexa Fluor 647* llll 532* 650 665 240.000 0.33 ~6000 ND NA (53, 54) 

Cy5* llll 
405 or 
457 or 
532* 

649 664 250.000 0.28 ~6000 ND NA (53, 54) 

Cy5.5* llll 532* 675 694 190.000 0.23 ~6000 ND NA (53, 54) 
Cy7* llll 532* 747 767 200.000 0.28 ~1000 ND NA (53, 54) 

Photocaged fluorophores 
Caged Q-rhodamine ll 405 545 575 90.000 0.90 ND ND NA (54) 

Caged 
carboxyfluorescein ll 405 494 518 29.000 0.93 ND ND NA (54) 

* Pairing this fluorophores with a second activator chromophore greatly increases the 
photo-switching characteristics, literature described pairs: Cy3-Alexa Fluor 647, 
Alexa Fluor 405-Cy5, Cy2-Cy5, Cy3-Cy5, Cy3-Cy5.5, Cy3-Cy7 (53).  
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Table 2.1. Photo-switchable fluorophores for super-resolution imaging: λ(act) - 

photo-activation  wavelength in nm, λ(ex) - excitation wavelength in nm, λ(em) - 

emission wavelength in nm, ε - extinction coefficient in M-1cm-1, QY – fluorescence 

quantum yeld, N – emitted number of photons per molecule, O. State – oligomeric 

state. 

 

2.3.2.1 Genetically encoded fluorophores 
 

Perhaps the greatest advantage of genetically-encoded fluorescent proteins is the 

capacity to specifically label molecules in a non-invasive and live-cell compatible 

manner when compared to other methods such as immuno-fluorescence staining. 

Furthermore, cell-friendly mediums can be applied as opposed to the photo-switching 

buffers commonly used in STORM and dSTORM.  

Interestingly, it has been known for many years that GFP itself switches between a 

fluorescent state and a dark state in response to light (66). However, it was the 

engineering of proteins to change their spectral properties upon illumination with light 

of specific wavelengths that allowed for the possibility of SMLM to become a widely 

used tool in cell biology. There are now numerous examples of these proteins each 

with slightly different photo-physical characteristics. Photo-activatable proteins, such 

as PA-GFP, undergo a single transition from a non-fluorescent to a fluorescent state 

upon light-induced activation; reversible photo-switchable fluorophores are capable 

of multiple cycles of activation from a dark to a fluorescent state and return to a dark 

state, as in the case of Dronpa; photo-shiftable proteins, exemplified by mEos2, can 

be stimulated to convert between two spectrally distinct fluorescent forms (colours) 

by activating irradiation. These switching processes are manipulated by careful 

control of the imaging environment in tandem with the activation and excitation light 

intensities. This procedure permits for small subsets of fluorophores to be activated 

and rapidly extinguished while capturing a sequence of images. 

Most of the published literature on live-cell SMLM has genetically-encoded 

fluorophores. Yet care needs to be taken when approaching these methods. Most 

photo-modulatable fluorophores require activation by near-UV light, which is toxic to 

the majority of cells. The Dendra2 fluorophore is a minor exception, since it can be 

activated at wavelengths close to a 488nm wavelength - reviewed in (67). In most 
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experiments it is also desirable that fluorophores immediately bleach following 

activation in order to eliminate their presence from multiple acquired images where 

they would augment the probability of particle spatial-overlap. A strong excitation 

light is then applied to bleach the fluorophores but the penalty is increased photo-

toxicity.  

For live-cell imaging in SMLM the photo-toxicity challenge can be partially 

overcome by using lower excitation intensities. This can be used to analyze the 

motility of the activated portion of fluorophores over a small sequence of images until 

the population is bleached, a process that can be repeated several times. If the 

fluorophores are confined to a specific cellular structure or location and motility is 

sufficiently slow so as not to cause blur artifacts (which degrade particle localization), 

then it becomes possible to reconstruct the domains where the fluorophores have been 

captured. This process uses each fluorophore multiple times to landmark their 

enclosing territory and causes less cell damage due to the reduction in the illumination 

intensity. Similarly, this strategy can also be used to study and map single-molecule 

motion as demonstrated by the single-particle tracking PALM (sptPALM) technique 

that combines single-particle tracking with PALM microscopy (68) (see Figure 2.4). 

The emergence of proteins with different emission spectra, such as rsCherry, a 

monomeric red photo-swichable fluorescent protein (60), has made multi-colour time-

lapse SMLM imaging possible. Further, the development of new fluorescent proteins 

coupling photo-activatable and photo-shiftable properties, such as mIrisFP, introduces 

the possibility of using a pulse-chase approach in conjunction with super-resolution 

imaging for single-particle tracking in dynamic processes, such as monomer turnover 

in macromolecules (69).  
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Figure 2.4. Acquisition steps for PALM, FPALM, STORM, dSTORM and sptPALM. 

The typical acquisition in SMLM for PALM, FPALM, STORM, dSTORM is divided 

in three independent steps: pre-activation bleach – where cells are illuminated by a 

strong excitation laser, forcing any unwanted active fluorophore to go into an OFF-

state; activation – the light-induced activation of an extremely reduced number of 

fluorophores preventing excessive spatial-overlapping of the visualized particles; 

readout – excitation and imaging of the activated fluorophores followed by bleaching 

in order to minimize the presence of already visualized particles in posterior acquired 

images. These final two-steps can be cycled until a sufficient number of molecules 

has been identified. In parallel to the readout phase particles can be detected and 

assembled into a reconstruction. In sptPALM, the readout phase is divided into 

multiple images where particle movement is captioned and tracked in parallel until 

bleaching of most active fluorophores has occurred leading to a new imaging cycle 

started by the activation phase. 

 

2.3.2.1 Synthetic fluorophores 
 

The two most important photo-physical characteristics determining the spatial 

resolution are the brightness of the molecules in the fluorescent state used for 

localization, and the ratio between this state and the brightness of the molecules in the 
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inactivated state. The former determines the number of photons that can be detected, 

which in turn determines the localization precision. The latter factor – the contrast 

ratio - contributes to the background, which again directly affects the localization 

precision. It should also be noted that the contrast ratio affects the resolution in a 

slightly more subtle way: low contrast ratios limit the ability of the system to localize 

molecules at high molecular densities, which is crucial for achieving high Nyquist-

limited resolution (63). Consequently, it is important to choose fluorescent labels that 

have both high brightness and high contrast ratios. Many of the most commonly used 

photo-modulatable fluorescent proteins present high contrast ratios - ~105 for EosFP – 

but with a smaller photon output when compared with small-molecule fluorescent 

dyes (6000 photons per Cy5 molecule have been detected versus 490 photons per 

mEos molecule – reviewed in (67)). Therefore, small-molecule dyes may be attractive 

candidates as probes for live-cell SMLM. Yet, the impossibility of genetically 

encoding such labels leaves researchers with the difficult task of devising appropriate 

strategies for specific and sensitive targeting of fluorophores to biological molecules 

of interest, in a living cell. Cell membrane impermeability to many dyes and dye-

conjugates, not least of all conventionally labelled antibodies, stands as the greatest 

barrier to labelling intracellular targets under live-cell conditions, where the 

membrane should stay intact. 

Currently available strategies fit into two broad categories - those that target 

fluorophores to peptide sequences or proteins fused to the target protein, and those 

that use enzymes to label the target sequence with the fluorescent tag (see Table 2.2). 

The small labelling systems used by peptide-targeting labelling strategies, such as 

TetraCys (70), HexaHis (71) and PolyAsp (72), cause minimal protein or cell 

perturbation. Thus far, however, only the TetraCys system has been successfully used 

in live-cell or intra-cellular labelling (71). Protein-directed labelling, such as 

SNAP/CLIP tags (73), Halo Tags, and Dihydrofolate reductase (DHFR) targeting 

with trimethoprim (TMP)-conjugates (74), allows improved targeting specificity, but 

at the cost of an increase in the size of the recruiting system, increasing the risk of 

perturbing protein function. Despite this, the tag-dye conjugates in a number of these 

approaches are sufficiently cell permeable to allow intracellular labelling. Covalent 

labelling with the DHFR-based system has been successfully used in live-cell 

STORM imaging of Histone H2B dynamics (75). Enzyme mediated protein labelling 

makes use of a small peptide sequence fused to the target protein and an enzyme, 
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natural or engineered, which ligates the fluorescent probe to the recognition sequence. 

Some of these methods, such as those based on the use of sortase (76, 77), 

phosphopantetheine transferases (78), and biotin ligase (79), have been used to ligate 

fluorophore-conjugates to recognition sequences on target proteins in living cells or at 

the single-molecule level. These approaches combine the benefits of a small directing 

peptide sequence and those of specific and rapid covalent labelling, and thus provide 

an ideal system for SMLM. However, the primary disadvantage currently encountered 

with the above systems is a lack of cell-permeability of the tags themselves, such that 

only membrane-protein labelling is possible. 

In contrast, a Lipoic acid ligase based system has been developed which makes 

labelling at both the cell membrane and intracellular fluorophore possible (80). Two 

engineered forms of the microbial lipoic acid ligase have been developed by the Ting 

lab. The first is able to ligate cyclo-octyne conjugated probes to a Lipioic Acid Ligase 

Peptide (LAP) sequence fused to both cell surface and intracellular targets using a 

two-step process (81, 82). Practical challenges with the two-step process when 

applied to intracellular labelling led to the development of a second engineered ligase, 

a highly specific “fluorophoreligase,” capable of specifically ligating 

hydroxycoumarin to intracellular LAP fusion proteins. This newly engineered enzyme 

may be most suitable for the direct and specific labelling of intracellular targets, 

however, the strict restriction to only one dye limits the applicability of the system for 

SMLM at this stage. Further engineered forms, able to make use of multiple dye-

conjugates, would provide a valuable system for multi-color labelling in live-cells in 

the future. 

Besides strategies for the specific labelling of intracellular proteins with a wide 

variety of fluorescent dyes for live cell imaging, the suitability of specific fluorescent 

dyes for SMLM, particularly their photo-switching abilities, as well as the necessary 

conditions for such blinking, are also an important consideration, especially for live-

cell imaging. Developments in imaging buffers have allowed photo-switching 

properties to be attributed to the majority of synthetic fluorescent dyes. 
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Table 2.2. Targeting strategies for synthetic dyes. DHFR: dihydrofolate reductase; 

ACP: acyl-carrier protein; PCP: peptidyl-carrier protein; AP: biotin ligase acceptor 

peptide; LAP: Lipoic acid ligase acceptor peptide; NTA: Nitrilotriacetic acid; TMP: 

trimethoprim; AGT: O6-alkylguanine-DNA alkyltransferase; N/A: not applicable. 

 

2.3.2.2 Blinking-inducing buffers 
 

Fluorescence excitation occurs by the absorption of a photon, which promotes a 

singlet, ground state molecule (S0), to the excited singlet state (S1). The subsequent 

return to S0 produces a fluorescence photon emission. Alternatively the competing 

process of inter-system conversion can occur maintaining the fluorophore in a long-

lived triplet state (T1) formation (see Figure 2.5).  

While in T1 the fluorophore is unable to undergo fluorescence emission until 

relaxation to S0 is re-achieved. During this period the fluorophore is sensitive to an 

irreversible photo-bleaching event if it reacts with molecular oxygen. This in turn 

results in the production of reactive oxygen species (ROS) – one of the major sources 

of photo-toxicity in cells. Notwithstanding, this process does not only create light-

induced damage but the overall absorption of light by the cell can produce toxicity 

(83, 84).  
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Figure 2.5. Scheme of the photo-switching process and redox triplet state depletion 

mechanism. A ground state fluorophore is excited to the S1 singlet state by the 

absorption of a photon. The fluorophore may then return to the ground state or 

transverse into a dark triplet state by intersystem crossing, followed by stochastic 

relaxation back to ground state. Boxed region: The addition of reducing and oxidizing 

agents depletes the triplet state by electron transfer reactions, producing either form of 

fluorophore radical and retrieving the reactive intermediates by the reciprocal 

reduction or oxidation. This returns the fluorophore to ground state, avoiding photo-

bleaching and allowing cycling or switching of the fluorophore between excited, 

triplet and ground states. S0: ground state; S1: excited singlet state; T: triplet state; ex: 

excitation; fl: fluorescence; isc: inter-systen crossing; rel: relaxation; red: reduction; 

ox: oxidation; F: fluorophore 

 

If reactions with oxygen can be avoided, then fluorophore photo-bleaching can be 

reversed. This process can be used to induce switching behaviour in fluorophores (56, 

85) as the T1 transition is stochastic and can be employed as the transient OFF-state of 

a fluorophore. Under these conditions, fluorophore blinking compatible with single-

molecule localization of a large population of fluorophores can be attained by 

imaging the cycling of short fluorophore photon bursts caused by S0-S1 transitions 

(the ON-state) followed by the temporary arrest of fluorescence in the S1-T1 shift (the 

OFF-state). Initially, a very limited selection of dyes known to be able to undergo 

such photo-switching processes was available. Cyanine dyes (86, 87) have been most 

commonly used for SMLM as they can be induced to switch by the presence of a 

second, activating fluorophore. Such a photo-switching mechanism requires oxygen 
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removal and the use of millimolar concentrations of a reducing agent, such as β-

mercaptoethanol, in the imaging medium (88). 

The demonstration of light-induced reversible photo-switching of single standard 

fluorophores for use in SMLM, termed dSTORM (6), initiated significant advances in 

establishing SMLM imaging systems in which a much larger range of standard 

fluorophores can now be used. Central to these developments is an understanding of 

this ‘blinking’ mechanism in fluorescent molecules, and concomitantly, the 

formulation of a system that modulates the switching rates (see Table 2.3). 

Photo-bleaching can be limited by the depletion of oxygen in the sample, either by 

embedding with poly-(vinyl-alcohol) (PVA) or using enzymatic oxygen scavenging 

buffers. This removes singlet oxygen and thus lengthens the T1 lifetime, while 

addition of a reducing agent is often used to recover ionized fluorophores. The 

versatility of these approaches remains limited by their dependence on the specific 

fluorophores inherent single-state return rate for establishment of an appropriate rate 

of blinking, while oxygen depletion and toxic reducing agents make this setup 

incompatible with most live-cell experiments. 

By approaching the photo-bleaching and triplet state recovery processes as a redox 

system, the Sauer and Tinnefeld groups have determined a simple, live-cell adaptable 

imaging setup to allow the fine-tuning of the rate of singlet-state return relative to 

triplet state formation. In this system, the reactive triplet state is rapidly depleted, 

either by oxidation to a radical cation, or by reduction to a radical anion. These ions 

can be recovered by the addition of a reducing or oxidizing agent, respectively, 

returning the fluorophore to the singlet state. Thus a buffering system with both 

reducing and oxidizing agents (termed ROXS) recovers reactive triplet state 

intermediates, repopulating the ground state and avoiding photo-bleaching. By 

adjusting the relative ROXS buffer concentrations as required, the rate of photo-

switching can be directly controlled to ensure sufficient fluorophores are in a dark 

state at each time point and that fluorescent lifetimes are sufficient to yield photons 

for accurate localization. 
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Table 2.3. Redox buffer agents to modulate photo-switching. 

 

The toxicity of ROXS reagents had to be addressed in order to adapt such systems for 

live-cell imaging (see Table 2.3). Typically, thiol-reagents such as β-mercaptoethanol 

or β-mercaptoethylamine have been used as reducing agents in SMLM buffers (56, 

85). Recently, glutathione and ascorbic acid have proven to be appropriate live-cell 

compatible alternatives to these reducing agents (85, 89). Despite its toxicity 

methylvialogen remains the primary oxidizing agent used (89). By taking advantage 

of the oxidizing potential of oxygen itself, and using the molecular oxygen present in 

the cellular environment to fulfil the role of the oxidant in ROXS (85) the challenge 

of oxidant toxicity, as well as the need for oxygen-depletion in SMLM, has been 

neatly side-stepped. Although the presence of oxygen slightly restricts the 

experimenter’s capacity to modulate the dyes photo-physics, this nevertheless greatly 

simplifies the application of ROXS for use in live-cell SMLM. 

Essentially any desired fluorophore labels with suitable photo-physical properties can 

be used in a biologically compatible ROXS imaging buffer, without the need for 

oxygen depletion. The ATTO dyes, such as ATTO520, ATTO565, ATTO655, 

ATTO680 and ATTO700, have proven particularly well suited for use in “blink 

microscopy” with ROXS (85). Investigations are broadening into the suitability of 

more water-soluble dyes, such as perylene dicarboximide fluorophores, specifically 

for use in live-cell imaging. 

ROXS provides a dye and buffer system that provides a prime choice of multi-colour 

dyes to use in live-cell SMLM with minimal perturbation to the cell. 
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2.3.3 Single-molecule analysis and reconstruction 
 

Analysis and reconstruction are one of the major parts of PALM and STORM. Post-

acquisition or in-acquisition processing infer the characteristics of each molecule 

present in the large amount of images that constitutes the dataset. In a typical 

experiment 10.000 to 100.000 images are generated where tens to hundreds of 

particles are present in each frame. Although the acquisition by itself takes few 

minutes, the data analysis can take up to several hours and is highly dependent on the 

processing power available to the user. Ironically this means that the super-resolved 

image cannot be “seen” until well after the end of the actual acquisition and imaging 

of the sample. Localization accuracy depends greatly on the capacity of the 

algorithms to deal with detection noise, PSF overlaps and particle motion. Fortunately 

biology can inherit a great deal of knowledge and solutions from astronomy, as 

astronomers have faced a similar problem when observing stars that are in essence 

also diffraction limited. For example, Egner and colleagues describe the usage of a 

modified version of the 1974 Hogbom’s CLEAN algorithm (90) in conjunction with a 

mask-fitting algorithm of the Airy spot to provide particle segmentation and 

positioning (8). These tasks become more difficult when particle tracking is needed as 

in the case of following molecular dynamics.  

Single-particle tracking (SPT) algorithms need to relate the different particles being 

detected at different time-points. Such tasks face several challenges, such as particles 

disappearing due to blinking, moving into or outside of the region being imaged, 

particle splitting, particle merging and detection failure (91, 92). Recently, both 

groups of Jaqaman et al. (92) and Serge et al. (93) have provided  the research 

community with freely available Matlab (Mathworks) based algorithms able to 

achieve localization accuracies near the theoretical limit and multi-particle tracking.  

As PALM and STORM evolve to live cell imaging, the need for in-acquisition real-

time analysis increases in order to optimize and adapt the microscope settings. This 

would be the case in data-driven excitation and activation optimization in order to 

reduce the needed imaging time and the high photo-toxicity of PALM and STORM 

experiments.  Also, this would provide biologists with tools that allow experimental 

decisions based on the immediate observed super-resolution information. It is clear 

that as the technique becomes more generally used in the near future, so too will 
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algorithm optimization, multi-processor analysis and clustered computing evolve to 

provide these features. 

 

2.4 Stepping into 3D super-resolution 
 

Although PALM and STORM have been generally used to improve 2D image 

resolution, achieving 3D intra-cellular information has been one of the major 

challenges for the techniques. Other nanoscopy methods like 4Pi or I5M have been 

able to surpass this problem and achieve an axial resolution below 100nm (20, 21, 

94), STED microscopy in a 4Pi illumination geometry has been shown to reach 

resolutions as high as 30 to 50 nm however without super-resolution in the lateral 

dimensions (95). The recent work of Lemmer and colleagues on super-resolving 

cellular nanostructures through the combination of spectral precision distance 

microscopy (SPDM) with spatially modulated illumination (SMI) as achieved 20 nm 

lateral- and 50 nm axial-resolution (96). PALM and STORM have been mostly used 

under total-internal reflection fluorescence (TIRF) imaging due to the inherent high 

contrast optical sectioning achieved with such systems limiting the z-axis imaging 

depth generated by the evanescence field to around 150 nm. A similar technique 

called highly inclined and laminated optical sheet (HILO) microscopy makes use of a 

highly inclined light beam to generate a thin optical sheet that penetrates the sample at 

a shallow angle, HILO has effectively been used in single-molecule fluorescence 

nanoscopy of the cell nucleus with high signal/background ratios (97) and should 

prove to be compatible with PALM and STORM imaging but no such case has been 

reported to the date. Two-photon activation based optical sectioning with PALM has 

been achieved on photochromic rhodamine dyes (7). Recently two elegant solution to 

the PALM and STORM 3D problem have been demonstrated without optical-beam 

scanning: by inducing optical astigmatism on a wide-field setup where the PSF shape 

becomes ellipsoid dependent on the Z-position of the fluorophore - a trait that has 

been shown to allows 20-30 nm lateral and 50-60 nm axial resolution (45) - or the 

usage of a biplane (BP) detection scheme where a 3D stack of two slightly displaced 

Z-planes are acquired simultaneously allowing for accurate z-position determination 

leading to a experimentally measured 30 nm lateral and 75 nm axial resolution (46), 

one of the main problems of this last described technique comes out of the need to 
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split the incoming emitted light into two images leading to a decrease of the detected 

signal-to-noise ratio. 

 

2.5  Imaging of molecular structures 
 

The super-resolution method PALM first distinguished itself in the labelling of 

lyososomal transmembrane protein CD63 fused to Kaede (see Table 2.1) (43). In this 

case cryosectioning, similar to transmission electron microscopy (TEM), was 

performed but with imaging under ambient conditions. As a control (to confirm 

localization), they performed comparative immuno-fluorescence staining in similar 

samples. Betzig and co-workers were able to visualize the intricate structures of the 

lysosome, including interacting membrane structures and possibly late endosomes. In 

the same work, Betzig and co-workers go on to label dimeric Eos (see Table 2.1) with 

a cytochrome-C oxidase localization sequence, thus targeting the mitochondria. In a 

comparison with TEM images of the same mitochondria they were able to achieve 

highly similar structural information and images. The power of this technique is 

clearly the nanometer resolution that is achieved in determining the distribution of a 

given protein within the cellular ultra-structure. Obviously the minimal preparation 

required by PALM as compared to TEM is a great advantage. 

Early experiments using PALM to study cellular ultra-structures focused on fixed 

cells or cryosections. However being able to observe the assembly of such structures 

in real-time with super-resolution opens up several areas of scientific investigation 

under in vivo conditions. These include how other cellular factors contribute to the 

assembly and development of these processes with high spatio-temporal resolution. 

Important criteria that must be met for live cell super-resolution are: as acquisition 

cycles typically require high laser powers for fluorophore activation and bleaching, a 

significant amount of photo-toxicity is generated leading to abnormal cell behaviour 

or death – this becomes a greater problem when UV-lasers are used for fluorophore 

activation due to the high energy of the photons used. In order to compensate for 

molecular motility and maintain a fair number of molecules detected, a high frame 

rate needs to be used potentially leading to a decrease in the detected signal to noise 

ratio and thus compromising the localization accuracy and resolution. Another 

limitation arises from the limited number of detected photons. As the overall number 
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of molecules able to photo-switch is depleted due to irreversible photo-bleaching, the 

detected molecular density per frame will decrease over time. Notwithstanding these 

challenges, at least two groups have been able to successfully achieve super-

resolution in live cells. To image the assembly of ultra-structures Shroff et al tagged 

the protein paxillin with a dimer of Eos (63). They were able to image the adhesion 

complexes or transmembrane cytoskeleton-substrate attachment points central to the 

process of cell migration. They overcome the inherent problems of live-cell imaging 

in PALM by using a fast imaging speed or image acquisition rates, which must be 

faster than the activity imaged. In addition they compensated for photon scarcity by 

using a dimer of Eos for each target protein thereby achieving a dense labelling of 

paxillin. Combining all these approaches enabled them to observe the formation of 

individual adhesion complexes for extended periods of time, measuring the number of 

individual paxillin molecules entering and leaving the complex in real time over 25 

minutes.  Furthermore, they were able to note that during cell migration adhesion 

complexes assume a wide diversity of morphologies. 

 

2.6 Breaking through the technological limits 
 

SMLM of a large population of fluorophores typically demands that hundreds to 

thousands of diffraction-limited images be acquired and processed in order to 

reconstruct a super-resolution dataset. There is a trade-off between reconstruction 

quality and temporal resolution. The number of localizations, i.e. the molecular 

density of localized molecules within each final reconstructed time-point, determines 

the reconstruction sparsity and thus the capacity to recognize the underlying labelled 

structures – the reconstruction quality. The acquisition time for a final reconstructed 

SMLM image, that is the sum of the exposure times of the raw data frames used to 

generate the final image, determines the temporal resolution of the processed super-

resolution data. Additionally in order to obtain a reliable super-resolution 

reconstruction, algorithms have to analytically detect and localize each individual 

sub-diffraction particle present in each acquired frame. This is generally a major 

setback because visualization of the sample in parallel to the acquisition is crucial for 

making decisions on how to best adjust imaging conditions. Raw unprocessed images 

can be partially used to observe the sample but these are corrupted by the technique 
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itself – each raw-image is generally composed of few emitting molecules not 

permitting a complete understanding of underlying cellular structures. 

Recently several algorithms have been published allowing for processing speeds 

concurrent with the acquisition itself (98-102). QuickPALM (100), an ImageJ based 

algorithm, in conjunction with µManager (103), an open-source software for 

hardware control is able to both acquire and process 3D and 4D SMLM providing the 

super-resolution reconstruction in real-time as images are streamed from the camera 

(see Figure 2.3). This feature allows for data-driven algorithmic decisions on how to 

optimally adapt the acquisition and provides the user a reconstructed view of the 

sample being acquired. 
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3 Methods and Results 
 

Sections 3.1, 3.2 and 3.3 of this chapter present the original research work I have 

developed in my Ph.D. 

 

 

3.1 QuickPALM: 3D real-time photo-activation nanoscopy 
image processing in ImageJ 

 

This section follows the structure and information from the original paper: Ricardo 

Henriques, Mickael Lelek, Eugenio F Fornasiero, Flavia Valtorta, Christophe 

Zimmer & Musa M Mhlanga (2010). QuickPALM: 3D real-time photo-activation  

nanoscopy image processing in ImageJ. Nature Methods 7: 339–340. 

 

Some of the results presented and discussed in this section are the product of 

collaborative work. R.H. planed the experiments, wrote all the software, did all the 

imaging experiments, assembled the samples into the final dSTORM compatible 

coverslips and wrote the article.  M.L. was responsible by the assembly and optical 

setup of one of the super-resolution microscopes used in this work (at Pasteur Institut, 

Paris). E.F. Fornasiero prepared and provided the labeled neuron cells. F. Valtorta 

supervised Eugenio’s work. C.Z. and M.M.M. edited and reviewed the article. Also, I 

would like to thank J. Enninga (Institut Pasteur, Paris) for assistance with 

experiments, T. Duong (Institut Pasteur, Paris) and R. Fesce (Insubria University, 

Varese and San Raffaele Scientific Institute, Milano) for helpful insight in the 

preparation of the manuscript. 
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3.1.1 Introduction 
 

Super-resolution microscopy using photo-switchable molecules requires fast and 

efficient software for single-molecule detection, localization, drift correction, and 

visualization. However, there is still a dearth of freely available, flexible and easy-to-

use reconstruction software coupled with image acquisition. Here, we present 

QuickPALM, an ImageJ plugin enabling real-time reconstruction of 3D super-

resolution images during acquisition and drift correction. We illustrate its application 

by reconstructing Cy5-labelled microtubules with a resolution of 40-50 nm. 

Although conventional microscopes have a resolution limited by diffraction to about 

half the wavelength of light, several recent advances have led to microscopy methods 

that achieve roughly ten-fold improvements in resolution. Among them, Photo-

Activated Light Microscopy (PALM) and Stochastic Optical Resolution Microscopy 

(STORM) have become particularly popular, as they only require relatively simple 

and affordable modifications to a standard Total-internal Reflection Fluorescence 

(TIRF) microscope (3-5) and have been extended to 3D super-resolution and multi-

colour imaging (45, 104). PALM and STORM achieve super-resolution by 

sequentially imaging sparse subsets of photo-switchable molecules. Positions of 

individual molecules are computed from individual low-resolution images with sub-

diffraction accuracy. These positions are then corrected for drifts and subsequently 

assembled into one or more super-resolution images. Unfortunately, in most current 

implementations, this reconstruction may take from several hours to days for a single 

dataset, thus forbidding visual inspection of super-resolution images in real-time. In 

addition, PALM and STORM software used to date is generally not freely available, 

strongly limiting the adoption of this otherwise relatively simple microscopy method. 

Two recent publications independently demonstrated 2D algorithms for real-time 

PALM and STORM reconstructions (98, 99). Here, we present a freely available and 

open-source algorithm under the form of a plugin for the widely used ImageJ 

(http://rsb.info.nih.gov/ij/) software that combines real-time processing capability 

with additional important features including 3D reconstruction, drift correction, and 

real-time acquisition control (http://code.google.com/p/quickpalm/). 
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3.1.2 Material and Methods 
 

3.1.2.1 Slide treatment 
 

Coverslips were prepared as previously described (105). Briefly, round 25x0.17-mm 

coverslips (Fisher Scientific, Pittsburgh, PA) were cleaned in porcelain racks for 18h 

in concentrated nitric acid, washed several times in tissue-culture-grade water and 

sterilized with dry heat (225° C for 8h) in a clean oven. 

 

3.1.2.2 Hippocampal neuron cell culturing 
 

Primary neuronal cultures were prepared from the hippocampi of Sprague-Dawley 

E18 rat embryos (Charles River Italica, Calco, Italy) as previously described (106). 

Briefly, after euthanization of the pregnant mother, E18 rat embryos were isolated, 

and hippocampi were dissected in cold calcium- and magnesium-free Hank’s 

balanced salt solution (HBSS; Gibco, United Kingdom) supplemented with 5 mM 

HEPES pH 7.4. Hippocampi were washed several times in HBSS and dissociated in 

0.25 % trypsin (Gibco, United Kingdom) for 15 minutes at 37°C. After trypsin 

removal, neurons were plated in minimum essential medium with Earle’s salts 

(MEM; Gibco, United Kingdom) containing 10% Horse serum during the time 

necessary for adhesion, and subsequently co-cultured for 3 days with primary 

astrocytes in N2 supplemented MEM. 

 

3.1.2.3 Cell labelling  
 

Neurons were fixed for 15 minutes at RT with 4% paraformaldehyde, 4% sucrose in 

120 mM sodium phosphate buffer (pH 7.4) supplemented with 2 mM EGTA. After 

fixation, cells were washed in phosphate buffered saline (PBS) for 0.5h and incubated 

with anti neuronal tubulin beta-III antibody (Covance, United Kingdom) diluted 1:100 

in goat serum buffer (450 mM NaCl, 20 mM phosphate buffer, 15% goat serum, and 

0.3% Triton X-100) for 2h at RT. Upon primary antibody incubation cells were 

washed in PBS for 0.5h and incubated with Cy5 conjugated donkey anti rabbit 
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antibody (Jackson ImmunoResearch, West Grove PA) for 1h at RT. Fluorescent beads 

(100nm diameter) of a similar emission wavelength, were mounted with the sample as 

fiduciary landmarks. 

 

3.1.2.4 Slide preparation for imaging and acquisition 
 

Slides were sealed in a Parafilm® M gasket. Imaging was performed in a “reactive 

oxygen scavenger photo-switching buffer” as previously described(6). The buffer 

contains 0.5 mg/mL glucose oxidase (Sigma), 40 µg/ml catalase (Roche Applied 

Science), 10% w/v glucose and 50 mM of ß-mercaptoethylamine in PBS (pH 7.4). 

150,000 fluorescence images were acquired with a 50 ms exposure time in laser-

excitation wide-field. The sample was excited with a 635 nm laser with the power 

adjusted for optimal and fast bleaching of activated Cy5 molecules while a 488 nm 

laser was pulsed at decreasing intervals to stochastically reactivate bleached Cy5 

molecules and maintain an optimal visible number of emitting molecules in the field 

of view. 

 

3.1.2.5 Microscope components and setup 
 

Laser light from the two lasers (EXLSR-635C-60mW and CYAN- 488-100mW, 

Spectra-Physics, Japan) is combined using the mirror M1 and the dichroic beam-

splitter DM1 (LM01-503-25, Semrock, Rochester, NY, USA). The switching between 

the activation wavelength and the excitation wavelength and intensity control of each 

laser are performed via an acousto-optic tuneable filter (AOTFnC-400.650, A-A 

Opto-Electronic, Orsay Cedex, France). Before the injection of the laser beams inside 

the microscope, they are widened by a telescope consisting of the achromatic doublet 

lenses L1 and L2 and focused into the back focal plane of the objective (CFI 

Apochromat, 100x, NA 1.49, Nikon, Japan) by the achromatic doublet lens L3. The 

far red fluorescence emission is collected by the same objective, separated from the 

illumination light by a quad-band line dichroic mirror DM2 (FF416/500/582/657-

DiO1, Lot # 709240-709242 Semrock, Rochester, NY, USA and latter filtered with a 

dual band pass Filter F (FF01-577/690-25, Lot # 307339-207360 Semrock,  

Rochester, NY, USA) being finally detected by an EM-CCD camera (Ixon 
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DV887ECS-BV, Andor, Belfast, Northern Ireland) via the mirror M4. An additional 

lens L4 is used to achieve a final imaging magnification of 100 to 150 times yielding 

a pixel size from 160 to 106 nm. 3D imaging is performed by adding a cylindrical 

lens CL (RCX cylindrical lens 10m focal length, CVI Melles Griot) before L4 in 

order to create an astigmatism, whereby the detected spot shape depends on the 

fluorophore depth (45) – most microscope bodies have a polarizer insertion slider 

immediately below the filter cube wheel that can be cleverly adapted as a cavity to 

insert the cylindrical lens (see Figure 3.1). 

 

 
 

Figure 3.1. Microscope setup for 3D imaging. Laser light from two lasers is combined 

using the mirror (M1) and the dichroic beamsplitter (DM1). The two beams are 

switched using an acousto-optic tuneable filter (AOTF) and a series of lenses (L1-L3) 

directs the beams into the objective. Fluorescent light from the sample crosses the 

dichroic beam-splitter (DM2) and transverses a cylindrical lens (CL) that introduces 

an astigmatic aberration into the image allowing us to perform the 3D localization of 

sub-diffraction particles, the correspondent light is then redirected by a mirror (M4), 

magnified by a tube-lens (L4) and filtered by an emission filter (F) before reaching 

the camera. 
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3.1.2.1 Particle detection, localization and visualization 
 

 
Figure 3.2. Flow-chart of particles detection, localization and visualization within 

QuickPALM. Images in left column schematically represent the corresponding steps 

on the flow-chart labelled with the same inset letter. 

 

Particle detection and localization takes advantage of all available CPUs on the 

processing computer through the use of a thread manager (see “Thread Manager” in 

Figure 3.2) that distributes the processing jobs between available free CPUs or buffers 

the acquisition while waiting for these to become free.  

Within each thread a new unprocessed image is collected (see “Open next image” in 

Figure 3.2) and the noise is characterized by calculating the standard deviation on a 
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small area of 13x13 pixels centred on the minimum intensity pixel of the image. It is 

assumed that due to the stochastic nature of a PALM or STORM image there is a low 

probability of having a blinking molecule in the immediate neighbourhood of this 

point. A band-pass filter is then applied to provide noise reduction and background 

correction on the overall image (see “Filtering” in Figure 3.2). Initially the image is 

convolved with a Gaussian kernel of sigma equal to 0.5 pixels and subtracted to a 

convolution of the original image with a Gaussian kernel of sigma with twice the 

maximum FWHM given by the user, thus both reducing the noise frequencies and 

background of the overall image without any visible decrease of the localization 

accuracy. 

The image is then searched for the maximum intensity pixel, the surrounding pixels to 

this point are selected if within a square window of size twice the maximum FWHM 

whose values are above a relative threshold to the local peak intensity (see “Get 

brightest spot” in Figure 3.2). The local SNR is calculated as the division between the 

mean intensity of the selected pixels and the noise standard deviation. If this value is 

bellow the minimum SNR given by the user then the process for this image is halted 

(see “Compare against SNR” in Figure 3.2). 

Before the spot is registered as a potentially valid particle it needs to pass the 

following tests: image edge – if a part of the intensity profile of the spot is obscured 

by the image edge; saturation/clamping – if the intensity of the local spot is not 

saturated; already analyzed region overlapping – if any of the pixels of the spot 

overlap with the region of an already previously analyzed spot on the same image. If 

these tests are correctly passed the algorithm proceeds to calculate the centre of the 

spot coordinates (cx, cy) as given by the centre of mass formulas: 

 

  
 

 

where i, j are the x-axis and y-axis indices for each pixel within the spot, xi,j and yi,j are 

the coordinates of the pixel in nanometers and si,j the intensity of the pixel (see “Get 

center of mass” in Figure 3.2). The spot shape is then characterized by calculating the 

parameters: 
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if the spot arises from a single diffraction limited particle and if the PSF is symmetric 

then the particles can approximate to a Gaussian PSF model where in the absence of 

astigmatism 
 or otherwise in its presence 

 and . We can 

calculate the particle x-, y-axis symmetry as  

 

 
 

for a single diffraction limited particle, one expects 

€ 

Sx ≈1 and 

€ 

Sx ≈1 with or without 

astigmatism. The lateral FWHM along each axis (see “Get width and height” in 

Figure 3.2) can be defined as  

 

 
 

in the absence of astigmatism one expects 

  

€ 

FWHMx ≈ FWHMy ≈ 2.354 σ 0 2( )  

with 

€ 

σ0 = 0.225 λ NA( ); (107) 

 

it then becomes possible to test if the particle obeys a symmetry limit or if the FWHM 

values are within assigned margins given by the user in the graphical interface. The z-

position of the particle is extracted by comparing the width minus height (WmH) of 

the particle calculated as WmH = FWHMx - FWHMy  against the values on a z-

calibration table (Figure 3.3) through linear interpolation of the closest WmH values 

on the table and associated Z-coordinates (see “Calculate Z-position” in Figure 3.2). 
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Finally if all tests are passed, the information for the spot is saved (“Save spot 

information” in Figure 3.2). 

 

3.1.2.2 3D particle localization by comparison with an experimental 
calibration table 

 

 
Figure 3.3. Example plot of the width minus height change for bead particles 

corrupted by astigmatism as a function of the z-position as calculated by 

QuickPALM. Crosses are measured values for each selected bead, the curve 

represents a 4th order polynomial fit to the data. The fitted values are saved as a 

calibration table and later used by the “Get Z-position” method previously described 

to estimate the z-position for each detected particle. 

 

In order for QuickPALM to localize particles in the z-axis it needs to have prior-

information on the astigmatic distortion, this is done by first acquiring a sequence of 

calibration images with the astigmatic lens (45) featuring sub-diffraction beads. 

Ideally these images are acquired at regular 10 nm Z intervals with the help of a piezo 

Z-motor. It should be possible to observe the width and height change of the PSF as a 

function of Z. QuickPALM is able to generate this calibration table, however, the user 

needs to first manually select which beads to use for calibration with the help of the 

“ROI Manager”. After this selection QuickPALM calculates the position, width and 

height of each selected bead through the “Get center of mass” and “Get width and 

height” methods discussed before and generates a plot of Width-Height vs. Z (see 

Figure 3.3). 
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3.1.2.3 Drift calculation and correction 
 

 
Figure 3.4. Drift correction with QuickPALM through the selection of individual spot 

clusters. (a) Identification and selection of individual spot clusters caused by the 

repetitive detection of beads or fluorophore clusters over time. (b) Calculation of the 

center of mass of the spot cluster. (c) Estimation of the displacement of each spot in 

regards to the cluster center. (d) Plot of the spot clusters after drift correction. 

 

Drift correction is accomplished after the user has pre-defined one or more regions of 

interest around isolated spot clusters corresponding to either landmark beads added to 

the sample or individual molecules (Figure 3.4a). The algorithm then calculates the 

distribution center cr,w in each axis (Figure 3.4b) for the selected clusters indexed by r 

(w represents either the x-, y- or z-axis): 

 

€ 

cr,w = sr ,twr,t
t

∑ sr,t
t

∑

dw ,t = sr,t cr,w − wr,t( )
r
∑ sr,t

t
∑

 

 

where t is the time-point index for each detected spot within the cluster, sr,t the 

intensity for that spot and wr,t the localization of spot centre. The joint displacement 

between each element of the cluster and its centre is also calculated (Figure 3.4c) as 

dw,t. Due to the possibility of missing detections, the displacement track dw,t might not 

contain the displacement information for all time-points. In order to correct this, we 
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linearly interpolate the missing values and iteratively update both the cluster centers 

and displacements as follows:  

 

 

 

where 

€ 

ˆ c r,w
i+1 and 

€ 

ˆ d w ,t
i+1 are the corresponding cluster center and joint displacement 

estimations for the i-th iteration. The updates are performed until convergence is 

achieved. The particle position data is then corrected by subtracting the corresponding 

displacement value to each particle position (Figure 3.4d). 

 

3.1.3 Results and discussion 
 

PALM and STORM reconstruction algorithms usually rely on “fitting” Gaussian 

kernels to detected diffraction limited spots. Although permitting high accuracy 

localizations, these iterative methods can require up to several hours of processing 

time. We have developed a high-speed reconstruction algorithm that uses the classical 

Högbom CLEAN method (90) for spot finding, followed by a modified centre of 

mass algorithm to compute the spot position and parameters defining spot shape along 

the horizontal axes. These parameters allow not only precise 2D localization, but also 

extraction of the axial (Z) coordinate for each spot when using an astigmatic lens (45) 

(see Figure 3.5).  
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Figure 3.5. 3D localization and drift correction using QuickPALM. (a) Image 

sequence showing a single fiduciary sub-diffraction bead observed at different depths 

with an astigmatic configuration. Note the changes in the width to height ratio. (b) 

Measured width and height as a function of Z. Each data point represents the nine-

point moving average from three beads. (c) Width minus height as a function of Z 

based on the values of (b); the black line shows a 4th order polynomial fit, which is 

used to extract the Z position of newly detected sub-diffraction spots. (d) Overlay of 

computed bead positions acquired during the image sequence showing lateral drift 

(dot brightness is proportional to the bead intensity, and decays over time due to 

photo-bleaching). (e) Same as (d) after drift-correction. (f,g) Drift effect on an image 

of microtubules creating the misleading appearance of multiple-filaments. (f) A line 

profile of the red and green cross-sections in (g) before (green) and after (red) drift-

correction. 
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Figure 3.6. Three-dimensional dSTORM imaging of ß-III-tubulin labelled 

microtubules in neuronal cells. (a) Performance of the complete algorithm analyzing a 

sequence of 512x512 images including image reading, peak search, localization and 

super-resolution image rendering in parallel - benchmarked on an Intel® Core 2 Quad 

3.2 GHz personal computer. The segmented black line represents the 32 ms readout 

speed of the EMCCD camera (Andor® iXion-897). Note that this is the lower-bound 

frame-rate hard-limit imposed by the acquisition hardware itself. (b) Super-resolution 

reconstruction of a microtubule filament, scale bar equals 100 nm. (c) Intensity profile 

of the microtubule cross-section marked in red at (b) showing a 40 nm lateral and 50 

nm axial full-width-half-maximum. (d) Particle distribution histogram of the marked 

cross-section in (b), scale bar equals 50 nm. (e) The conventional wide-field 

epifluorescence image in the upper and lower horizontal bands. Middle band depicts 

the super-resolved reconstruction of the central portion of the same picture, scale bar 

equals 5 µm. (f) 3D dSTORM image of the green inset in (e), z-position is color-

coded according to the color bar, scale bar equals 1 µm.  

 

A direct benefit of this method was our ability to achieve a typical processing time of 

30-50ms per image with a very weak dependence on the number of spots per image 

(Figure 3.6), these values are of the same order as the common EM-CCD maximum 
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frame rates used in these techniques. Any drift on the microscope caused by 

vibrations or thermal dilation compromises resolution and can lead to artefacts in the 

reconstruction, such as the doubling of structures for sudden shifts (Figure 3.5f,g). To 

address this, QuickPALM can trace the movement of fiduciary landmarks such as 

beads imaged within the sample to estimate the drift in 2D or 3D and subtract it from 

particle positions (Figure 3.5d,e). Since fiduciary landmarks might not be detected 

throughout the entire image sequence because of blinking or photo-bleaching, we 

interpolated missing positions for each landmark (see section 2.1).  

By combining QuickPALM with the µManager (103) open source package for 

microscope hardware control and acquisition in tandem with a custom laser control 

system, we provide a full method for parallel acquisition and real-time visualization 

of PALM and STORM experiments. 

To illustrate the potential of QuickPALM we observed microtubules in mouse 

neurons labelled with a primary anti-neuronal tubulin β-III antibody and a secondary 

Cy5 conjugated antibody (Figure 3.6b-f). dSTORM imaging (5, 6) was then used to 

collect 150,000 images, where the 635 nm laser was employed for excitation and the 

488nm laser was pulsed at decreasing intervals for Cy5 fluorophore re-activation. A 

cylindrical lens was introduced at the position of the polarization slider (see Figure 

3.1) to permit 3D probe localization (45). Using QuickPALM, we obtain real-time 3D 

reconstructions of microtubules with a resolution (as measured by the FWHM of an 

intensity profile across a microtubule) of 40 nm in X, Y and 50 nm in Z over a 1 µm 

depth (see Figure 3.6b-f). With appropriate modifications to ensure precise alignment 

of differing colour channels, multi-colour PALM or STORM can be achieved by 

concurrently processing images from multiple colour channels. 

 

3.1.4 Conclusions and outlook 
 

During a typical image acquisition of 512x512 frames in a PALM/STORM 

experiment, the frame-rate hard-limit imposed by the readout speed of the camera, 

such as in the case of the EM-CCD technology, is on the order of 32ms. QuickPALM 

has a typical processing time of 30-50ms that may vary depending on the sample 

complexity and processing computer characteristics (Figure 3.6a). Notwithstanding, 

this standard processing speed allows real-time super-resolution image reconstruction, 
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albeit at a minor loss in localization accuracy compared to Gaussian fitting methods 

(45). In practice, our software automatically processes incoming low-resolution 

images streamed on the hard drive during image acquisition and accumulates the 

computed positions into a real-time super-resolution reconstruction. Without real-time 

reconstruction, imaging parameters such as activation/excitation intensities often need 

to be optimized by trial and error after multiple suboptimal experiments. Our method 

allows the dynamic inspection of sample behaviour and the adjustment of acquisition 

parameters “on the fly” for optimal imaging.  

Real-time reconstruction and the integration of software for parallel processing and 

acquisition, in conjunction with an open source platform, allow super-resolution 

imaging modalities to be broadly adopted and extended. Since processing and 

reconstruction can occur in real-time and on a separate machines, data-driven 

decisions can be used in real-time to control actuators. For example, spatial light 

modulators could be used to locally optimize the activation laser power and ensure 

uniform blinking probabilities, thus minimizing acquisition time, as required for live 

super-resolution imaging (63, 68). In a further example, initial super-resolution 

images reconstructed from a limited number of frames may identify the presence of 

an event of interest and inform the decision to continue PALM/STORM imaging at 

this location with real-time visualization - or search for another region-of-interest. 

This would be an important feature to study events such as host-pathogen interactions 

in high-throughput screening approaches (67). 

 

In summary, QuickPALM in conjunction with the acquisition control features 

mentioned above provides a complete solution for acquisition, reconstruction and 

visualization of 3D PALM/STORM images, achieving resolutions of ~40 nm in real-

time. This software package should greatly facilitate the conversion of many laser 

excitation wide-field or TIRF microscopes into powerful super–resolution 

microscopes.  
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3.2 Blinkons: multi-colour tuneable photo-switchable 
fluorophores for super-resolution microscopy 

 

This section captions an unpublished original work and is under preparation to 

submission as an article in Nature Methods: 

 

Ricardo Henriques, Mickael Lelek, Eugenio F Fornasiero, Flavia Valtorta, 

Christophe Zimmer & Musa M Mhlanga. Blinkons: multi-color tunable photo-

switchable fluorophores for super-resolution microscopy, in preparation.  

 

Similarly to section 3.1, results presented and discussed in this section are the product 

of collaborative work. R.H. planed the experiments, did all the experiments, wrote all 

the needed quantification software, analysed the data and wrote the full manuscript. 

M.L. was responsible by the assembly and optical setup used in this work (at Pasteur 

Institut, Paris). E.F.F. prepared and provided the labelled neuron cells. C.Z. has given 

invaluable insight and M.M.M. supervised the work.  

  

3.2.1 Introduction 
 

The recent emergence of the super-resolution fluorescence microscopy field has 

stimulated the birth of single-molecule localization microscopy (SMLM) techniques 

(67), such as Photo-Activated Light Microscopy (PALM) (43) and Stochastic Optical 

Resolution Microscopy (STORM) (5) that are able to detect a large population of 

individual fluorophores at the nanoscopic level. These techniques breach Rayleigh’s 

classical resolution limit by cleverly circumventing the resolution barrier given by the 

diffraction limit of light. Traditionally, the maximum resolution of a microscope is 

calculated as the minimum distance at which two independent point sources of light 

can still be discriminated. This is approximately given by the emitted wavelength 

divided by twice the numerical aperture of the objective lens used (1). For most 

modern imaging microscopes this value is roughly in the order of 300 nm. The key to 

bypass this frontier lies in the principle of having only one active fluorophore within a 

diffraction-limited area in each instant of time. As such individual molecules at close 
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proximity but visible in independent moments can be discerned. However, this 

process can only be achieved if at least two conditions are met: the signal of an active 

fluorophore needs to be high enough to clearly allow the calculation of its centre with 

a high accuracy and fluorophores need to switch between a fluorescence emitting and 

non-emitting state to minimize the probability of two neighbouring particles being 

fluorescent in the same instant of time. These necessities have provoked a major 

effort to discover and develop bright and stable photo-switchable fluorophores as well 

as to coax the induction and modulation of photo-switchable properties of known 

fluorescent molecules. Synthetic dyes are a strong candidate for super-resolution 

probes due to their superior fluorescence in comparison to genetically encoded 

fluorescent proteins. Several methods have been discovered that improve their photo-

switching characteristics, for example, by the use of photo-switching permissive 

buffers (56, 85, 89) and/or by creating probes featuring two fluorophores where one 

acts as a fluorescence activator and the counterpart as the photo-switchable 

fluorescent moiety (5). In this work we demonstrate that applying a hairpin oligo-

nucleotide structure similar to that of molecular-beacons (108, 109) where a 

fluorophore and a high-efficiency (fluorescence) quencher are set on opposite ends of 

the oligo-nucleotide, can induce photo-switchable behaviour in classical synthetic 

dyes. We term this new class of probes “blinkons”. Furthermore, we show that the 

“blinking” dynamics of blinkons can be tuned by small changes in the hairpin design 

and can be modulated during imaging by either the light-excitation or the chemical 

environment. The blinkon conformation also improves the fluorescent dye resistance 

to permanent photo-bleaching, allowing their use for direct STORM (dSTORM) like 

experiments (6) without the need of special buffers such as the conventional oxygen-

scavenger systems used in dSTORM. Overall, blinkons are invaluable tool to the 

super-resolution field as they provide a method to convert most synthetic dyes of any 

spectral colour into stable super-resolution probes. 

 

3.2.1.1 Photodynamics of organic fluorophores 
 

Organic fluorophores may be described as planar highly delocalized π-electron 

systems with covalently coupled atoms which are conventionally carbon, oxygen and 

nitrogen. Electronic excitation is dependent on the number of associated delocalized 
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electrons and attached groups. The lowest energy transition is normally achieved by 

compatible photon stimulation in the UV or visible spectral range. The number of 

atoms in an individual fluorophore also induces the existence of extended degrees of 

freedom in the form of vibrational or rotational quantization of the single electronic 

state (110) (see Figure 3.7). 

 

 
 

Figure 3.7. Excitation and emission of light by a fluorophore. The energy states of a 

fluorophore molecule are represented in this Jablonski diagram. The electronic levels 

are indicated by thick black horizontal lines whereas the vibration and rotational 

levels are represented by thinner horizontal lines. When a photon with the appropriate 

wavelength is absorbed by the molecule, it causes a transition to a high vibrational 

level of the excited electronic state S2 (dark blue arrows). The molecule then 

undergoes rotational and vibrational relaxations (dotted dark red arrows) and internal 

conversion (red arrow) before it reaches the lowest energy level of S1. Transition to 

the ground state usually occurs via emission of a photon, by fluorescence (green 

arrows). Alternatively, the molecule might undergo intersystem crossing (brown 

arrow) and arrive at a triplet state, where it may cause phosphorescence emission 

(orange arrows) or triplet-triplet transitions (light blue arrows) that further delay the 

emission of light or prevent it altogether. Image from (111). 

 

When a photon with a suited amount of energy is absorbed, an electron within the 

molecule is promoted into a higher excited state – the SN-state – this energy is given 
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by the well known Planck’s equation E = h . c / λ where E is the photon energy, h the 

Planck’s constant, c the speed of light in vacuum constant and λ the wavelength of the 

exciting photon. The energy exchanged between the photon and electron must be 

correspondent to the energetic difference between the SN-state and S0-state (ground 

state) and is typically in the range of 1-10 eV. The product of the absorption cross-

section and the applied excitation intensity gives the excitation rate kexc, for organic 

fluorophores it is typically in the order of 107 s-1 for a moderate excitation intensity (1 

kW/cm2). Once in an excited state, the molecule relaxes back to the first excited state 

S1 according to the Franck-Condon principle (112) with an internal conversion rate kIc 

< 1012 s-1 (see Figure 3.7). A vibration relaxation follows pulling the electron into the 

vibrational ground state of S1 with a rate kVib < 1011 s-1. The electron can then return to 

the ground-state S0 by either: a non-radiative process with kNr between 106 s-1 and 109 

s-1 (generally in an organic fluorophore); undergo a forbidden spin reversion into the 

triplet state T1 with kIsc in the range of 105 to 1011 s-1 followed by a reverse 

intersystem crossing with KT in the order of 106 to 10-4 s-1; emitting a fluorescence 

photon with kFl in the order of 106 to 109 s-1 (113). The quantum yield of a 

fluorophore describes the probability that upon the absorption of an exciting photon a 

fluorescent photon will be generated and is described as φFl = kFl / (kFl + kNr + kIsc). 

Good fluorophores should present both a high quantum yield and absorption cross-

section. Normally the emitted fluorescence photons obey the Stokes-shift by shifting 

to the less energetic higher wavelengths in comparisons to the exciting photon, as a 

portion of the excitation energy was lost in the vibration relaxation of the molecule. A 

single fluorophore can only emit a single photon per cycle, notwithstanding, an 

organic dye will generally be able to cycle millions of times generating a significant 

amount of photons until arrested by an irreversible reaction – also known as 

irreversible bleaching. The probability of irreversible bleaching is proportional to the 

amount of time a fluorophore spends in the highly reactive excited states. While the 

singlet state S1 has a small lifetime in the order of nanoseconds, the triplet state T1 on 

the other hand can last up to several milliseconds – see kIsc above. On the event of a T1 

promotion the fluorophore becomes dark until ground state relaxation is achieved, 

during this period the fluorophore is particularly sensitive to reactions, such as with 

oxygen – a natural triplet ground state molecule (114).    
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3.2.1.2 Fluorescence quenching 
 

Fluorescence quenching represents the realm of effects that can reduce the intensity of 

fluorescence emission by a given fluorophore. Quenching can be caused by solvents 

or quenching moieties directly attached to the molecular structure supporting the 

fluorophore, being highly dependent on the proximity between the quencher and 

fluorescent core. Several processes can lead to quenching, such as: excited state 

reactions, fluorescent resonant energy transfer, contact quenching and collisional 

quenching. 

 

3.2.1.3 Fluorescent Resonance Energy Transfer 
 

One of the best understood and explored mechanism of quenching is fluorescent 

resonance energy transfer (FRET) or Förster energy transfer (115). In this process the 

energy of the excited state of a fluorophore (the “donor”) is transmitted into another 

molecule (the “acceptor”), relaxing the donor into the ground state without emission 

while the acceptor is promoted into a higher energy level of singlet state. For FRET to 

occur the fluorescence emission of the donor must overlap the absorption spectra of 

the acceptor, which in turn may or may-not be a fluorescent molecule. If the acceptor 

is fluorescent then the relaxation of the transferred energy can be done by emitting a 

fluorescence photon with the spectral emission characteristics of the acceptor – 

typically with a higher wavelength than that of the donor fluorescence emission. 

FRET efficiency is dependent on both the dipole orientation between the donor-

acceptor pair and their spatial separation that should be in the 10 to 100 ångström 

range (116, 117) – roughly the distance between 3 and 30 nucleotides of a DNA 

oligomer (118). 

 

3.2.1.4  Contact Quenching 
 

Also known as “static quenching” or “ground state complex formation” contact 

quenching is formed through the establishment of a non-radiative complex between 

two fluorophores or a fluorophore and a non-fluorescent molecule. The pair interacts 

by proton-coupled electron transfer via the formation of hydrogen bonds and when 
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absorption of light occurs then relaxation to the ground state immediately takes place 

and no fluorescent light is emitted. As a result of contact quenching, the complex 

absorption spectra is shifted, a feature that does not occur in FRET (118). 

 

3.2.1.5 Collisional Quenching 
 

Also named “dynamic quenching” it occurs when an excited fluorophore is pushed 

into the ground state by contact with another molecule in the solution. Contact 

induces a return to the ground state with fluorescence photon emission. Oxygen, 

halogens and amines are known collision quenchers. For example, ethidium bromide 

becomes fluorescent when intercalated with double-stranded DNA (dsDNA) since it 

is protected from oxygen quenching, in comparison ethidium bromide is naturally 

quenched when in solution due to the direct access to oxygen (118). 

 

3.2.1.6 Molecular-beacons 
 

Molecular beacons (MBs) are a class of oligo-nucleotide probes able to fluoresce in 

the presence of a specific RNA or DNA target. MBs work as fluorescent switches and 

by default are in a non-emitting (“OFF”) state. This non-emitting state is obtained due 

to their hairpin structure composed of a stem and a loop. The stem consists of a 

double-stranded region, often 5 to 6 nucleotides long, in which a fluorophore and a 

quencher are kept in close proximity preventing the fluorophore from emitting a 

signal due to resonant energy transfer and contact quenching. The loop section is 

generally 15-30 nucleotides long and is complementary to a target sequence of a 

desired nucleic acid. The hybridization of this single stranded region with the target 

sequence leads to the denaturation of the stem portion, locally separating the 

fluorophore and quencher moiety inducing a fluorescence permissive (“ON”) state 

(108, 109) (see Figure 3.8).  

 



Methods and Results 

 51 

 
Figure 3.8. Schematic overview of molecular beacons conformational change upon 

hybridization. 

 

3.2.1.7 Blinkons: photo-switchable molecular-beacons 
 

In the absence of a hybridization target, several factors can still influence the stability 

of the stem hybrid. Temperature, light and reagent solutions can lead to a transient 

opening of the MB producing a fluorescence burst for the period up until the stem is 

able to re-establish a double-stranded structure. In the following section we will 

explore and characterize methods to take advantage of this feature in order to provide 

desirable stochastic photo-switchable properties to MB-like structures. 
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3.2.2 Material and Methods 
 

In this section we provide an overview of the experimental preparation procedures, 

imaging apparatus and analysis methods used to study the photodynamic behaviour of 

blinkons at the single-molecule level and its application to super-resolution imaging. 

 

3.2.2.1 Probe design and synthesis 
 

Blinkon design was based upon a molecular-beacon structure modified to hold a 

biotinylated thymine base in the centre of the hairpin loop. The introduction of this 

specific modification permits the attachment of the molecular structure to streptavidin 

coated coverslips for single-molecule imaging or streptavidin conjugated labelling 

agents (e.g. antibodies, phalloidin eg.) for cell imaging. Generally MBs are designed 

to hybridize and label a specific RNA or DNA target, in contrast, the blinkons are 

designed to explore the natural stochastic melting of the stem portion as a source of 

photo-switching behaviour. As such, blinkon oligo-nucleotide sequences are selected 

in a slightly different manner than conventional MBs sequences. To prevent unwanted 

secondary structures and to minimize any undesirable interactions with other oligo-

nucleotides, the loop section is set to be a repeating thymine sequence.  

Candidate blinkons for characterization were designed by incrementally changing the 

size of the loop and stem section and appending both a 5’ Black Hole Quencher 2 

(BHQ2) moiety and a 3’ organic dye fluorophore - either Alexa488 or Cy3 (see Table 

3.1 and Figure 3.9). 2’-O-methyl bases were used to render probes resistant to 

nuclease degradation. This permits their use in living cells and other applications 

where nucleases are present. 
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Oligo label Sequence Stem Tm (˚C) 

B3S9L GCG TTT TTT TTT CGC 44.8 

B5S9L TAGCG TTT TTT TTT CGCTA 54.5 

B10S9L AGCTTAGCGA TTT TTT TTT TCGCTAAGCT 71.9 

B3S19L GCG TTTTT TTT TTT TTT TTTTT CGC 36.4 

B5S19L TAGCG TTTTT TTT TTT TTT TTTTT CGCTA 53.5 

B10S19L 
AGCTTAGCGA TTTTT TTT TTT TTT TTTTT 

TCGCTAAGCT 
70 

B3S39L 
GCG TTTTT TTTTT TTTTT TTT TTT TTT TTTTT 

TTTTT TTTTT CGC 
20.1 

B5S39L 
TAGCG TTTTT TTTTT TTTTT TTT TTT TTT 

TTTTT TTTTT TTTTT CGCTA 
41.1 

B10S39L 
AGCTTAGCGA TTTTT TTTTT TTTTT TTT TTT 

TTT TTTTT TTTTT TTTTT TCGCTAAGCT 
61.3 

 

Table 3.1. Synthesized blinkon sequences. Underlined portion demarkcates the stem 

sequence and the bold T represents a biotinylated thymine base. Blinkon structure and 

stem melting temperature (Stem Tm) predicted using mFOLD (119). 

 

 
 

Figure 3.9. Blinkon structure and stochastic conformation change. 
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Blinkons synthesis was carried out by C. Gouyette at the Plate-forme Synthèse 

d'Oligonucléotides Longs à Haut Débit (Institut Pasteur, Paris). All oligo-nucleotides 

containing both a fluorophore and a quencher were purified by high-pressure liquid 

chromatography (HPLC). After synthesis and purification blinkons were dissolved at 

a concentration of ~100 µM in TE buffer (10 mM Tris-HCL, 1 mM EDTA, pH 7.5) 

and stored at -20 ºC, shielded from light sources. 

 

3.2.2.2 Coverslip cleaning  
 

Coverslips were cleaned as thoroughly as possible. Debris present on the coverslips is 

often excited by the used lasers, and contributes either to elevated background counts 

in each frame or as sources of unwanted single-molecule fluorescence. Coverslips 

were cleaned with acetone (spectroscopic grade, Sigma) followed by methanol 

(spectroscopic grade, Sigma) and rinsed with distilled water milliQ. Coverslips were 

then sonicated in KoH 1 M for 45 minutes and then for 20 minutes in distilled water 

milliQ. Finally they are stored in a sterile container with distilled water milliQ, which 

was sealed with parafilm. 

 

3.2.2.3 Single-molecule characterization within a flow-cell 
 

The observation of a large molecular ensemble yields the average behaviour of its 

components. Yet, the capacity to resolve and discriminate individual molecules 

provides a deeper understanding of the heterogeneity in the population, thus revealing 

fine details in its elements such as fluctuations and stochasticity. Only then is it 

possible to truly understand that within the average behaviour exists a true 

distribution which can be of a Gaussian or even a power-law, in nature.. In pursuit of 

this goal we have decided to use flow-cells with streptavidin coated coverslips, acting 

as a controllable immobilization system, where a small number of probes could be 

deposited and analysed at the single-molecule level.  This approach presents several 

advantages: the usage of a reduced amount of reagents, the possibility to locally pre-

bleach any unwanted fluorescence source before the introduction of the blinkon 

probes and the tight control of the thermal and aqueous environment subjected to the 

probes. 
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Blinkons in contact with the streptavidin coating become highly-immobile as the 

receptor-ligand biotin-streptavidin coupling has one of the highest association 

constant known for biological molecules, with a KA = 1015 M-1.  

 

3.2.2.4 Creating the flow-cell system 
 

 
 

Figure 3.10. Schematic representation of the flow-cell assembly. The flow-cell is 

composed by: (a) PDMS blocks with a cylindrical perforation in the interior, (b) 

glass-slide with two perforations, (c) parafilm with a rectangular cut in the centre and 

(d) glass coverslip.  

 

In order to immobilize the blinkon probes in space and to fully control their aqueous 

environment we have created a re-usable home-built flow-cell system. In essence, two 

perforations in a microscopy glass-slide are made 15 mm apart. In parallel two small 

polydimethylsiloxane (PDMS) blocks of 1 cm3 with a cylindrical cavity in their centre 

are prepared. By exposing both the PDMS blocks and glass-slide to an oxygen plasma 

for 15 min through a Plasma Cleaner system (Plasma Cleaner, Harrick) both the 

surface of the PDMS and glass become sticky to each other. This occurs due to the 

oxidation of the surfaces of the PDMS and production of Si-OH groups analogues to 

the ones present in the glass. The PDMS and slide become strongly attached due to 

the formation of hydrogen bounds. Next, we cut a small parafilm strip with 

  

a 

b 

c 
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dimensions equal to the coverslip to be used and make an internal cut of 2x20 mm. 

The parafilm is deposited directly between the coverslip and glass-slide and heated to 

50 ˚C just until becoming transparent (typically less than 30 seconds). The parafilm 

melting leads to its adherence to both the glass-slide and coverslip. The parafilm also 

acts as a spacer that will contain the aqueous medium surrounding the probes (see 

Figure 3.10). 

To re-use the flow-cell the parafilm and coverslip are removed by heating to 50 ˚C. 

After cleaning with ethanol the upper part of the flow-cell can be reapplied to new 

parafilm and coverslides. 

 

3.2.2.5 Generating a streptavidin coated coverslip   
 

Glass coverslips were silanized with 0.1% v/v aminopropyl-triethoxysilane (Sigma 

Chemical) in acidic ethanol and then assembled into the flow-cell, as described above. 

To generate a streptavidin coated coverslip we introduced a biotinylated blocking 

reagent (1 mg/ml) in the flow cell for 10 minutes. The biotinylated blocking reagent 

was prepared through reaction of 2 µl of Sulfo-NHS-LC-LC-Biotin (Pierce) at 100 

mg/ml in DMSO with 200 µl of 2 mg/ml Blocking Reagent (Roche Diagnostics) in 

PIPES 20mM, NaCl 100 mM, pH 6.8. A second incubation with 0.1 mg/ml 

streptavidin in PIPES 20 mM, pH 6.8 was performed for 10 minutes (120).  

 

3.2.2.6 Probe fixation within the flow-cell 
 

In order to correctly analyse our probes at the single-molecule level it is necessary to 

immobilize a small enough concentration within the imaging area that covers a 

54 µm2 portion of the coverslip surface.  We randomly targeted 100-500 probes to 

this field – a low enough number that minimalizes the probability of probes 

overlapping within a sub-diffraction area and thus prevents a complexity increase in 

the single-molecule identification. We have observed that for such a low number of 

probes the coverslip cleaning protocol is not robust enough to remove all unwanted 

fluorescent debris. Therefore, after conjugating streptavidin to the coverslip and 

assembling the flow cell we perform a light-induced bleaching. With the flow-cell set 

on the microscope we choose and register 6 positions in x-y space (correspond to the 
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same positions to be used later for the probe imaging) using the microscope stage. We 

then irradiated each position for 20 minutes with either the 561 nm laser (2.4 kW/cm2) 

or 488 nm laser (2.7 kW/cm2) at full power depending on whether we would visualize 

a Cy3-BHQ2 or Alexa488-BHQ2 blinkon. After this process, residual fluorescence 

with emission between 590-625 nm or 500-550 nm (corresponding to our emission 

filters) is at a minimum while the biotin-streptavidin binding efficiency appears 

unaffected. We then added fiduciary sub-diffraction beads (TetraSpeck™ 

microspheres, 0.1 µm, fluorescent blue⁄green⁄orange⁄dark red, Invitrogen) diluted 106 

in PBS to the flow cell that serve as landmarks for drift calculation and correction 

during image acquisition. When in PBS these beads will become hydrophobic and 

stably attach to the coverslip. We allowed the beads to settle for 5 minutes and then 

flowed PBS within the flow-cell to clean any unattached beads and to prepare the 

blinkon probes for insertion. Finally, 3 pg/µl of blinkon probes in beacon-buffer are 

injected into the flow-cell and allowed to incubate for 5 minutes. The interior of the 

flow-cell is then rinsed with PBS to remove probes not bound to the coverslip surface. 

 

3.2.2.7 Total-internal Reflection Microscopy 
 

In order to characterize the photodynamics of the designed blinkons at the single-

molecule level we have chosen to use a total-internal reflection fluorescence 

microscopy (TIRFM) system. This method is similar to wide-field epifluorescence in 

the sense that the full field of view is illuminated simultaneously and data can be 

acquired by the use of a sensitive camera. The main difference comes from the 

formation of an evanescence field that constrains the fluorescence excitation to a 

depth range of around 200 nm directly over the coverslip surface. . Moreover, the 

evanescent field decays exponentially with increasing distance from this surface. This 

feature is of great advantage in contrast to normal epifluorescence due to the low 

background and increased signal. 
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Principles of TIRFM 

 

 
Figure 3.11. Schematic drawing of the TIRFM illumination and optics. Image adapted 

from Steyer et al. (121). 

 

The evanescent wave is produced when light rays are totally reflected by the surface 

of the coverslide (ergo the name “total-internal reflection”) due to a high incident 

angle. This angle, also known as the critical angle, is achieved by focusing the 

excitation illumination in the edges of the back focal plane of the objective (see 

Figure 3.11) and can be described by  θc = arcsin(n2/n1) where n2 is the refractive 

index of the sample medium and n1 the refractive index of the coverslip. Current 

microscopy setups can only achieve total-internal reflection if n2 is similar to water 

and for objectives whose numerical aperture is higher than 1.4. The resulting 

evanescent field has an intensity that can be described by I(z) = I0 exp(-z/δ) where δ is 

given by δ = λ / [4π (n1
2 sin2 (θ) – n2

2 )0.5]  (see Figure 3.12) (121). 
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Figure 3.12. Schematic of an evanescence wave as generated over a glass surface. 

Figure from http://www.olympusmicro.com/primer. 

 

3.2.2.8 Experimental setup 

 

Fluorescent imaging was performed on a Nikon Ti-E eclipse working in TIRF 

configuration for the single-molecule flow-cell studies or wide-field configuration for 

cell imaging. An oil-immersion objective (CFI Apochromat, 100x, NA 1.49, Nikon) 

was used. Five continuous-wave laser beams: 405nm and 635nm diode laser (Spectra 

physics) and a 488nm, 532 nm, 561nm solid-state laser (Spectra Physics) were 

selected by an acousto-optic tunable filter (AOTF-AA optoelectronic). The laser 

beams were coupled into the microscope objective by 3 dichroic filters. Fluorescent 

light was spectrally filtered using filters and imaged on an EM-CCD camera (Andor 

Ixon DU-897E-CS0-BV). Additional lenses were used to achieve a final imaging 

magnification of 100 to 150x (i.e. a pixel size from 160 to 106nm).  The laser powers 

were chosen to ensure that the fraction of activated fluorophores at any given time 

was sufficiently low to allow the detection and localization of individual 

fluorophores. For TIRFM microscopy the laser position was set to focus on the edges 

of the back focal plane of the imaging objective generating the needed evanescent 

wave. For more information refer to the optical setup described in section 2.1. 

 

3.2.2.9 Photo-switching analysis 
 

After the establishment of the evanescence field and the addition of fiduciary 

fluorescence beads, the image acquisition was performed over the full field of view 
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(512x512 pixels) of an EM-CCD camera running at 30 Hz for 10-minutes, generating 

around 18.000 images per dataset. As a post-processing step, a maximum intensity 

projection (MIP) of the dataset is created allowing for the identification of the probes 

that have undergone a fluorescent emitting state throughout the acquisition and also 

giving an assessment of the sample drift that has occurred. Regions-of-interest (ROI) 

of 9x9 pixels within the dataset were then selected where individual probes are 

observed. We considered individual probes spots that present gaussian-shape and full-

width-half-maximum (FWHM) within the range of that predicted for a single-

fluorophore observed within our imaging apparatus (~380 nm). The concentration of 

probes bound to the coverslip is low enough (generally less than 100 spots visible on 

the MIP) such that the majority of the observed population presents single-molecule 

characteristics (see figure Figure 3.13).  

 

 
 

Figure 3.13. Particle detection and region-of-interest (ROI) selection in the maximum 

intensity projection. Red ROIs are discarded due to particle proximity and possible 

overlapping. Yellow ROIs represent particles whose full-width-half-maximum or 

shape is not within that expected for a sub-diffraction spot. Green ROIs represent 

regions accepted for analysis. 

 

Intensity time-tracks are then generated for each ROI by integrating the 9x9 pixel 

signal for each frame over time. The photo-switching is identified by considering 

transitions that are 5-fold above the background noise standard deviation. The 

distribution of the ON-times and OFF-times can then be calculated for a large 
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population of probes as well as the number of switching cycles occurred within the 

acquisition time-range.   

 

 
Figure 3.14. Example transient photo-switching for a single-blinkon probe (B5S9L). 

Red line represents the state-switch threshold. 

 

3.2.2.10  Photon-count estimation 
 

To estimate the photon count for a given dataset we have first studied the transfer 

function responsible for converting incoming photons on the detector into gray levels 

obtained with our EM-CCD camera. Assuming that the camera noise follows Poisson 

distribution, as such the number of photons measured during a time interval should 

follow: 

 

€ 

P Np;N( ) =
e−N × NNP

Np!
 

 

where N is the real expected photon number. We can then write 

€ 

N = Np  where 

€ 

Np  is 

the average photons corrupted by Poisson noise. In a Poisson distribution the expected 

value is equal to the variance: 

 

€ 

Np = varNp =σN p

2  

 

For a detector following a linear gain such as an EM-CCD camera, the transfer 

function that yields the gray levels b can be described as: 
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€ 

b =G × Np + B 

 

where G is the gain and B the offset – note that these values are dependent on the set 

camera properties (such as EM-gain and pre-amplifier gain).  From here we can infer: 

 

€ 

varb =σb
2 =

1
n

b − b( )2∑ =
G2

n
× Np − Np( )

2
∑ =G2 × varNp =G2 × Np  

€ 

varb =G × b − B( ) 

 

where n is the sample size used to compute the variance and average photon value. As 

we have a linear relationship between the variance of the gray values and their mean 

value, we can fit this relationship and extract both G and B from it. We then acquired 

a set of images featuring fluorescent beads, the camera was set with the same 

conditions used for single-molecule detection and datasets of 100 frames were 

acquired with 10 ms to 150 ms exposure time with increments of 10 ms. We then 

selected pixels within the visual beads outline and calculated both the mean intensity 

for each individual pixel and corresponding variance (see Figure 3.15). 

 

 
Figure 3.15. Mean pixel intensity vs. variance. The black line corresponds to a linear 

fit of the data and allows retrieving the camera gain and bias.  
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Fitting yields a camera gain and offset of 37 and 118. We henceforth used these 

values to estimate the conversion of image gray levels into photon count. 

 

3.2.2.11  Super-resolution microscopy 
 

For a demonstration of blinkon efficiency in cell labelling we decided to use a similar 

strategy as described in section 3.1.2 by labelling tubulin with a neuronal beta-III 

antibody. The protocol diverges at the point where to demonstrate blinkon labelling 

we use a streptavidin conjugation kit (Lightning-Link Streptavidin Antibody 

Labelling Kit, Novus Biologicals) with a primary antibody and skipped the use of a 

secondary antibody. The detailed conjugation protocol used can be viewed in 

http://www.novusbio.com/support/protocols/lightning-link-streptavidin-conjugation-

kit-protocol.html. After preparation of the streptavidin conjugated primary antibody, 

the biotinylated oligo-nucleotides were mixed at a concentration of ~100 units per 

antibody and incubated overnight.  

Neurons were fixed for 15 minutes at room temperature (RT) with 4% 

paraformaldehyde, 4% sucrose in 120 mM sodium phosphate buffer (pH 7.4) 

supplemented with 2 mM EGTA. After fixation, cells were washed in PBS for 30 min 

and incubated with a anti-neuronal tubulin beta-III antibody (Covance, United 

Kingdom) diluted 1:100 in goat serum buffer (450 mM NaCl, 20 mM phosphate 

buffer, 15% goat serum, and 0.3% Triton X-100) for 2h at RT. Upon primary antibody 

incubation, cells were washed in PBS for 30 min. As a control step we also incubated 

cells with a primary antibody that has not been conjugated to streptavidin plus 

blinkons and consequently used a Cy3 conjugated donkey anti-rabbit antibody 

(Jackson ImmunoResearch, West Grove PA), this secondary antibody was incubated 

for 1h at RT. Fluorescent beads (100nm diameter) of a similar emission wavelength, 

were mounted with the sample as fiduciary landmarks. 

dSTORM imaging (5, 6) was used to collect 150,000 images. The 561 nm laser was 

employed to observe the Cy3 labelling from blinkons, control oligonuclecotides or a 

secondary antibody. 
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3.2.3 Results and discussion 
 

SMLM techniques intended for the detection of large population of molecules such as 

PALM and STORM require a firm control over the photo-switchable properties of 

fluorophores. In each acquired image, the visible spatial overlap of individual 

fluorophores needs to be minimized while keeping a sufficiently high number of 

fluorophores detectable in each frame in order to prevent the need to accumulate an 

excessively large amount of images to have a sufficient population of detected 

molecules. Each individual active fluorophore needs to yield a high amount of 

photons while in the ON-state to allow its precise localization, and when in the OFF-

state photon-emission needs to be kept at a minimum or be non-existing. Optimally 

fluorophores should have ON-state periods smaller than the exposure time of 

individual frames to prevent the appearance of the same particle for more than two 

consecutive frames. The desired OFF-state is dependent on the population density of 

fluorophores to be detected. Short OFF-states will lead to undesirable particle 

overlaps in tightly packed regions. Fluorophores able to cycle multiple times between 

fluorescent switching states have both advantages and disadvantages. The advantages 

are the ability to detect the same fluorophore multiple times therefore both increasing 

image contrast and the possibility that each fluorophore will be detected at least once. 

However, the disadvantages are that it prevents one from inferring the number of 

detected molecules as it is not possible to identify from which fluorophore a “blink” 

originates (unless the labelling is extremely sparse) and also extends the chance of 

overlaps.  

In this section we will explore how the photo-switching behaviour of blinkons can be 

characterized and modulated. We will also show its application by demonstrating 

super-resolution imaging with blinkons and the main advantages regarding other 

photo-switching probes or processes. 
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3.2.3.1 The molecular-beacons photo-switching discovery 
 

Our initial aim was to study the possibility of modifying MBs to infer photo-

activatable properties similar to the ones described by Bates et al. (53) for the 

STORM technique. For this purpose, we initially designed MBs containing a Cy3-

Cy5 pair (see Figure 3.16a, first generation MBs).  

By quenching the Cy3 moiety with a BHQ2 we expected to disable the Cy5-activator 

effect of Cy3 while the MB was closed and allow it to fluoresce when the MB would 

open due to hybridization with a target oligo-nucleotide sequence.  

A biotinylated thymine was inserted on the stem of the MB in order to fix it on a 

coverslip containing streptavidine for single-molecule imaging and characterization 

(see Table 3.2). During our test studies we looked at the quenching efficiency of Cy3 

and observed sporadic transient photon bursts of the probes (putatively in a “closed” 

non-emitting state) in the absence of a hybridization oligo-nucleotide target (that 

otherwise would “open” the MBs).  

This led us to believe that the insertion of the biotin attached to a single oligo-

nucleotide on the stem could result in its unstable hybridization and therefore 

inefficient quenching. This steered us to design a second generation of probes (see 

Figure 3.16b and Table 3.2) where the biotin was moved to the centre of the loop 

section of the molecule but again the Cy3 moiety showed transient blinking.  

This motivated us to explore this transient blinking effect due to its potential also for 

super-resolution imaging. After testing several probe configurations we have designed 

the final candidates shown in Table 3.1. In the final blinkon configurations we kept 

the biotin on the loop centre and designed the loop portion as a repetitive thymine 

sequence, which has minimal disruptive interference with the stem hybridization. 
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Figure 3.16. Schematic structure of the initially designed Cy5-Cy3-MB probes (1st 

and 2nd generations) for STORM imaging. 

 

Oligo label Sequence 

1st gen. Cy5-

Cy3-MB 

Cy5-TTT TTT TTT-Cy3-CGACG ACT TGC AGC TTT TGG 

GCT TTG ACA CCT CGC CGTCG-BHQ2 

2nd gen. Cy5-

Cy3-MB 

Cy5-TTT TTT TTT-Cy3-GCTGC CGC TCC ACA GTT TCG 

GGT TTT CGA CGT TCA GCAGC-BHQ2 

 

Table 3.2.  Sequence for the initial designed Cy5-Cy3-MB probes (1st and 2nd 

generations) for STORM imaging. Underline portion demarks the stem sequence, 

bold T represents a biotinylated thymine base. 

 

3.2.3.2 Single-molecule characterization of the Blinkon probes 
 

Most imaging applications taking advantage of the photo-switching of (conventional) 

synthetic fluorophores such as dSTORM, ground state depletion microscopy followed 

by individual molecule return (GSDIM) (56), and blinking microscopy (122) rely on 

the transient “switch-OFF” of the fluorophores by depleting their ground state and 

transiently pushing them to a dark triplet state. Although, the great majority of the 

fluorophores are in an actively fluorescent state at the beginning of the imaging 

procedure, the continuous excitation subsequently inactivates this population. 

However, this generally entails the use of an embedding medium with low oxygen 
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concentration, mobility or the presence of reducing and/or oxidizing reagents (6, 56, 

122, 123). The latter requirement comes from the need to lessen the probability of 

irreversible bleaching caused by the high reactivity of the relatively long-lived triplet 

state. Therefore, the use of enzymatic oxygen-scavenging mediums has become 

highly popular in these applications but at the cost of a high toxicity, which renders 

the field of super-resolution using organic dyes largely unavailable to live-cell 

imaging.  

Taking this into consideration, we decided to exploit a secondary method to induce an 

OFF-state non-dependent on transit to the triple-state of the blinkons fluorophores. By 

benefiting from the transient interactions of the quencher and fluorophore we could 

exploit this photo-switching behaviour thereby reducing sensitivity to permanent 

bleaching. Several buffers have been described for molecular-beacon usage (124) 

including the use of phosphate-buffered saline (PBS) based mediums (125). In our 

studies we observed the blinkon behaviour both under normal PBS at room 

temperature and sequentially at two different excitation powers. Each blinkon was 

imaged in a newly prepared flow cell twice. Six imaging areas were selected per flow 

cell and pre-bleached before blinkon binding to the coverslip. As result we obtained 

intensity time-tracks for the blinkons immobilized in the flow-cell. The analysis of 

350 to 600 intensity-over-time tracks for each blinkon type allowed us to register the 

ON-state and OFF-state durations for each individual particle as well as the number of 

cycles (number of observed ON-state switches), the photon output per ON-state and 

the integrated photon output for the duration of the imaging procedure for each field 

(approximately 10 minutes). Figure 3.17, Figure 3.18, Figure 3.19 and Figure 3.20 

demonstrate the averaged values in relation to the designed blinkon structure. We first 

observed that both altering the number of base pairs on the stem portion or 

nucleotides in the loop severely changes the photodynamic behaviour of the probes. 

In contrast, the behaviour of the same beacon structure with different fluorophores 

(Alexa488 and Cy3 in this case) shows little divergence. The Alexa488 based 

blinkons present roughly a 25% increase in the ON-state interval, 4% in the OFF-state 

interval and 40% on the number of cycles when compared to the Cy3 equivalent. 
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Figure 3.17. ON-state, OFF-state and cycles for Cy3-BHQ2 based blinkons in PBS at 

room temperature. 

 

 
Figure 3.18. Photon output and on/off interval ratio for Cy3-BHQ2 based blinkons in 

PBS at room temperature. 
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Figure 3.19. ON-state, OFF-state and cycles for Alexa488-BHQ2 based blinkons in 

PBS at room temperature. 

 

 
Figure 3.20. Photon output and on/off interval ratio for Alexa488-BHQ2 based 

blinkons in PBS at room temperature. 
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A special case is observed when exciting blinkons with stems of 3 or 10 base pair at 

~2.6 kW/cm2. Although these present high ON-state times, there are considerable 

fluctuations in their signal while in an emitting state (effect exemplified on Figure 

3.21). We believe that these oscillations correspond to extremely fast switches not 

accurately time-resolvable. For the typical frame rates used in PALM and STORM 

these oscillations will be integrated into single long-lived ON-states. This behaviour 

is less evident for stems with 5 base pairs and also more prominent in the Alexa488 

blinkons in comparison to Cy3. 

 

 
Figure 3.21. Intensity track for an individual Cy3-B3S39L particle at 100 frames-per-

second. 

 

We also tested if any endogenous switching behaviour of the fluorophores could be 

observed without the help of a quencher in the same conditions. To do so, we created 

an oligo with the sequence CGC TCC ACA GTT TCG GGT TTT CGA CGT TCA 

with either a 5’ Cy3 or Alexa488 and a biotin conjugated to the 3’ end. We observed 

that for this probe, the majority of particles emit continuously until permanently 

bleached. For an excitation of ~0.5 kW/cm2, blinking was observed in less than 4% of 

the particles with an average of 1.42 ± 0.19 and 1.24 ± 0.16 cycles for the Cy3 and 

Alexa488 based oligo-nucleotides, blinking under ~2.6 kW/cm2 was negligible.  

Overall, we observe that blinkons with 3 base-pairs on the stem cannot efficiently 

close and, therefore, spend most of their time in an emitting state (see On-time/Off-

time ratio in Figure 3.18 and Figure 3.20). This feature also leads to the quick 

irreversible bleaching of these probes. These are attributes that render this class of 

blinkons ineffective for most super-resolution dSTORM applications. This is 

consistent with data that blinkons with 5 to 10 base-pairs provide excellent potential 

as super-resolution probes due to their short on-time and long off-time. 
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3.2.3.3 Quenching efficiency 
 

The quenching efficiency of BHQ2 with either Cy3 or Alexa488 has been previously 

characterized in full populations of oligo-nucleotides (126). Here we followed a 

similar procedure but at the single-molecule level. For this, we integrated the signal of 

blinkon particles while on the OFF-state using the Cy3-B5S39L blinkon and removed 

the contribution of the background fluorescence by also integrating the signal of a 

region where no particles are evident and subtracting it. By doing it so, a photon leak 

of 899 ± 92 photon/s was observed. In contrast when on the ON-state we observed an 

average photon emission of 35061 ± 1819 photon/s leading to a quenching efficiency 

of 97% and a 39-fold contrast ratio between the two states. Similarly, for the 

Alexa488-B5S39L blinkon we observed 1358 ± 282 photon/s for the OFF-state and 

27094 ± 510 photon/s for the ON-state, yielding a 95% quenching efficiency and a 

20-fold contrast ratio.  

3.2.3.4 Chemically modulating blinkon behaviour 
 

The most straightforward way to chemically modulate the photo-dynamics of 

blinkons is to directly interfere with the stem hybridization. Formamide is a common 

reagent in fluorescence in situ hybridization (FiSH) used to prevent RNA degradation 

and decrease the hybridization temperature (127). In addition it is also known to 

induce molecular-beacon opening (124). To study formamide’s effect on blinkon 

switching, intensity time-tracks for Cy3 based blinkon probes in the flow-cells were 

collected at incremental concentrations of formamide mixed in PBS at room 

temperature. For this study, we decided to use the blinkon probes with 3 base-pairs 

(instead of the 5 or 10 base-pairs blinkons) as the 3-base variant already presents a 

highly unstable stem. Figure 3.22 depicts the analysed results. We observed that 

modulation of formamide concentration could lead to approximately a 10-fold 

increase of the ON-state time and 15-fold decrease of the OFF-state time. With higher 

concentrations of formamide the number of cycles per probe is reduced due to the 

added probability of irreversible bleaching caused by increased ON-state intervals. 
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Figure 3.22. Effect of formamide on blinkon photo-switching. 

 

3.2.3.5 Super-resolution microscopy 
 

To demonstrate the blinkons capacity as cellular super-resolution probes, the Cy3-

B5S39L probe attached to an anti-tubulin antibody was used to stain fixed neuron 

cells and sub-diffraction images were acquired (Figure 3.23). Around 150.000 images 

were captioned in a TIRF configuration illuminated at 2.6 kW/cm2 with a 561 nm 

laser to generate the super-resolution dataset. The first acquired frames provide a 

normal wide-field fluorescence image, in which a higher portion of probes is in the 

ON-state when compared to later time points in the acquisition. In fact, it is difficult 

to generate a good “classical” resolution image as the great majority of the blinkons 

probes are in the OFF-state even in the beginning of the acquisition. This makes it 

problematic to observe, without super-resolution, finer details on structures with a low 

concentration of fluorophores such as at the edges of the dendrites.  
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 Figure 3.23. Super-resolution (above) and total-internal reflection microscopy 

(below) images of bundled microtubules in dendrites of neuron cells. 
 

Nevertheless, this property also brings a major advantage as a smaller pre-acquisition 

bleaching period is required on dSTORM like imaging with “classical dyes”, in which 

the majority of fluorophores needs to be pushed into the OFF-state before single-

molecule detection is possible (a process that can take up to several minutes). In 

comparison blinkons have most of their population with a closed secondary structure 

at the beginning of the imaging procedure and are, therefore, on a non-emitting state 

(see next paragraph for benchmark tests).  

We then tested the same imaging procedure using a control oligo - CGC TCC ACA 

GTT TCG GGT TTT CGA CGT TCA – with a 5’ Cy3 and 3’ biotin. To be able to 

super-resolve structures and to induce blinking with this probe we embedded the 

sample in an oxygen scavenger buffer (as described on section 2.1) to avoid the 

sample bleaching out rapidly without yielding a considerable number of detectable 

individual particles. Figure 3.24 compares the pre-acquisition bleaching time for both 

the control oligo and the Cy3-B5S39L blinkon. We observed a short pre-acquisition 

bleaching period for the blinkon, meaning the number of detectable particles rapidly 
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stabilizes in less than 5 seconds while in the control oligo the number of detectable 

particles takes up to 30 seconds to stabilize.  

 

 
Figure 3.24. (Above) Raw-images of a small-subsection of dSTORM imaging of 

neuron dendrites labelled with either the Cy3-B5S39L probes or a control biotinylated 

Cy3-oligo. (Below) Individual particles detectable per time-unit for the same raw-

image sequence.  
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3.2.4 Conclusions and Outlook 
 

In this work we have shown the potential of inducing photo-switchable properties in 

“standard” organic dyes by conjugation with an oligo-nucleotide structure that 

explores the transient interaction of fluorophores with high-efficiency quenchers. This 

feature provides a secondary stochastic activation method that does not depend on 

fluorophore triplet-state recruitment as currently used in most STORM based super-

resolution techniques where stochastic “blinking” is induced through chemical buffers 

(5, 6, 53, 56, 85, 89). In contrast, our new method allows the sample to be embedded 

in standard cell non-toxic phosphate buffered saline buffer and to be imaged using 

fairly low excitation powers. These conditions are a key factor for live-cell super-

resolution imaging, in which both the management of chemical- and photo-toxicity is 

crucial.  

The novel blinkon structure seems to generate stable photo-switching characteristics 

even for different fluorophores, as demonstrated here with the use of Cy3 and 

Alexa488. This feature is important as it allows selecting the optimal properties for a 

determined experimental setup. For example, to label a structure with a high-

molecular density where the probability of fluorophores spatially overlapping is high, 

we can choose a blinkon with a small on-time/off-time ratio therefore minimizing this 

challenge. Additionally, this feature is also crucial to multi-color or multiplex imaging 

in systems using parallel dual-channel acquisition (52, 128). In the latter systems a 

dual-view apparatus splits the camera image in half, where each half corresponds to 

different spectral components. Therefore, as in these systems both channels have an 

equal exposure time, it is important to use probes with controllable photo-switching 

spectral characteristics that can be selected for an optimal imposed frame-rate and 

labelling density.  

We have also shown that further “tweaking” of the probe photo-dynamics can be 

achieved by altering the embedding medium, such as with the help of formamide. 

This opens up the potential to locally change the probe properties either before or 

during imaging as needed. Notwithstanding, doing so alters the buffer from 

physiological conditions and can limit its potential for live-cell imaging. Finally, 

blinkons also present a reduction in the pre-acquisition bleaching period, allowing a 
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short waiting period until single-molecules can be detected which overall accelerates 

the imaging procedure.  

In conclusion, blinkons have an enormous potential as super-resolution probes. In the 

future we will try to explore their prospects in live-cell imaging. We already know 

that blinkons can be transfected into cells with standard methods. However, it is 

necessary to bind the probes to the target proteins and for this it is necessary to 

explore new methods, such as the SNAP-, CLIP-, ACP- and MCP-tags techniques 

(for more details refer to section 2.3.2.1).   
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3.3  A sub-cellular super-resolution view on NEMO and NF-κB 
activation. 

 

This section detailsunpublished original work. It contains preliminary data currently 

still being acquired. 

 

Results presented and discussed in this section are the product of collaborative work. 

Experimental plan and design was carried by R. Henriques, E. Laplantine (Institut 

Pasteur), F. Agou (Institut Pasteur), M. Veron (Institut Pasteur) and M. Mhlanga. Cell 

culture was initially carried by R. Henriques and then taken over by E. Laplantine and 

J. Chiaravalli (Institut Pasteur). Sample preparation was carried by R. Henriques and 

E. Laplantine. Imaging and analysis done by R. Henriques. M. Lelek was responsible 

by the assembly of the optical setup used in this work (Institut Pasteur).  

 

3.3.1  Introduction 
 

We have seen over the last decade the development of microscopy approaches that 

break the diffraction barrier. Techniques such as Stochastic Optical Reconstruction 

Microscopy (STORM) (5), have become particularly attractive to researchers due to 

their easy adaptation to Total-Internal Reflection Fluorescence (TIRF) based optical 

setups, yielding resolutions of few tens of nanometres. Direct STORM (dSTORM) (6) 

simplifies both the imaging and labelling process by enabling the use of standard 

antibodies for immuno-fluorescence staining, facilitating even further multi-colour 

imaging. In this work, we apply dSTORM to study NF-κB pathway, more particularly 

the NEMO (NF-κB Essential MOdulator) protein, which is a key regulatory subunit 

of the IKK complex, needed for the translocation of NF-κB into the cell nucleus and 

at poly-ubiquitin chains involved with the IKK activation.  

 

3.3.1.1 The NF-κB activation pathway 
 

NF-κB represents a family of transcription factors with a key role in immune, 

inflammatory and anti-apoptotic responses. It stimulates immune cell function and 
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acts in a pro-inflammatory manner by inducing the expression of cytokines, 

chemokines and their receptors (129). Furthermore, NF-κB is capable of inhibiting 

programmed cell death through transcriptional stimulation of anti-apoptotic genes and 

as such, can be also a main driver in cancer growth and survival (see Figure 3.25). 

 

 
Figure 3.25. Different functions of NF-κB can have either tumor-promoting or tumor 

suppressing effects. On the left is a summary of the different tumorigenic processes to 

which aberrantly active NF-kB has been shown to contribute. In contrast, on the right 

is evidence indicating that under other circumstances active NF-kB can act to inhibit 

tumor growth and survival. Adapted from N.D. Perkins et al. (130). 

 

NF-κB is naturally sequestered in the cytosol of unstimulated cells. The IκBs are 

inhibitor proteins that prevent the NF-κB translocation to the nucleus (131). The 

activation of the NF-κB pathway can be induced by several factors such as viral or 

bacterial infections, mitogen phorbol esters (PMA), antigens and pro-inflammatory 

cytokines like the tumor necrosis factor-alpha (TNF-α) and interleukin 1 (IL-1). These 

activation processes initiate pathways eventually converging on the IKK (also known 

as IκB-kinase) complex (132). The activation of the IKK complex leads to the 

phosphorylation of the IκBs. These in turn are ubiquinated and degraded through the 

proteasome-mediated pathway (133-135), allowing the release of NF-κB into the 

nucleus, leading to the expression of its target genes (see Figure 3.26).  
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The IKK complex is mainly constituted by two catalytic subunits - IKKα and IKKβ – 

and a key regulatory subunit – NEMO (also known as IKKγ). The latter is our main 

protein of interest in this study. There are alternative NF-κB activation pathways that 

only rely on IKKα dimers and are independent of IKKβ or NEMO. Notwithstanding, 

NEMO is required for the formation of the IKK complex and for the canonical NF-κB 

activation pathway (136).  

Poly-ubiquitin binding activity of NEMO through Lys63 (K63)-linked or linear 

chains prompts the IKK activation (137-141). Kinases then phosphorylate the 

inhibitory IκB proteins, which are rapidly modified by Lys48 (K48) poly-ubiquitin 

chains and degraded by the 26S proteasome. K63-linked poly-ubiquitine chains 

represent protein-protein interaction motifs that allow inducible recruitment of 

proteins or their interacting partners to specific sub-cellular localization. A large 

number of proteins are known to contain ubiquitin-binding domains (UBDs) 

recognizable by these chains (142, 143).  
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Figure 3.26. Pathways leading to the activation of NF-κB. The canonical pathway is 

induced by tumour necrosis factor-α (TNFα), interleukin-1 (IL-1) and many other 

stimuli, and is dependent on activation of IKKβ. This activation results in the 

phosphorylation (P) of IκBα at Ser32 and Ser36, leading to its ubiquitylation (Ub) and 

subsequent degradation by the 26S proteasome. Release of the NF-κB complex allows 

it to relocate to the nucleus. Under some circumstances, the NF-κB–IκBα complex 

shuttles between the cytoplasm and the nucleus (not shown). IKK-dependent 

activation of NF-κB can occur following genotoxic stress. Here, NEMO localizes to 

the nucleus, where it is sumoylated and then ubiquitylated, in a process that is 

dependent on the ataxia telangiectasia mutated (ATM) checkpoint kinase. NEMO 
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relocates back to the cytoplasm together with ATM, where activation of IKKβ occurs. 

IKK-independent atypical pathways of NF-κB activation have also been described, 

which include casein kinase-II (CK2) and tyrosine-kinase-dependent pathways. The 

non-canonical pathway results in the activation of IKKα by the NF-κB-inducing 

kinase (NIK), followed by phosphorylation of the p100 NF-κB subunit by IKKα. This 

results in proteasome dependent processing of p100 to p52, which can lead to the 

activation of p52–RelB heterodimers that target distinct κB elements. Phosphorylation 

of NF-κB subunits by nuclear kinases, and modification of these subunits by 

acetylases and phosphatases, can result in transcriptional activation and repression as 

well as promoter-specific effects. Moreover, cooperative interactions with 

heterologous transcription factors can target NF-κB complexes to specific promoters, 

resulting in the selective activation of gene expression following cellular exposure to 

distinct stimuli. Ac, acetylation; bZIP, leucine-zipper-containing transcription factor; 

HMG-I, high-mobility-group protein-I; IκB, inhibitor of κB; IKK, IκB kinase; LMP1, 

latent membrane protein-1; LPS, lipopolysaccharide; NF-κB, nuclear factor-κB; 

RHD, Rel-homology domain; TAD, transcriptional activation domain; TF, 

transcription factor; UV, ultraviolet; Zn-finger TF, zinc-finger-containing 

transcription factor. Adapted from N. Perkins et al. (144). 

 

3.3.1.2 NEMO’s structure 
 

The N-terminus half of NEMO contains a long coiled-coild domain (CC1) and is 

responsible for its interaction with IKK kinases. The C-terminal half is involved in 

signal recognition from upstream molecules (145) and is comprised by coiled-coil 

domain (CC2), a leucine zipper (LZ) motif and a CCHC-type zinc finger (ZF) domain 

(see Figure 3.27) (146).  
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Figure 3.27. Structural and functional domains of the NEMO protein. These include 

the coiled-coil (CC1 and CC2), LZ and ZF motifs. The functional NEMO domains are 

indicated on top. Sequence numbering is given for human NEMO protein. Adapted 

from Cordier et al. (146). 

 

The CC2-LZ domain is required for NEMO oligomerization (147, 148) and contains 

an ubiquitin-binding domain (UBD) preferentially interacting with K63-linked chains 

(149, 150).  K63-linked chains binding through the CC2-LZ domain of NEMO is 

required for NF-κB signalling from different receptors. NEMO’s middle region, 

residues 194 to 248 (HLX2), constitutes a binding site for proteins, such as the viral 

proteins vFLIP, TANK or RIP (see Figure 3.28).  

 

 
Figure 3.28. Structural model of NEMO with associated K63 ubiquitin chains. The 

model is constituted by the different domains determined by X-ray crystallography 

and nuclear magnetic resonance (NMR), modelled domains are set in gray. A 

fragment of the kinase IKKα/ß which hinds to NEMO at it’s N-terminus is shown in 

green. Image courtesy of the F. Agou group at Institut Pasteur. 

 

3.3.1.3 Super-resolution imaging of NEMO and poly-ubiquitin 
 

The mechanism behind the IKK control by NEMO is at the core of NF-κB regulation. 

Although its role has been well described by biochemical and structural studies, the 

sub-cellular mechanisms behind NEMO involvement in the NF-κB pathway are still 
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fairly unknown. The aim of the present work is to characterize NEMO’s territories 

within the sub-cellular environment, more specifically in the vicinity of the cell 

membrane and therefore near the NF-κB associated receptors. In addition, we also 

address the modulation of these territories in cells in which NF-κB activation was 

induced by cell treatment with TNF-α and IL-1. 
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3.3.2 Material and Methods 
 

Here we provide an overview of the experimental preparation procedures, imaging 

apparatus and analysis tools used. 

 

3.3.2.1 Cell culture 
 

U2OS (human osteosarcoma) cells were cultured in D-MEM/F-12 without Phenol 

Red (a source of medium auto-fluorescence) supplemented with 10% fetal calf serum 

and antibiotics.  

 

3.3.2.2 Cell fixation 
 

Paraformaldehyde fixation 

Cells to be processed for immuno-fluorescence were fixed for 5 minutes with 4% 

paraformaldehyde (PFA) at 4°C, washed and followed by a 5 minute incubation in 50 

mM NH4Cl. Cells were then permeabilized through treatment with 0.2% Triton X 100 

for 5 minutes. 

 

Methanol fixation 

Methanol fixation was also used as a control for comparison against the PFA fixation. 

For this, 0.5 ml of 100% methanol at -20 °C was applied to the cell plates on ice for 5 

minutes. After, cells were washed and rehydrated by a sequence of cold ethanol 

washes at 95%, 80% and 50%. Cells were then washed with PBS .  

 

3.3.2.3 Cell labelling 
 

After permeabilization, cells were incubated with 1% bovine serum albumin (BSA) 

for 20 minutes and, then incubated with a primary antibody (see Results and 

Discussion for the antibody references) in 1% BSA for 60 minutes. After washing 

with PBS, cells were incubated with a secondary antibody in 1% BSA also for 60 

minutes.  
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3.3.2.4 siRNA treatment 
 

Cells to be treated with siRNA anti-NEMO were incubated with a mix of 100 µL of 

DMEM, 25nM of siRNA and 6 µL of the HiPerFect transfection reagent (Qiagen) for 

two days and then fixed. As a control to ensure that the siRNA treatment does not 

produce any artefacts, additional cells were treated with an nonspecific siRNA that 

does not target any mRNA. 

 

3.3.2.5 CYLD transfection 
 

Cells to be transfected with the CYLD plasmid were treated with a mix of 1 µg of the 

plasmid DNA, 2µL of FuGENE HD (Roche) in 50 µL of Opti-MEM (Invitrogen) for 

two days and then fixed. Additionally, cells were also transfected with a control 

CYLD plasmid for which its deubiquinating function has been disabled (151). The 

CYLD plasmids also presented a FLAG epitope that was used to report the expression 

by immuno-fluorescence staining against FLAG. 

 

3.3.2.6 TNF-α or IL1 treatment 
 

Cells for NF-κB pathway activation were treated either with TNF-α or IL1. For this 

cells are incubated with 20 ng/mL of either TNF-α or IL1 for 15 minutes and then 

washed and fixed. 

 

3.3.2.7 Total-internal reflection fluorescence microscopy 
 

TIRF/dSTORM imaging of cells was performed with a Nikon Ti-E eclipse in TIRF 

configuration. An oil-immersion objective (CFI Apochromat, 100x, NA 1.49, Nikon) 

was used. Either a 488nm (solid state), 561nm (solid state) or 635nm (diode laser) 

from Spectra Physics was selected by an acousto-optic tunable filter (AOTF-AA 

optoelectronic) depending on the fluorophore used. Fluorescence light was spectrally 

filtered using filters and imaged on an EM-CCD camera (Andor Ixon DU-897E-CS0-

BV). The laser powers were chosen to ensure that the fraction of activated 
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fluorophores at any given time was sufficiently low to allow the detection and 

localization of individual fluorophores. After setting the evanescent field with the 

help of the fiduciary fluorescence beads, the image acquisition was performed over 

the full field of view (512x512 pixels) of the EM-CCD camera running at 10 Hz 

generating around 20.000 images per channel for each dataset. For additional 

information refer to the optical setup described on section 2.1 and 3.2. 

 

3.3.2.8 Super-resolution image analysis and reconstruction 
 

dSTORM data was analyzed with QuickPALM (see section 3.1) and ImageJ (W. 

Rasband, National Institute of Health, Bethesda, USA). Super-resolution single-

particle detection was carried out with optimal settings previously evaluated also in 

section 2.1. Super-resolution datasets were reconstructed as 2D histograms of 

particle-counts with a 10nm bin-size. 

 

  



Methods and Results 

 87 

3.3.3  Results and discussion 
 

We first observed NEMO labelling in U2OS cells by TIRF-dSTORM super-

resolution. Labelling was provided by immuno-fluorescence where we used a 

monoclonal antibody (Anti-NEMO, 611306, BD Biosciences) as a primary labelling 

source, and a secondary antibody with the Cy5 dye – one of the best performing 

fluorophores in super-resolution microscopy.  

Our first collected images immediately revealed that NEMO forms nanostructures in 

the immediate vicinity of the cytoplasm membrane (see Figure 3.29 and Figure 3.30). 

These structures seem to be composed by small round clusters of NEMO with an 

average of 50-100 nm width that can be connected to each other by elongated bridges 

also composed by NEMO with an average length of 300 nm. The remarkably small 

size of the structures observed is in the order of the sub-diffraction limit making it 

impossible their observation on standard fluorescence imaging methods. 

As a second step it was important to observe if the NF- κB pathway activation could 

induce in anyway a change in the formation of the NEMO structures on the cell. For 

this, cells were stimulated by TNF-α for 15 minutes before imaging. Previous western 

blot experiments have indicated that the maximum IKK phosphorylation occurs 

within this period of incubation, which is an indicative of the pathway activation (data 

not shown).  

In parallel experiments we also used P65 immuno-fluorescence staining prior and post 

TNF-α treatment, P65 is known to translocate to the nucleus upon NF- κB activation. 

Acquired images reveled that cells treated with TNF-α for 15 minutes showed the 

expected translocation by a remarkable increase by fluorescence in the nucleus, while 

untreated cells kept the P65 signal on the cytoplasm. Therefore giving us confidence 

that the TNF-α treatment did activate the NF- κB pathway (data not shown). 

Despite of these controls, to our best attempts it was not possible to observe any 

significant changes in the characteristics of the NEMO territories in the cells activated 

(see Figure 3.30). 
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Figure 3.29. NEMO immuno-fluorescence in U2OS unstimulated cells. Super-

resolution imaging by TIRF-dSTORM of the Cy5 dye. Colour squares outlines 

correspond to zoomed areas shown in the proceeding images. 
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Figure 3.30. Super-resolution dSTORM imaging of NEMO immuno-fluorescence 

staining in U2OS TNF-α stimulated cells. Colour squares outlines correspond to 

zoomed areas shown in the proceeding images. 
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Since these structures formed by NEMO were being observed for the first time, it was 

important to clarify if they could be in anyway the result of a technical artifact. As 

such, two controls were performed. For the first control, both paraformaldehyde and 

methanol based fixations were performed in independent samples to observe if the 

structures would be kept and if they could be in anyway related to a fixation artifact. 

The resulting acquired images were similar for both methods suggesting the 

inexistence of disruptive fixation effects (data not shown). On the second control, 

cells were treated and transfected with a siRNA down-regulating NEMO. The aim of 

this control was to establish if the primary antibody could be unspecifically labeling 

alternative proteins. The resulting images of cells in which NEMO was knocked-

down showed a decrease in NEMO signal and the absence of the structures previously 

observed (see Figure 3.31). Therefore this data indicates that the primary antibody 

used is highly specific. 

 

 
Figure 3.31. Cell transfected with a siRNA against NEMO. Super-resolution 

dSTORM imaging of NEMO immuno-fluorescence staining in U2OS TNF-α 

stimulated cells. Colour square outlines correspond to zoomed areas shown in the 

proceeding images. The blue line outlines the cell cytoplasm. 

 

Next, we transfected cells with a cylindromatosis (CYLD) expression plasmid. CYLD 

is a de-ubiquitinase, which exhibits very little activity toward Lys48-linked poly-

ubiquitin chains (138, 147). On the other hand, the enzyme hydrolyses K63-linked 

chains with high-efficiency, as well as linear ubiquitin chains that are structurally 
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equivalent to K63-chains. Our premise was that it would be possible for NEMO to be 

interacting with K63-chains in the cytoplasm and that these could be partly 

responsible for the NEMO structure we were observing. Imaging of the CYLD 

transfected cells did reveal a severe reduction on the NEMO structures (see Figure 

3.32). As a control, we also transfected cells on same conditions with a mutant form 

of CYLD that is unable to degrade any poly-ubiquitin chains. The mutated CYLD 

transfected cells rescued the original phenotype, suggesting then that the NEMO 

network-like territories are dependent of K63- and/or linear poly-ubiquitin chains, 

these experiments also demonstrate that the CYLD transfection and expression 

mechanisms themselves do not cause an artifact on the NEMO territories (see Figure 

3.33). 

 

 
Figure 3.32. Cell transfected with CYLD. Super-resolution dSTORM imaging of 

NEMO immuno-fluorescence staining in U2OS unstimulated cells. Color square 

outlines correspond to zoomed areas shown in the proceeding images. Red spots 

correspond to the TNF-R1 receptor labelling captioned on wide-field non-super-

resolution imaging. The blue line outlines the cell cytoplasm. 
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Figure 3.33. Cell transfected with a mutated CYLD preventing its deubiquitinating 

function. Super-resolution dSTORM imaging of NEMO immuno-fluorescence 

staining in U2OS unstimulated cells. Color square outlines correspond to zoomed 

areas shown in the proceeding images. Red spots correspond to the TNF-R1 receptor 

labelling captioned on wide-field non-super-resolution imaging. The blue line outlines 

the cell cytoplasm. 

 

Still it was unclear why there was no noticeable difference in the NEMO images of 

activated NF-κB cells. We then recognized a major flaw with our labeling protocol. 

Our primary antibody was specifically binging to the LZ region of the NEMO 

molecule, the region also used for K63 binding. As such, our antibody had a 

preference for labeling non-ubiquinated NEMO. We then tested a different primary 

antibody against NEMO (sc-8330, Santa Cruz) and also tried activation not only by 

TNF-α but also by IL-1.  

First, the imaging of untreated cells revealed similar structures to that observed with 

the previous antibody, but at a much higher density. Possibly suggesting that the new 

antibody had a higher labeling efficiency. This feature also introduced the notion that 

NEMO seems to form a linked network on the cell cytoplasm (see Figure 3.35). 

 

 



Methods and Results 

 93 

 
Figure 3.34. Wide-field imaging of NEMO immuno-fluorescence staining in U2OS 

unstimulated cells.  
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Figure 3.35. Super-resolution dSTORM imaging of NEMO immuno-fluorescence 

staining in U2OS cells in unstimulated cells. Pink square outlines correspond to zoom 

areas shown in the proceeding image. Image is colour coded where blue colours 

corresponds to low-molecular density and white colours high-molecular density.  

 

NEMO activation by IL-1 treatment revealed a strong phenotype that is even 

evidently observed by simple wide-field fluorescence (see Figure 3.36). It was 

possible to observe the appearance of speckles characterized by a high-concentration 

of NEMO. Super-resolution TIRF-dSTORM imaging of these samples further 

revealed the depletion of NEMO in the immediate surrounding region of these spots 

of highly concentrated NEMO (see Figure 3.38). This data suggests a possible 

recruitment of NEMO to these spot regions at the cost of NEMO depletion in the 

immediate surrounding regions or, the presence of a structure confining NEMO to the 

spot region.  
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Figure 3.36. IL-1 stimulated cell. Wide-field fluorescence imaging of NEMO 

immuno-fluorescence staining in U2OS cells. 
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Figure 3.37. IL-1 stimulated cell. Super-resolution dSTORM imaging of NEMO 

immuno-fluorescence staining in U2OS cells. Pink square outlines correspond to 

zoom areas shown in the proceeding image. Image is colour coded, where blue and 

white colours correspond respectively to low-molecular and high-molecular density. 

 

In TNF-α treated cells the phenotype described is not as evident in wide-field 

fluorescence as the same high-intensity spots cannot be discerned anymore (see 

Figure 3.38). Still these can be observed with super-resolution imaging, in which we 

observe that the spot formation has a lower concentration of NEMO when compared 

to the IL-1 activation. Nevertheless, there is still a several-fold increase when 

compared with any of the similar spot-like structures in untreated cells. In TNF-α 

treated cells it is also possible to observe a NEMO depletion surrounding the high-

intensity spots (see Figure 3.39). 
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Figure 3.38. Wide-field imaging of NEMO immuno-fluorescence staining in U2OS 

cells in TNF-α stimulated cells.  
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Figure 3.39. Super-resolution dSTORM imaging of NEMO immuno-fluorescence 

staining in U2OS cells in TNF-α stimulated cells. Pink square outlines correspond to 

zoom areas shown in the proceeding image. Image is colour coded where blue colours 

corresponds to low-molecular density and white colours high-molecular density. 

 

The analysis of the NEMO clusters in each of these conditions further differentiates 

phenotypes derived from NF-κB, as shown in Figure 3.40. The number of detected 

particles cannot be directly converted into a number of detected NEMO molecules, as 

the Cy5 fluorophores are able to switch multiple times yielding several particle 

detections per molecule. Notwithstanding, the number of detected particles is 

proportional to the number of NEMO molecules and the high-variation of detected 

particles in cluster with sizes of 150 nm or greater suggests a larger accumulation of 

NEMO in these clusters within stimulated cells with IL-1 or TNF-α.   
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Figure 3.40. Particle detected within NEMO clusters (spots) on the untreated, IL-1 or 

TNF-α treated cells. Data was collected in 3 arbitrary cells within each condition. 
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3.3.4 Conclusions and outlook 
 

Super-resolution imaging of NEMO provides a novel view into its territories in the 

cell membrane vicinity. A new network-like structure for NEMO at the sub-

diffraction level is here presented for the first time. Furthermore, super-resolution 

dSTORM imaging provides a quantitative view of the NEMO molecular 

accumulations at a scale of few nanometers. Remarkably these features are beyond 

the resolvable power of classical light microscopy methods as shown in the 

comparative wide-field fluorescence images. This clearly shows the potential of 

super-resolution techniques applied to the study of the NF-κB pathway.  

 

NEMO labeling shows a clear distinguishable phenotype in NF-κB activated cells 

through IL-1 or TNF-α treatment, namely NEMO accumulation within clusters and 

subsequently NEMO depletion in the surrounding regions of the clusters. These 

observations lead us to question the spatial relationship between some of the other 

NF-κB pathway components. Preliminary data already suggests the need of K63 or 

linear poly-ubiquitin chains for the formation of the NEMO network-like structure. 

 

Future experiments will focus on the discovery of the mechanisms involved in the 

formation of the NEMO network and cluster formation. Multi-color super-resolution 

will be used to address the co-localization between NEMO and other proteins in order 

to study their possible interaction. 
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4 General Discussion and Perspectives  
 

This work aimed to improve the PALM and STORM techniques and through them 

bring new insights into biological structures within cells at the super-resolution level.  

 

Within the research presented in this thesis, four scientific fields are tackled: (i) 

applied optical microscopy – by creating a home-built setup able to achieve 3D super-

resolution; (ii) computer vision – by developing QuickPALM, an algorithm able to 

achieve real-time processing and control of super-resolution imaging systems; (iii) 

biochemistry – through the development of a new class of fluorescent photo-

switchable probes for super-resolution microscopy and (iv) structural cell biology – 

by characterizing the ultra-structures formed by the NEMO protein at the sub-cellular 

level and its relation with the NF-κB pathway.  

 

The first step of my work consisted of the design and assembly of a super-resolution 

microscope. This was achieved initially by exploiting and adapting a commercial 

TIRF microscope supplied by Andor Technology (see section 5.1.1 for full details) 

and then through the creation of two home-built super-resolution systems, one in 

Institut Pasteur (M. Lelek was the main researcher behind the construction of this 

setup) and then by single-handedly assembling another system in South Africa (see 

section 5.1). Through the exploitation of the application of a cylindrical lens to the 

optical path of the microscope, I was able to use astigmatism as a source to achieve 

3D super-resolution as detailed by the X. Zhuang group (45). With the help of M. 

Lelek, we further simplified this setup and I was able to develop the software needed 

to fully control of the microscope. This software also lead to the development of 

QuickPALM. 

Currently SMLM hardware has unfolded into many different configurations, most aim 

to tackle 3D super-resolution through different methods. In a biplane (BP) detection 

scheme, a 3D stack of two slightly displaced Z-planes is acquired over time, the 

position of detectable molecules can then be extracted in Z-space. Biplane has been 

found to provide a better z-range than 3D SMLM by astigmatism, but on the other 

side, astigmatism provides a better resolution in the immediate vicinity of the 
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objective focal plane (46). Another set of approaches tries to constrain the 

illumination in the Z-axis in order to avoid the activation of fluorophores outside of 

the resolvable Z-space therefore reducing unwanted sample background, increasing 

localization accuracy and reducing the depletion of fluorophores outside of the 

resolvable volume. This is achieved by iPALM (i = interferometric), taking advantage 

of the interference field created by two-opposing objectives (similar to 4Pi), the 

technique can yield higher resolutions than the biplane or astigmatism 3D methods 

but is more sensitive to the sample thickness or complexity as the interference field 

can be highly modulated by the sample morphology (152). Two-photon temporal 

focusing in conjunction with water immersion objectives has also been used recently 

by the H. Shroff group to achieve high-penetration depths in PALM microscopy 

(153). Recently E. Betzig and co-workers developed the Bessel beam plane 

illumination technique (154), that has not been demonstrated in tandem with PALM 

or STORM yet, but has the potential to achieve high-depth super-resolution imaging 

by using two opposing objectives creating a light-sheet similar to that used in 

selective plane illumination microscopy (SPIM) (155). 3D astigmatism is still the 

easiest means to implement of this method, achieving high-resolutions in both XY 

and Z-space but at the cost of a high-sensitivity to the active fluorophore density that 

needs to be kept low. 

Only in 2011 did commercial PALM and STORM systems become partially available 

to researchers. Still, currently these are in a beta-testing phase, therefore, not being 

completely accessible to all the scientific community. By describing our super-

resolution systems in detail on the QuickPALM publication and also on its website, 

we allowed multiple researchers to clone my microscope systems for 3D PALM and 

STORM with astigmatism. The group of Dr. Jan Schmoranzer (Freie Universität 

Berlin) represents one of the groups that has profited from our developments. 

 

The development of QuickPALM in conjunction with the real-time acquisition 

control features allowed me to provide a complete solution for acquisition, 

reconstruction and visualization of 3D PALM and STORM images to the research 

community. This feature is still not achieved by the competing methods. Without the 

high-speed processing of QuickPALM, which allows the visualization of the data in 

parallel to the acquisition, users would be forced to adjust imaging parameters such as 

activation and excitation by trial and error after multiple suboptimal experiments. The 
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QuickPALM method allows the dynamic inspection of the sample behaviour and the 

adjustment of the acquisition parameters “on the fly” for optimal imaging.  

Today, several competing algorithms exist providing similar processing speeds with 

higher-localization and detection accuracy (101, 156). These are able to do so with the 

help of the high-speed graphical processing units (GPUs) found in common personal 

computers. Notwithstanding, this process makes these kinds of algorithms bound to a 

specific operative system or computer hardware architecture. Furthermore, the closed-

source nature of their release does not allow researchers to adapt them to their own 

needs. 

QuickPALM has the major advantage of being built in a language agnostic from the 

computer hardware architecture itself (Java) and being open-source. As such, it is 

remarkably easy to install, to be modified and it can be run on any computer 

supporting Java. Furthermore, QuickPALM is a complete package producing all the 

needed features for super-resolution imaging, providing an easy-to-use user interface 

able to go through all the steps needed in PALM and STORM, namely, single-particle 

detection, super-resolution image reconstruction and drift-correction.  

A dominant challenge in SMLM is minimizing light induced cell damage (83, 84) as 

super-resolution techniques tend to dramatically increase the photo-damage caused to 

the cell by either increasing or prolonging the amount of light needed for imaging 

when compared to classical fluorescence microscopy. Conventionally in fluorescence 

imaging the entire field of view is illuminated uniformly, both light-excitation and 

acquisition time are adjusted so as to obtain a high enough signal-to-noise ratio (SNR) 

to resolve cellular structures of interest. Yet, fluorophore concentrations within cells 

vary, leaving researchers with the decision of how to best set the illumination 

characteristics at the cost of either under-exposing or over-exposing sub-regions of 

the image.  

Controlled light-exposure microscopy (CLEM) introduces the concept of applying a 

non-uniform illumination to the imaging area in laser scanning systems where on a 

pixel-by-pixel basis the light-exposure is interrupted if a sufficient SNR has been 

achieved (157). As a combination of “hardware” and “software” approaches, this 

method improves image-quality and severely reduces photo-toxicity (158). 

Problematically, SMLM uses cameras that only permit the parallel acquisition of all 

the pixels composing an image theoretically preventing the implementation of CLEM. 

Non-uniform illumination in time has been previously applied to SMLM in the work 
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of Betzig et al. (3) where the sample activation is incrementally increased over time to 

compensate for fluorophore depletion. This concept can be further adapted by 

modulating the illumination both in the spatial and temporal domain with the help of a 

spatial-light-modulator (SLM). In SMLM two light beams are used: a low-intensity 

activation beam to induce fluorophores into an ON-state and a high-intensity readout 

beam to excite and bleach the fluorophore. By definition, the images acquired in 

SMLM have a sparse concentration of fluorophores. This means that most of the area 

subjected to illumination is not occupied by active fluorophores. By concentrating the 

readout illumination to the areas where only actively emitting fluorophores are 

present, a drastic reduction in the amount of light used for imaging is achieved 

therefore minimizing cell damage. A major focus of the QuickPALM (100) 

development will be to bring this feature forward by combining the power of real-

time processing with the capacity for both SLM and acquisition hardware control 

brought by µManager (103). 

 

In STORM-like experiments a single fluorophore can photo-switch multiple times. A 

well-known concept in the super-resolution field is that this feature could be used to 

further increase by several-fold the resolution of the technique. The localization error 

of a single-fluorophore could be severely reduced by its multiple detection over the 

various switching cycles, through for example, averaging its multiple localizations. 

Unfortunately, this feature is somewhat difficult to achieve, as it is almost impossible 

to attribute a single-switch to a particular fluorophore when the fluorophores are 

densely packed together. Notwithstanding, by taking advantage of fluorophores with 

stable and known photo-dynamics it is possible to estimate and statistically determine 

the probability maps of localization to specific fluorophores and, as such, heighten the 

resolution of super-resolution imaging. The new fluorophores developed within the 

scope of the present thesis, called “blinkons”, support some of these features by 

providing well-defined and characterized photodynamics. Blinkons are a new kind of 

photo-switchable probes based on molecular-beacons, their hairpin structure is 

designed to stochastically open and therefore to transiently enable a fluorescence 

emitting state on the molecule. 

The properties of blinkons seem to be stable across the different fluorophore moieties 

used in their structure, which is extremely advantageous since it allows their 

application to perform multi-colour super-resolution. By optimizing QuickPALM to 
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support the described resolution increase provided by multiple photo-switching 

aggregation and merging it with the stable photo-switching dynamics of blinkons, we 

might see the birth of a new super-resolution modality further breaking the resolution 

barrier. 

One of the key aspects of blinkons is their capacity to photo-switch in physiological 

buffers (for example PBS), which allows their use in live-cell imaging. Still for this 

the labelling challenges discussed in section 3.2.4 have to be first addressed. One of 

the features that we are actively working on is the incorporation of blinkons into 

aptamers, therefore generating a system to label target proteins in live-cells. With this 

new feature blinkons will present themselves as strong alternatives to photo-

activatable genetically encoded fluorophores, as they do not require activation pulses 

and yield a larger amount of photons, therefore, possessing a greater potential for 

increased resolution. Once again, merging QuickPALM’s data-driven light 

modulation aspects will further increase the potential for live-cell imaging by 

reducing photo-damage in the sample. 

 

My technical developments within the super-resolution field, implementation of the 

microscope set-up and development of QuickPALM have also been exploited to 

address the biological question of ultra-structures formed by the NEMO protein at the 

sub-cellular level and its relation with the NF-κB pathway. Although preliminary, the 

already generated data shows that only through imaging with super-resolution it is 

possible to resolve the sub-cellular territories of NEMO. This is due to the fact that 

the NEMO scaffold structure revealed by super-resolution exists at a sub-diffraction 

level impossible to be resolved with standard microscopy methods. 

Within this project, our future aims will be to further correlate the spatial location of 

NEMO with other key proteins in the NF-κB pathway and their relationship with 

receptor activation. One of the difficulties we foresee is related to the low-throughput 

of the super-resolution process itself, which is caused by the required time to image a 

single dataset (typically 30 minutes). Within this time, the pre-acquisition bleaching 

needed to push most fluorophores to a dark state is a considerable bottleneck. 

Therefore, blinkons may in the future constitute the key tool to further speed-up this 

process due to their rapid pre-acquisition bleaching periods. 
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The work in super-resolving the NEMO territories has shown the great potential of 

PALM and STORM when used in parallel with total-internal reflection fluorescent 

microscopy (TIRF). By constricting the illumination to the immediate vicinity of the 

plasma membrane, TIRF can greatly increase the signal-to-noise ratio of observed 

fluorophores, this feature is extremely powerful not only in the study of membrane 

receptors and associated proteins as demonstrated on this work, but also for example 

in the study of host-pathogen interactions. Recently Hess and co-workers have used 

FPALM to examine a clustered membrane protein - influenza hemagglutinin (HA) 

(49). Influenza viral entry and membrane fusion is mediated by hemagglutinin (HA) 

and its visualization until recently was limited to classical resolution limits. To enter 

its host, the influenza virus uses HA to open a fusion pore in the endosomal 

membrane and then inserts its viral RNA into the host cytoplasm. Lipid rafts are 

believed to play an important role in the distribution of HA at the cell surface, though 

several theories exist on the nature and dynamics of these rafts. Hess and co-workers 

went on to use FPALM to discriminate between the various raft theories, which all 

propose for lipid rafts to exist at resolutions well below the diffraction limit of light. 

As in the earlier mentioned work of Shroff and co-workers, they were able to perform 

these experiments in live-cells principally because the diffusion coefficient of HA was 

low and thus a single-molecule of HA tagged with PA-GFP could be localized. 

Essentially, for such experiments in live cells, to successfully localize a single-

molecule, the mean-squared displacement attributable to two dimensional diffusion 

(during acquisition) must be smaller than r2
0 , where r0 is the 1/e2 radius of the point-

spread-function.  

 

One area, which has an intense interest in advances in the dissolving of the resolution 

limits of light microscopy, is the study of nuclear biology. The spatial organization of 

the nucleus, the apparently non-random organization of the genome within the 

nucleus and several of the processes surrounding transcription and gene expression 

are all questions ripe for the use of super-resolution techniques. Current microscopy 

approaches, in live cells, have focused on using statistical mapping to understand 

genome organization (159) and fluorescent microscopy techniques to visualize 

chromosome repositioning within the nucleus (160). These approaches have fallen 

short when it has come to the study of gene expression and transcription resorting to 
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fluorescent in situ hybridization (FISH) to take snap-shots of these events in fixed 

cells, albeit at times with single-molecule resolution (161).  

Gene expression is a fundamentally stochastic process, and in some instances appears 

purposefully so [reviewed in (162)]. This makes the construction and modelling of 

gene networks especially difficult. Transcription is thought to occur in bursts with 

little known as to their source (163). One may be the existence of pre-initiation 

complexes formed on the promoter that may permit multiple rounds of RNA 

Polymerase II transcription (164, 165). Such complexes could form in so-called 

“transcription factories” where active genes would be recruited. Some evidence for 

transcription factories does exist though at best 3 differing transcripts have been 

imaged in putative factories (166). Where super-resolution could be most informative 

in this field is the ability to image all the species transcripts within these factories and 

to understand the contents of the transcriptional machinery in real time. This would 

give key insights into the fundamental process of transcription whose “molecular 

players” have only been observed as snapshots. Since there is great heterogeneity in 

transcription in even otherwise identical cell types, observing the minutiae of this 

process over several cells is perhaps the only way stochasticity can be understood. 
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5 Appendix 

5.1  The Ph.D. research time-line and additional results 
 

I started my PhD work with Dr. Musa M. Mhlanga at Instituto de Medicina Molecular 

(IMM, Lisbon, Portugal) in 2008. From the beginning it was clear that the technology 

we needed to employ in our research goals was not fully established, and as such, 

there was a great call for the implementation and development of the new quantitative 

microscopy methods we required. There were three different aspects we needed to 

tackle: (i) to set up the super-resolution microscope hardware, (ii) to develop the 

software infrastructure to generate the super-resolution data and (iii) to generate 

labelling tools for our specific goals. Into a certain extent, only after the establishment 

of these would be possible to obtain relevant biological data. 

 

Stochastic optical reconstruction microscopy (STORM) (5), a method first described 

in 2006, was our tool of choice. The super-resolution STORM technique is based on 

the stochastic photo-switching of synthetic fluorophore pairs in TIRF based 

microscopes. One of the most interesting aspects of it was the potential to develop 

new probes by applying STORM compatible synthetic fluorophore pairs into 

molecular-beacons, allowing us to study the presence single-stranded oligo-

nucleotides at the super-resolution level, such as transcribed mRNA. 

 

To simplify the hardware implementation, we initially acquired a commercial Andor 

TIRF system tailored with some of the features required. While we overtook 

preparations to acquire the system, I started a small traineeship for 4 months with the 

group of Dr. Jean-Christophe Olivo-Marin at Institut Pasteur (IP, Paris, France) (see 

Table 5.1).  

While performing my traineeship at Olivo-Marin’s group, I was able to learn from the 

expertise of his group in quantitative microscopy data analysis and started developing 

the initial tools for single-molecule localization and tracking required for STORM. It 

rapidly became evident that one of the major bottlenecks to be tackled was the large 

computation time needed to identify and pinpoint sub-diffraction particles (single-

molecules) in super-resolution data. This would typically require iterative maximum 
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likelihood estimators fitting Gaussian models to each individual particle. In STORM, 

we would need to apply this process to millions of fluorophore molecules. 

A possible solution to this problem could be achieved by parallelizing the analysis of 

the large amount of data composed by a single STORM experiment into multiple 

computers. To implement it, I tried to take advantage of the C4 cluster (more details 

in section 5.1.2) at the Council for Scientific and Industrial Research (CSIR, Pretoria, 

South Africa). 

At the end of my stay in Olivo-Marin’s group, I started working for the first time on 

the ThunderSTORM software (see section 5.1.2), a set of high-performance 

algorithms for STORM data analysis able to work seamlessly in multiple computer 

processing units (CPUs) both on the same machine or remote. 

 

5.1.1  Microscopy challenges 
 

The next step taken was to oversee the setup of the new Andor TIRF microscope in 

the CSIR (South Africa) and to set up the software framework required for 

experiments (see Table 5.1). Our system was “experimental” in the sense that it was 

the first system with that specific configuration ever assembled and sold by Andor. 

This actually generated major setbacks as we rapidly discovered unforeseen problems 

and challenges with the hardware, such as the TIRF adaptor not being able to function 

properly. Although, Andor provided us technical support to the fix the problem, this 

lead to a troubleshooting period and, therefore, to some delays. One lesson was 

learned, “experimental” may imply having a system in the forefront of technology, 

but does not necessarily convey stability. 

Meanwhile, drift became apparent to be a respectable challenge. The single-particle 

imaging procedure we needed typically required extended acquisition times (minutes 

to hours) during which it is natural for the sample to present an unwanted movement 

over space in regards to the objective. Are several the sources that can generate drift, 

the most preeminent are: airflow over the sample, temperature variations and human 

interaction. Drift correction can be done partially analytically through the use and 

tracking of fiduciary landmarks on the sample such as fluorescent beads. 

Unfortunately, this method is not efficient for extended drifts (generally more than 

one micron) as different aberration territories on the microscope objective start having 
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their toll on the particle localization. Another aspect is that the analytical drift 

correction is more efficient in the XY-axis of the microscope than in the Z-axis. 

Currently, there are commercial auto-focus feedback systems implemented in the 

hardware that minimize the Z-axis drift. Our initial Andor system did not feature this 

hardware, and as such, we had severe difficulties with the Z-drift. 

The final hardware challenge was the light excitation power required for STORM. In 

this technique, multiple fluorophores need to be turned-off (“bleached”) in few 

milliseconds, a time interval directly related with the light intensity projected over the 

sample. The Andor system injected laser light over the sample via a fibber optics 

system, which implied loss of ~40% over the total laser power caused by the fibber 

coupling. This loss in tandem together with the low power of the diode and solid-state 

lasers supplied (40-60mW) prevented us from rapidly switching-off the fluorophores. 

The referred obstacles did not hamper us from achieving our goals. In fact these have 

allowed us to gather enough knowledge leading to the latter development and 

assembly of our own home-built super-resolution microscope system in South Africa 

(see Table 5.1). 

 

5.1.2  The rise and fall of ThunderSTORM 
 

ThunderSTORM is the codename of our first analytical approach for single-particle 

detection and super-resolution image reconstruction, in which I have tried to 

implement state-of-the-art software methods for high-performance analysis of the 

data. The challenge was clear, as a single super-resolution dataset was typically 

constituted by hundreds of thousands of images (a single image corresponds to around 

0,5 MB), we required a software framework able to deal with multiple datasets and 

process them in a short amount of time, preferably in real-time. 

At the core of ThunderSTORM was an HDF5 data management system. HDF5 is a 

file format designed for efficient high-speed data storage and exchange. It is specially 

developed to cache multi-dimensional matrix data and is one of the preferred formats 

for most physicists collecting massive amounts of information, such as in particle-

accelerators or research nuclear reactors (my first contact with HDF5 was through 

collaborations with an accelerator in the European Organization for Nuclear Research, 

CERN). Our home-built HDF5 database was able to store the massive raw 
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unprocessed data acquired from our camera, and supply it as hyper-dimensional 

packages on demand to requesting “workers”.  

To be noted, a “worker” in this context corresponds to an independent instance of an 

analysis algorithm working within a single CPU. In comparison, a “job-server” is an 

algorithm specialized in dispatching workloads (data packages to be analysed) to 

volunteer “workers”. 

The ThunderSTORM HDF5 database acted as an independent software instance able 

to communicate with other algorithms over the network (via socket). It seated over a 

Redundant Array of Independent Disks (RAID) server with a large amount of free 

space available for data storage and consultation (see Figure 5.1). It observed the 

acquisition by monitoring a selected folder where new incoming images were 

streamed to and pulled each image for storage, in parallel it communicated to any 

“worker” that a new image was available for treatment. 

On a different level, an algorithm on a workstation within our lab would work as a 

first layer of data-analysis. It would pull new available images from the HDF5 

database, denoise each and find particles within the image without engaging high-

precision localization (in essence, this algorithm was a simplified version of the latter 

developed and published QuickPALM – see section 2.1). The particles were then 

classified by a k-means clustering algorithm in order to remove misshaped objects 

such as particle packs too dense to be resolved. The clustering procedure also allowed 

extracting the most common shape of the particle in order to estimate a parametric 

description latter given to the more precise (and slower) particle localization 

estimators. The particles were then fed to available “workers” in the cluster (see 

Figure 5.1). 

Finally, available nodes (workers) in the cluster would receive the segmented 

particles and localize each through a maximum likelihood estimator and return the 

particle position back to HDF5 database. I had other features for this level, such as 

particle tracking and movement correction, but these never got to be implemented. 
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Figure 5.1. ThunderSTORM data analysis framework. ThunderSTORM was 

composed of 4 levels, each corresponding to an independent program: (i) on the first 

level an observer program detected new incoming image data streamed from the 

camera, typically controlled by the µManager software (103), and passed it to the 

HDF5 database; (ii) the HDF5 database stores data, generates events informing any 

listeners that new data is available for processing; (iii) a first processing computer 

denoises each image and segments any found particles, they are then passed to 

available workers on the cluster and in parallel clustered together to generate a 

parametric estimation of the PSF; (iv) the workers on the cluster super-resolve the 

position of each particle and retrieve all additional possible data. 

 

At this point we got into one vital pitfall, namely the way the cluster was set and 

managed.  

The C4 cluster is a system shared by all the research teams at the CSIR. It 

corresponds to a 3-in-1 cluster (a 184 Opeteron-CPU cluster, a 64 Xeon-CPU cluster 

and a 64-Itanium2 CPU cluster). The cluster was designed with the goal of having a 

large number of queued or scheduled programs processing a relatively small amount 
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of data for large periods of time. For this reason it had a dedicated storage system 

shared by all the worker nodes and the worker nodes could not be accessed directly by 

users or programs neither could communicate between each other. All communication 

was managed through a central node that then passed instructions to the worker nodes 

(see Figure 5.2).  

Oppositely, we required a large number of inter-communicating programs (one per 

node) to process a high amount of data supplied by our own external database. This 

on-demand basis directly conflicted with the queuing/scheduling procedure and the 

required nodes to interchange information dynamically. 

 I solved these setbacks in a non-trivial way, by hacking the cluster. Normally, users 

would need to login to the central node to then push a job to the worker nodes. In 

addition, the worker nodes could also simulate a user login to the central node and 

this would be the trick I used. When we needed to use the cluster on-demand, we 

would load a certain share of worker nodes with a sleeper program. The program 

would then login to the central node and set a port-forward between both nodes (via 

ssh). Once this connection was established, the sleeper program would then extend 

the port-forwarding between the central node and our own workstation where the 

analysis program sit (creating a connection that otherwise would not exist). This way, 

we actually reversed the connections, instead of being our workstation connecting to 

the cluster nodes (a procedure not possible), it were the cluster nodes that connected 

to us. In parallel, once our workstation was made aware of the nodes through their 

initial connection, they were then also made aware of each other, allowing their 

needed inter-communication (see Figure 5.2). 
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Figure 5.2. ThunderSTORM connection scheme to the cluster. Black lines 

corresponds to the “canonical” communication method. Red lines correspond to the 

“non-standard” connections created on-demand by our algorithms.   

 

This process was not optimal for several reasons. The main one was that the cluster 

was not designed to be run this way, and although we had the blessing of the cluster 

manager, we were exploiting security flaws in the cluster management software that 

allowed us to be in advantage in comparison with other users. On the other side, the 

port-forwarding system forced us to encrypt our connections, generating severe data 

transmission latency and lag in parallel to a CPU overhead. 

At this time, I joined as a visitor scientist the group of Christophe Zimmer at Institut 

Pasteur (Paris, France). Zimmer’s group was at that time starting projects within the 

field of super-resolution.  

  

The downfall of ThunderSTORM came about when we discovered a final fatal 

problem, the very slow Internet bandwidth speed in South Africa. My plan was to 

continue the development of ThunderSTORM in Paris by connecting remotely to the 

CSIR and pushing the results between the two institutes. Unfortunately, up to until 

recently, the Internet speed in South Africa was forbiddingly slow making the full 

remote analysis effort a fruitless effort. In fact, the Internet bandwidth speed was such 

a problem that latter we became aware of research groups in astrophysics using carrier 

pigeons to transport memory sticks with critical data between remote institutes, an 

alternative faster than the direct network data transfer itself (see 

http://news.bbc.co.uk/2/hi/8248056.stm for a news report). 
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I publically released a critical component out of the core of ThunderSTORM that 

made all the system possible, the Simple Remote Python (SRPy) package (see 

http://code.google.com/p/srpy/), which corresponds to the engine that enabled 

ThunderSTORM to seamless communicate with multiple computers and divide tasks 

over several CPUs.  

My own description of SRPy can be found on its site and is as follows: “Simple 

Remote Python (SRPy) intends to harness the power of the Python language by 

allowing multiple python programs (instances) to seamlessly communicate and share 

information between each other. As such, each CPU (or core) in each computer can 

be considered as an individual that can request for other individuals to store 

information or run processing tasks. In this context, SRPy abstracts itself from the 

physical boundaries between processors and computers by looking at them simply as 

volunteer workers that are able to deal with workloads - this workers can even work 

in a social manner by communicating with each other on a non-centralized way, 

sharing information and processing requests.”  

The SRPy package has gained increasing popularity over time. Today it has over 500 

known users and is part of several software packages, such as the Andor iQ 

acquisition software developed by Andor Technology. 

 

5.1.3  From ThunderSTORM to QuickPALM 
 

Zimmer’s group started assembling a home-built super-resolution microscope few 

months after my arrival (see Table 5.1). I had the chance to participate on the system 

design, still most of it was an implementation of my colleague Mickael Lelek. The 

refered system was based on a previous built super-resolution microscope at Maxim 

Dahan’s lab at the École Normale Supérieure (ENS, Paris, France). 

Zimmer’s microscope system had several advantages in comparison to our own 

commercial South African version. It was built with high-powered lasers (100 mW) 

injected to the objective without the use of fibber-optics, allowing us to have the 

required fast bleaching of the activated state of fluorophores. Additionally, the system 

featured an active hardware based Z-drift compensation system, which facilitates 

imaging over long periods. 
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By this time, the majority of my data was being acquired using the microscope from 

Zimmer’s group. This together with the difficulties encountered, led us to stop the 

development of the ThunderSTORM framework implemented in South Africa. 

One challenge we had to face with the new microscope system was the absence of 

acquisition software able to deal with the complexity of the PALM/STORM data 

acquisition. We needed software both able to provide laser pulsing for photo-

activation and streaming of hundreds of thousands of images.  

To tackle this aspect, I started to implement an acquisition software based on 

µManager (103) for my experiments. This software started initially as an interface 

between ImageJ, µManager and parts of ThunderSTORM developed to control 

hardware. Latter this converged to two independent software packages. One was 

µManager itself, a software not developed by me, which was responsible for the 

camera streaming. A second software, developed by me, enabled the laser pulsing 

control required for the photo-switching in PALM and STORM. The latter was 

renamed as “Laser control for QuickPALM” and became an integrated part of the 

tools released in my Nature Methods paper. 

Core parts of this software development were also publically released as the “Python 

for ImageJ” (Py4IJ) project (see http://code.google.com/p/py4ij/). 

 

At this moment, we started collaborating with the Shawn Lewenza’s group, an expert 

in bacteriology. Our goal was to study the distribution of the pCHAP protein family 

within pseudomonas bacteria (Table 5.1). We believed these proteins should be 

associated with an internal helix-like structure (167). Jost Enninga’s at Institut Pasteur 

graciously allowed me to use his lab for bacteria culture and perform the experiments.  

Our initial strains of the pseudomonas bacteria expressed pCHAP-mCherry fusions. 

We intended to super-resolve the mCherry fluorophore by photo-switching induced 

through ground state depletion. The first datasets acquired represented our first super-

resolution data of biological samples.  

To analyse this data through single-particle detection and super-resolution 

reconstruction, I started working on a set of ImageJ tools. Once again, these were 

based on the initial code developed for ThunderSTORM. I had a notion that some of 

the “find particle” routines previously implemented were able to yield super-

resolution localization of particles at high-speed, without the need of iterative fitting 

algorithms making the whole data processing step extremely slow.  
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By exploiting this aspect and through several optimizations I arrived to QuickPALM 

– my own ImageJ plugin for real-time processing of PALM and STORM data (Table 

5.1). The whole concept behind QuickPALM was the idea that a simple center-of-

mass method adapted to the CLEAN algorithm could provide a robust method for 

super-resolution analysis. QuickPALM was able to perform over a thousand-fold 

faster than my previous implementation of a maximum likelihood algorithm, with a 

minor loss in resolution (in the range of 10-30nm loss for Cy5 stained cells). My goal 

was not to achieve the best localization-accuracy algorithm but the most useful one 

(see section 2.1 for our publication on QuickPALM). QuickPALM currently has over 

600 known users.  

Unfortunately, mCherry was not efficient as a super-resolution fluorophore. This 

fluorophore provided very few re-activation cycles causing a high-sparsity on the 

reconstructed images (see Figure 5.3). Posterior attempts were made to fuse pCHAP 

with mEos2, a more efficient photo-activatable fluorophore, but these had to be left in 

stand-by in favour of other projects. 

 

 
Figure 5.3. Super-resolution image of pCHAP6672-mCherry in the pseudomonas 

bacteria. Red corresponds to a wide-field image of the bacteria, yellow dots are the 

super-resolution localization of the pCHAP6672-mCherry fluorophores, and the green 

line intends to demark the helix pattern of the protein. 
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5.1.4 Blinking molecular-beacons 
 

Since the beginning of my PhD we had focused on the possibility of using molecular-

beacons as super-resolution probes. This feature would allow us to super-resolve 

mRNA territories within the cell nucleus and cytoplasm. Our original idea was to try 

to couple Cy3-Cy5 fluorophore pairs to molecular-beacons (see Figure 5.4). Cy3 is a 

known fluorescence activator for bleached Cy5, first described by the work of the 

Zhuang group (5).  

 

Cy5! Cy3!

a! b!

1st gen. Cy5-Cy3-MB! 2nd gen. Cy5-Cy3-MB!  
 

Figure 5.4. Schematic structure of the initially designed Cy5-Cy3-MB probes (1st and 

2nd generations) for STORM imaging. 

 

Conceptually, if we could disable the fluorescence of the Cy3 moiety when the 

beacon was on a closed state, then the Cy5 fluorophore would only reactivate by 

going through a slow triplet-state to ground-state regression. This would allow us to 

differentiate between the two states of the beacon: when these would be opened and 

the Cy3 not quenched or when these would be closed and the Cy3 quenched. 

One of the controls I performed was to observe the fluorescence of the Cy3 moiety of 

these beacons at the single-molecule level through a flow cell system. We wanted to 

certify that the Cy3 would be correctly quenched when the beacons were on the 

closed-state and emitting on the open-state. 

To our surprise, I could never efficiently quench the Cy3. Instead, the moiety would 

transiently transition between emitting and non-emitting states. This was against our 

goals and as such, something we wanted to avoid. For several months I tried to 

determine if we were observing non-specific blinking caused by auto-fluorescence of 
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contaminant molecules inserted into the flow cell by our reagents. In addition, I tested 

several oligo-nucleotide structures to try to discover a method to stabilize the 

quenching of Cy3. 

Throughout the experiments performed, it became apparent that this transient blinking 

effect could actually be explored as a means to create super-resolution stochastic 

probes. This exploitation led to the development of Blinkons, a molecular-beacon like 

structure that generates multi-colour tuneable photo-switchable probes (described in 

section 3.2). 

 

5.1.5  Super-resolving neuron vesicles 
 

In 2009 during a EMBO workshop in Lisbon, I met Eugenio Fornasiero, a researcher 

in the field of neurosciences. A collaboration was initiated with the aim of studying 

the role of synapsins as a regulator of synapse development and function. Synapsins 

are the first identified vesicle-specific proteins present in all organisms endowed with 

a nervous system. Generation of a knock-out mice for the multiple synapsin isoforms 

had shown a decreased total amount of synaptic vesicles (SVs) in parallel to the fewer 

presence of SVs at presynaptic sites (168). 

Eugenio’s model proposed that synapsins were implied in the recruitment and 

immobilization of SVs at synapses, possibly through the physical tethering of 

vesicles. 

To test this hypothesis Eugenio produced a triple knock-out (TKO) mouse model of 

the three distinct genes (synI, synII and synIII) responsible for the synapsins 

expression. We could then compare the phenotype of the knock-out model against a 

wild-type. Eugenio used immuno-fluorescence staining against vesicular glutamate 

transporters (VGlut) to decorate SVs and against bassoon (a presynaptic protein) to 

decorate the presynaptic region (see Figure 5.5). 

3D direct-STORM (dSTORM) imaging (6, 100) of both wild-type and TKO neurons 

cells showed evidence of the expected phenotypes (see Figure 5.6). Latter, electron 

microscopy also confirmed the phenotypes observed.  
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Figure 5.5. Model for synapsin regulated synaptic vesicles clustering in presynaptic 

regions. Comparison of expected wild-type and synapsin (synI, synII, synIII) knock-

out phenotypes. Image courtesy of  Eugenio Fornasiero. 
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Figure 5.6. 3D dSTORM image of axonal tracks in neurons. Green represents the 

bassoon labelled presynaptic region, white the VGlut decorated synaptic vesicles. Left 

image is from wild-type cells and right from the synapsins TKO cells. On wild-type, 

SVs concentrate mostly on presynaptic regions; on synapsins TKO, SVs can be seen 

dispersed all through the axonal tracks. 

 

The collaboration with Eugenio extended itself beyond the study of the role of 

synapsins as neurons revealed themselves to be ideal cells for super-resolution 

imaging. Their high flatness implied a low contribution of unwanted background 

fluorescence from active fluorophores and provided an excellent environment for 3D 

super-resolution with astigmatism. Eugenio provided me the cells used on the 

QuickPALM publication and Blinkon section of this dissertation. 

Some of the best super-resolution images I have been able to acquire have been from 

neuron cells, such as the example of Figure 5.7, where a single synaptic vesicle is 

super-resolved at an estimated resolution of 20 nm. 
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Figure 5.7. Individual synaptic vesicle super-resolved by 3D dSTORM. Labelling by 

immuno-fluorescence against VGlut labelled with Alexa488. 

 



Appendix 

 123 

5.1.6  Looking at NEMO with super-resolution glasses 
 

In October of 2010, a collaboration was established with Dr. Fabrice Agou’s group in 

Dr. Michel Veron’s unit at Institut Pasteur. The goal set was to study the sub-cellular 

territories of the NF-κB Essential MOdulator (NEMO) protein and it’s modulation 

upon the NF-κB pathway activation, which is approached in depth in section 3.3. 

 

5.1.7  One PhD, two continents, five different groups 
 

All the work I developed during my PhD was not possible without the help of the 

multiple researchers, namely, my supervisor Dr. M. Mhlanga, Dr. C. Zimmer, Dr. JC. 

Olivo-Marin and Dr. F. Agou. Their five groups (Mhlanga’s at IMM and CSIR; 

Zimmer’s, Olivo-Marin’s and Agou’s at IP) fostered my research. The interaction 

with all my colleagues was essential for the development of the present Ph.D. Another 

key group involved was Dr. J. Enninga’s group (also at IP), were the majority of my 

“wet lab” experiments were performed. The physical location over time where my 

research has been performed is depicted on Table 5.1. 

 
Institute CSIR - Pretoria
Group M. Mhlanga's JC. Olivo-Marin's C. Zimmer's F. Agou's

2008 - 1st half A
2008 - 2nd half A, B, G
2009 - 1st half C, G, H
2009 - 2nd half D, G E, H, I
2010 - 1st half E, G, I
2010 - 2nd half E, F, G E, F, G, I, J J
2011 - 1st half G, J J
2011 - 2nd half G, J J

Institut Pasteur - Paris

 
 

Table 5.1. Contributing groups and locations were my PhD was performed. Capital 

letters represent the following events: (A) development of ThunderSTORM; (B) 

assembly and set up of the Andor TIRF microscope; (C) assembly and set up of the 

super-resolution microscope at Zimmer’s lab; (D) assembly and set up of the super-

resolution microscope at Mhlanga’s lab; (E) development of QuickPALM; (F) release 

of QuickPALM; (G) single-molecule analysis of molecular-beacons; (H) super-

resolution imaging of pCHAP in pseudomonas bacteria; (I) super-resolution imaging 
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of synaptic vesicles in neurons and (J) super-resolution imaging of NEMO in U2OS 

cells. 
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1 Introduction

Light microscopy was hampered until recently by a
resolution limit that in principle did not allow the
localization of single molecules within a cell, de-
spite the myriad claims to the contrary.This resolu-
tion limit of about 200 nm, based on the work of
Abbe and Rayleigh [1] was recently overcome with
the development of a series of new microscopy
techniques that allow the localization of molecules
down to about 10-nm precision. What are the most
tractable biological questions that can be ad-
dressed with this new set of techniques in the com-
ing years? Given the limitations of existing fluores-
cent proteins, fluorescent dyes and probes for “su-
per-resolution,” is it possible for the common life
scientist to deploy and profit from the available

technologies? Recently, a number of super-resolu-
tion techniques have emerged that are within reach
of laboratories possessing a total internal reflection
fluorescence (TIRF) or laser-based wide-field mi-
croscopy setup and experience in quantitative im-
age analysis. Breaching Rayleigh’s limit vastly en-
hances our capabilities to image single molecules
since all the molecular “players” in biology, DNA,
RNA and protein, exist at a scale at least an order
of magnitude below the diffraction limit. Recent
work offers tantalizing views of where far-field
nanoscopy can take us.

1.1 The optical microscopy diffraction limit

When observing a single fluorophore on a micro-
scope, the emitted light must traverse several dif-
ferent physical mediums until it reaches the detec-
tor. As a result, light scatters throughout the differ-
ent environments leading to an artificial spatial
broadening of the discrete point. In the 19th centu-
ry Abbe described analytically this hard limit on
optical microscopy by which any point source of
light smaller than the diffraction limit of the imag-
ing system would have a fixed observable size [1].
Thus, the minimum distance where two different
points are regarded as resolvable, the Rayleigh lim-
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it, equals the space where the diffraction maximum
of one point image coincides with the first mini-
mum of the other. The points become indistin-
guishable if this distance is smaller while they re-
main resolvable if the distance between the two ob-
jects if greater. The observable spatial profile of
such spots defines the point spread function (PSF)
of the microscope, also known by the Airy diffrac-
tion pattern.

Any two fluorescent molecules whose overlap-
ping PSFs are separated by a distance smaller than
the PSF width become difficult or impossible to re-
solve as separate objects. This distance known as
the Rayleigh Criterion is given approximately by
λ/(2NA) laterally (x-y) and 2λη/(2NA)2 axially (z),
where λ is the wavelength of the emitted light, η is
the index of refraction of the medium and NA the
numerical aperture of the objective lens [2]. In a
conventional fluorescence microscope using visi-
ble light (λ between 450 and 700 nm) and a high nu-
merical aperture objective (NA=1.4) the resolution
limit given by the Rayleigh Criterion is approxi-
mately ~200 nm in the focal plane (x,y) and
500–800 nm along the optic axis (z).

1.2 From micro-to-nano

For several years electron microscopy (EM) has
been the predominant technique for high-resolu-
tion nanoscopy of biological samples [3], and has
had an immense significance on our understanding
of biology. Nonetheless, this technique has several
limitations such as low labeling efficiency and la-
borious sample preparation methods that are in-
compatible with live-cell imaging. As a result the
vast majority of microscopy research in the life sci-
ences is still carried out with optical light mi-
croscopy [4].

By default, fluorescence microscopes are able to
detect and position single molecules with a high ac-
curacy if they present distinct spectral emissions or
if their associated PSFs do not spatially overlap ex-
tensively [5, 6]. Problem arise when neighboring
markers are excited simultaneously stimulating a

coincident emission, making the separation of their
overlapping PSFs virtually impossible (Fig. 1).

One of the earliest techniques that attempted to
tackle this problem was near-field scanning optical
microscopy (NSOM) where the detection of
evanescent light waves emanating from a very re-
stricted number of molecules was achieved
through scanning with a nanosized tip [7]. Howev-
er, this technique is restricted to the imaging of the
sample surface and not able to give information
about the interior and contents of cells.

Far-field fluorescence nanoscopy arose by clev-
erly making use of Abbe’s formulas; one such way
was to reduce the PSF size, e.g., by increasing the
angular aperture of the imaging optics. These con-
cepts have been appraised since the late 1970s,
such as in the case of the first 4Pi illumination ideas
from the Cremer brothers in Heidelberg [8], lead-
ing to the development of the 4Pi confocal micro-
scope [9–11] or the wide-field approach I5M [12].
Both techniques take advantage of opposing objec-
tive lenses leading to up to a sevenfold increase in
the z-axis resolution. However, using two objec-
tives creates a wave front that is still non-spherical
giving rise to the appearance of unwanted side
lobes on the focal spot that need to be reduced
mathematically in post-processing steps [13]. An-
other approach has been achieved by structured il-
lumination microscopy (SIM) [14–16], where a
wide-field periodically patterned illumination al-
lows for the expansion of the frequency space de-
tectable by the microscopy reducing the size of the
PSF and allowing a resolution increase of up to a
factor of two [17]. The combination of this method
with I5M allows for a 3-D image resolution of
around 100 nm [18]. By implementing saturated in-
tensities, saturated SIM (SSIM) is able to use arbi-
trarily high spatial frequencies to generate an exci-
tation pattern [19].This enables SSIM to achieve an
experimentally measured 50-nm lateral resolution
[20]. Stimulated emission depletion (STED) fluo-
rescence microscopy makes use of two lasers; while
a focused excitation laser beam pushes fluo-
rophores to their excited state, a second laser with

Figure 1. Scheme of the distortion created by a fluorescence microscope. Using the words PALM and STORM as an example, as light travels from the emit-
ting molecules through the optics of the imaging system, diffraction occurs and the spatial information of the fluorophores becomes blurred. When a light
detector acquires this information, noise is introduced into the resulting produced image.
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a doughnut-shaped intensity profile prompts a
stimulated emission of the excited fluorophores
surrounding the excitation spot impelling them to
the ground state [10, 21]. This feature confines the
fluorescence emission to the non-stimulated re-
gion inside the doughnut reducing the size of the
PSF and thus achieving measured resolutions as
high as 20 nm laterally and 30–40 nm axially,. Res-
olutions of 40–45 nm can be achieved in any of the
three dimensions if STED is combined with a 4Pi
setup [22, 23]. Recently, STED has been shown to be
able to produce video-rate images of synaptic vesi-
cles with a resolution of 60 nm in live neuronal cells
[24]. Thus, Abbe’s basic insight remains true and is
only overcome by “PSF engineering”.

A concept observed since the 1980s comes out of
the fact that, although the size of observable parti-
cles is limited by the resolution of the microscope,
the center of the particle can be determined pre-
cisely if a sufficient number of photons are detect-
ed, [25, 26]. Thus, unlimited resolution could even
be achieved if this number tends to infinity [27].
Notwithstanding, two main constraining factors in
achieving accurate particle localization exist: first-
ly, the PSFs of neighboring particle cannot overlap
and, secondly, the localization accuracy depends
heavily on the signal to noise ratio of the sampled
image. Despite these limitation it has still been pos-
sible to conduct far-field microscopy single-parti-
cle tracking studies with an astonishing precision
as high as 1 nm, as is the case of the work of Gelles
et al. [28] in the movement of kinesin-coated beads,
or Yildiz et al. [29] on the movement of myosin V
over actin filaments. However, in most instances,
biological-imaging experiments will encounter the
visualization of densely labeled samples. In such
cases the overlapping PSFs due to the emission of
the densely packed fluorophores prevent their ac-
curate localization (Fig. 1).

Researchers have been able to find clever meth-
ods to circumvent these constraints. In 1995, Eric
Betzig [30] suggested that one might be able to
identify individual molecules with differing spectra
whose separation is smaller than the PSF width.
Several groups then later showed the application of
these ideas in single molecule spectral selection
sub-diffraction imaging [31–33]. Other ingenious
approaches have also been developed such as sin-
gle-molecule localization through sequential pho-
tobleaching [34, 35] or through the analysis of the
stochastic blinking of quantum dots [36].

One of the solutions to these problems that has
become popular in the research community
emerges through the sequential and stochastic
switching on and off of fluorophores, therefore
minimizing the probability that at any given time
two or more fluorophore light emissions (and thus
PSFs) spatially overlap. In each imaging cycle most
molecules remain dark but a small number are ran-
domly switched on, imaged and localized. This
process can then be repeated for numerous itera-
tions until the majority of molecules have been ac-
curately detected and positioned (Fig. 2). A side ef-
fect of using this method means that thousands of
images may need to be acquired to generate one
super-resolution dataset. This feature has become
the backbone of techniques such as photoactiva-
tion localization microscopy (PALM) [37], fluores-
cence photoactivation localization microscopy
(FPALM) [38], stochastic optical reconstruction mi-
croscopy (STORM) [39] and PALM with independ-
ently running acquisition (PALMIRA) [40–42]. For
the remainder of this review we focus on this
method and how it has emerged as one of the most
tractable approaches for any laboratory wishing to
generate super-resolved data.

Figure 2. PALM and STORM imaging scheme. Several images are acquired where very few emitting molecules are observed in each. Although ultimately
images become blurred and noisy during acquisition, the low probability of overlapping fluorophores (and PSFs) allows for the detection and localization
of the majority of emitting particles inside each image. As this information is integrated in time, the localization of all detected molecules can be matched
and a final super-resolution dataset or image is generated.
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2 Super-resolution localization by stochastic
activation of single molecules

Three key components are required to achieve su-
per resolution with stochastic activation. They are
firstly the microscope optics and the detector that
must be able to detect very few photons. Secondly,
the fluorescent dyes and proteins that enable
photoswitching, permitting stochastic activation.
Thirdly, and perhaps not fully appreciated, analysis
of thousands of images and their reconstruction
into a super-resolved image.

2.1 Detection and microscope optics

As isolated emitting diffraction-limited spots are
imaged, their centroid can be localized with an ap-
proximate precision of σ/√N, where σ is the stan-
dard deviation of the PSF and N is the number of
detected photons [5]. This relationship reveals the
importance of the imaging system and fluo-
rophores used.To achieve high localization accura-
cy, one would want to achieve a small PSF by using
a high NA objective and optical components that
minimize the unwanted diffraction. Yet one of the
main problems is the low photon-detection effi-
ciency in microscopes, leading to the need for high-
sensitivity and low-noise detectors as is the case
with electron-multiplying charge-coupled devices
(EM-CCD) cameras and low absorption optics. La-
beled biological samples, however, can present a
large number of fluorophores in a diffraction-lim-
ited region preventing precise single-molecule lo-
calization. A solution based on photo-switchable
fluorescent molecules – molecules that can be re-
versibly switched from non-fluorescent (off-state)
to fluorescent (on-state) by stimulation of light
with specific wavelengths – can be created through
the use of activation-deactivation imaging cycles.
Importantly the density of activated molecules in
each single image must be kept very low, such that
the images (in this case PSFs) of individual fluo-
rophores do not overlap, permitting non-overlap-
ping single-particle detection. In each step of this
imaging process a small number of molecules are
activated, imaged and deactivated; repeating this
cycle creates a sequence of images in which most
of the photo-switchable population will appear se-
quentially distributed over a large number of tem-
poral slices, allowing for individual spot detection
and localization.

Imaging by itself can be easily implemented on
a TIRF or wide-field based system that features a
high magnification and numerical aperture objec-
tive (100× 1.45 NA or better), high-efficiency optics
and detector, and an excitation system that is com-

patible with the photoswitching activation and ex-
citation of the chosen fluorophore (see Table 1) –
minor modifications to the setup might be needed
to achieve 3-D information such as the introduction
of astigmatic lenses or a simultaneous double-
plane detection [43, 44].

2.2 Fluorescent proteins and dyes

For PALM and STORM, the choice of the right pho-
toswitchable fluorophores is vital as they are criti-
cal factors that modulate the speed of acquisition
and localization accuracy of the techniques. Desir-
able fluorescent molecules should be extremely
bright to allow for the detection of the maximum
possible amount of photons per molecule (N); this
can be achieved by selecting dyes/fluorescent pro-
teins that have both a large extinction coefficient
(ε) and quantum yield (QY). It is important to have
a good ratio between the amounts of photons emit-
ted in the fluorescent activated state and the resid-
ual photons emitted in the non-activated state. Ac-
quisition speed is highly dependent on the activa-
tion and deactivation rates of the fluorophores and
experimental settings need to be optimized to pre-
vent unwanted PSFs overlapping (this issue comes
to the forefront in specific biological examples de-
scribed later). Thus, single-molecule super-resolu-
tion can be achieved by maintaining a good balance
between the small number of fluorescent mole-
cules that are activated in each acquired frame and
the amount that do not immediately deactivate be-
tween consecutive frames. Several different class-
es of photoswitchable fluorophores compatible
with super-resolution localization have been de-
scribed (see Table 1).

Irreversible photoactivatable fluorescent pro-
teins can only make a single transition from a dark
to an emitting state. Deactivation is done by irre-
versibly bleaching the molecule. One of the earliest
developed and most successful fluorophores of this
class is PA-GFP [45], leading to the early work of
the Diaspro group on restricting the activation of
PA-GFP in 3-D space through 2-photon activation
[46] or the recent work of Hess and colleagues [47]
with live-cell FPALM. Due to its low contrast ratio
the spatial resolution is severely limited.

Irreversible photoshiftable fluorescent proteins
are able to make an irreversible shift between two
fluorescent colors. These proteins are some of the
most commonly used proteins for super-resolution
imaging. mKiKGR has been recently engineered
based on the KiKGR tetramer, making it a more
suitable alternative for cellular protein imaging
[48]. Of this class, PS-CFP2 is the only green-emit-
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ting protein and has successfully been used in mul-
ticolor super-resolution imaging [49].

Reversible photoactivatable fluorescent pro-
teins are capable of shifting between active and
non-active states multiple times, even though the
wavelength of the emission peaks of bsDronpa, rs-
FastLime and Padron are near each other. An-
dresen et al. [50] have shown that taking advantage
of the time-spectral photoswitching characteristics
of these fluorophores can be differentiated in mul-
ticolor imaging.

Reversible photoactivatable fluorescent dyes
are not genetically encoded and are unable to un-
dergo several shifts between a florescent and non-
fluorescent state. In comparison to their analog
photoswitchable proteins, the photon output (N) of
some of these probes is extremely high leading to
lateral resolutions in the order of 20 nm, as
achieved in STORM [51]. Although some of these
dyes are able to photoswitch alone, e.g., Cy5 [52],
when paired with a secondary chromophore
switching might be improved. This feature greatly
increases the color range of STORM probes [51].

In the case of caged fluorophores, irradiation
with UV light causes the release of a protective
group leading to a fluorescence increase of the dye.
Caging brings a novel way to create new photo-
switchable probes based on pre-existing fluo-
rophores with desirable photophysical properties
[53].

Fluorophores with reversible photobleaching
have been recently developed. It was shown that
embedding samples in oxygen-depleted mediums
such as polyvinyl alcohol, glucose oxidase or even
standard media such as glycerol, allows conven-
tional fluorophores (such as EGFP, EYFP, ECFP,
Alexa 488,Alexa 568, fluorescein among many oth-
ers) to switch into dark states after strong illumi-
nation. This allows them to stochastically switch
back to an emitting state after a relaxation time
[54–56]. This resulted in a 30-nm resolution by im-
aging Alexa 488 [57].

2.3 Single molecule analysis and reconstruction

Analysis and reconstruction are one of the major
parts of PALM and STORM. Post-acquisition or in-
acquisition processing infer the characteristics of
each molecule present in the large amount of im-
ages that constitute the dataset. In a typical exper-
iment 1000–10 000 images are generated in which
tens to hundreds of particles are present in each
frame. Although the acquisition by itself takes few
minutes, the data analysis can take up to several
hours and is highly dependent on the processing
power available to the user. Ironically, this meansTa
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that the super-resolved image cannot be “seen” un-
til well after the end of the actual acquisition and
imaging of the sample. Localization accuracy de-
pends greatly on the capacity of the algorithms to
deal with detection noise, PSF overlapping and
particle motion. Fortunately, biology can inherit a
great deal of knowledge and solutions from astron-
omy, as astronomers have faced a similar problem
when observing stars that are in essence also dif-
fraction limited. For example, Egner and colleagues
[41] describe the usage of a modified version of the
1974 Hogbom’s CLEAN algorithm [65] in conjunc-
tion with a mask-fitting algorithm of the Airy dif-
fraction pattern to provide particle segmentation
and positioning.These tasks become more difficult
when particle tracking is needed as in the case of
following molecular dynamics.

The single-particle tracking (SPT) algorithm
needs to relate the different particles being detect-
ed at different time points. Such tasks face several
challenges, such as particles disappearing due to
blinking, moving into or outside of the region being
imaged, particle splitting, particle merging and de-
tection failure [66, 67]. Recently, both groups of
Jaqaman et al. [67] and Serge et al. [68] have pro-
vided the research community with freely available
Matlab (Mathworks)-based algorithms able to
achieve localization accuracies near the theoretical
limit and multi-particle tracking.

As PALM and STORM evolve to live-cell imag-
ing, the need for in-acquisition real-time analysis
increases in order to optimize and adapt the micro-
scope settings.This would be the case in data-driv-
en excitation and activation optimization to reduce
the needed imaging time and the high phototoxici-
ty of PALM and STORM experiments. Also, this
would provide biologists with tools that allow ex-
perimental decisions based on the observed super-
resolution information immediately. It is clear that
as the technique becomes more generally used in
the near future, so too will algorithm optimization,
multi-processor analysis and clustered computing
evolve to provide these features.

3 Stepping into 3-D super-resolution

Although PALM and STORM have been generally
used to improve 2-D image resolution, achieving 3-
D intracellular information has been one of the ma-
jor challenges for the techniques. Other nanoscopy
techniques like 4Pi or I5M have been able to sur-
pass this problem and achieve an axial resolution
below 100 nm [12, 13, 69]. STED microscopy in a 4Pi
illumination geometry has been shown to reach
resolutions as high as 30–50 nm, although without

super resolution in the lateral dimensions [70].The
recent work of Lemmer and colleagues on super-
resolving cellular nanostructures through the com-
bination of spectral precision distance microscopy
(SPDM) with spatially modulated illumination
(SMI) has achieved 20-nm lateral and 50-nm axial
resolution [71]. PALM and STORM have been
mostly used under TIRF imaging due to the inher-
ent high-contrast optical sectioning achieved with
such systems limiting the z axis imaging depth gen-
erated by the evanescent field to around 150 nm. A
similar technique called highly inclined and lami-
nated optical sheet (HILO) microscopy makes use
of a highly inclined light beam to generate a thin
optical sheet that penetrates the sample at a shal-
low angle, HILO has effectively been used in sin-
gle-molecule fluorescence nanoscopy of the cell
nucleus with high signal/background ratios [72]
and should prove to be compatible with PALM and
STORM imaging, but no association has been re-
ported to the date. Two-photon activation-based
optical sectioning with PALM has been achieved
with photochromic rhodamine dyes [40]. Recently,
two elegant solutions circumventing optical-beam
scanning have been demonstrated that allow 3-D
PALM and STORM imaging. Firstly, by inducing op-
tical astigmatism on a wide-field setup where the
PSF shape becomes ellipsoid and dependent on the
Z-position of the fluorophore – a trait that has been
shown to allow 20–30-nm lateral and 50–60-nm ax-
ial resolution [43]. Secondly, the use of a biplane
(BP) detection scheme where a 3-D stack of two
slightly displaced Z-planes are acquired simulta-
neously allowing for accurate z-position determi-
nation, leading to a experimentally measured
30-nm lateral and 75-nm axial resolution [44]. One
of the main problems of this latter technique comes
from the need to split the incoming emitted light
into two images, leading to a decrease of the de-
tected signal to noise ratio.

4 Imaging of molecular structures

The super-resolution method PALM first distin-
guished itself in the labeling of lysosomal trans-
membrane protein CD63 fused to Kaede (see
Table 1) [37].The resolution improvements offered
by PALM were adeptly illustrated when a trans-
mission EM and a PALM image of the same thin
cryosection were overlaid, resulting in a near per-
fect fit. In the same work, Betzig and coworkers
went on to label dimeric Eos (Table 1) with a cy-
tochrome C oxidase localization sequence, thus tar-
geting the mitochondria. In a comparison with
transmission EM images of the same mitochondria
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they were able to achieve highly similar structural
information and images. The power of this tech-
nique is clearly the nanometer resolution that is
achieved in determining the distribution of a given
protein within the cellular ultrastructure in a live
sample.

Early experiments using PALM to study cellular
ultrastructure focused on fixed cells or cryosec-
tions. However, being able to observe the assembly
of such structures in real time with super-resolu-
tion opens up several areas of scientific investiga-
tion under in vivo conditions.These include visulis-
ing how other cellular factors contribute to the as-
sembly and development of these processes with
high spatio-temporal resolution. To achieve this
level of resolution the sampling interval must be
half the desired resolution (i.e., the Nyquist criteri-
on must be met). Other important criteria must be
met for live-cell super-resolution. As acquisition
cycles typically require high laser powers for fluo-
rophore activation and bleaching, a significant
amount of phototoxicity is generated, leading to ab-
normal cell behavior or death – this becomes a
greater problem when UV-lasers are used for fluo-
rophore activation due to the high energy of the
photons used.To compensate for molecular motili-
ty and ensure that a fair number of molecules re-
main detected, a high frame rate needs to be used,
potentially leading to a decrease in the detected
signal to noise ratio and thus compromising the lo-
calization accuracy and resolution. Another limita-
tion arises from the limited number of detected
photons.As the overall number of molecules able to
photoswitch is depleted due to irreversible photo-
bleaching, the detected molecular density per
frame will decrease over time. Notwithstanding
these challenges, at least two groups have been
able to successfully achieve super resolution in live
cells. To image the assembly of ultrastructures,
Schroff et al. [62] tagged the protein paxillin with a
dimer of Eos.They were able to image the adhesion
complexes or transmembrane cytoskeleton-sub-
strate attachment points central to the process of
cell migration. They overcome the inherent prob-
lems of live-cell imaging in PALM using a fast im-
aging speed or image acquisition rate, which must
be faster than the activity imaged. In addition, they
compensated for photon scarcity by using a dimer
of Eos for each target protein, thereby achieving a
dense labeling of paxillin. Combining all these ap-
proaches enabled them to observe the formation of
individual adhesion complexes for extended peri-
ods of time, measuring the number of individual
paxillin molecules entering and leaving the com-
plex in real time over 25 min. Further, they were
able to note that, during cell migration, adhesion

complexes assume a wide diversity of morpholo-
gies.

4.1 Host-pathogen interactions

Because of the use of TIRF microscopy, the study of
plasma membrane-associated proteins with PALM
is particularly suited to imaging viral entry. Hess
and coworkers [47] have used FPALM, (essentially
identical to PALM) to examine a clustered viral
membrane protein, influenza hemagglutinin (HA).
Influenza viral entry and membrane fusion is me-
diated by HA and its visualization until recently
was limited to classical resolution limits. To enter
its host, the influenza virus uses HA to open a fu-
sion pore in the endosomal membrane and then in-
serts its viral RNA into the host cytoplasm. Lipid
rafts are believed to play an important role in the
distribution of HA at the cell surface, although sev-
eral theories exist on the nature and dynamics of
these rafts. Hess and coworkers [47] went on to use
FPALM to discriminate between the various raft
theories, which all propose that lipid rafts exist at
resolutions well below the diffraction limit of light.
As in the earlier work of Shroff and coworkers, they
were able to perform these experiments in live cells
principally because the diffusion coefficient of HA
was low, and thus a single molecule of HA tagged
with PA-GFP (Table 1) could be localized. Essen-
tially, for such experiments in live cells, to success-
fully localize a single molecule, the mean-squared
displacement attributable to two dimensional dif-
fusion (during acquisition) must be smaller than
r0

2, where r0 is the 1/e2 radius of the PSF. Most re-
cently STED microscopy has been used to address
at least one of these theories.

4.2 Super-resolution particle tracking

Advances in the use of photoactivatable markers
have enabled the dynamics of individual molecules
to be determined and thus tracked with super-res-
olution at the single-molecule level. Manley and
coworkers [73] were able to track the dynamics of
thousands of vesicular stomatitis virus G (VSVG)
and Gag (HIV-1 structural protein) proteins
(tagged with Eos) in the plasma membrane using
PALM. To do so, the data acquisition rate and cell
viability had to be optimized and a very high nu-
merical aperture lens (1.65 NA) was utilized. Using
what they termed sptPALM (single-particle track-
ing PALM), they were able to observe a relatively
homogenous localization of VSVG and the multi-
merization of the Gag particles into virus-like par-
ticles.They also could track single particles for path
lengths of up to ∼1 µm determining the mean
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square displacement within given molecular envi-
ronments. Using this information they created a
spatially resolved map of single molecule diffusion
coefficients for VSVG and Gag. The potential for
the use of sptPALM in the exploration of the be-
havior of different subsets of individual molecules
based on their spatial organization and subcellular
dynamics is enormous. Indeed, such information
could be correlated with different viral strains or
mutations as well as different cell types. Many ex-
isting imaging tools and reagents exist that permit
the use of sptPALM in the study of host-pathogen
interactions.

4.3 STORMing onto the scene

While PALM has been used by several groups to
image structural features in fixed and living cells,
STORM has been used similarly to image cellular
organelles and microtubules. Zhuang and cowork-
ers [51] were able to achieve dramatic improve-
ments in the resolution of the microtubule network
in fixed cells. Microtubules [labeled with antibod-
ies conjugated to Cy3 and Cy5 (Table 1)] separated
by 80 nm were clearly visible after 20 s of STORM
acquisition, and a theoretical resolution limit of
24 nm was possible within cells. Further, Zhuang
and coworkers were able to achieve multicolor su-
per-resolution in the fixed cells labeling clathrin-
coated pits, structures implicated in receptor-medi-
ated endocytosis, simultaneously with micro-
tubules (Fig. 3). This was achieved using combina-
tions of Cy2 and Alexa 647 to label microtubules
and Cy3 and Alexa 647 to label clathrin-coated pits.
Extending these techniques to three dimensions,
they have recently used STORM to study the spa-
tial relationship between the cellular structures of
the mitochondria and microtubules, also in fixed
cells [43]. Their super-resolved 3-D images of the
mitochondria reveal it to have a hollow shape in the
outer membrane and identified two distinct mito-

chondrial morphologies, tubular and globular.
When co-imaged with microtubules, frequent con-
tacts between globular mitochondria and micro-
tubules were observed. The interactions of tubular
mitochondria and microtubules were found to be
more complex with noncontiguous interaction be-
tween the two.

STORM, at present, has the distinct disadvan-
tage of not permitting live-cell imaging due to the
buffer conditions that are necessary for photo-
switching of fluorescent dyes. It has, however, the
advantage of using dyes that have high contrast ra-
tios and are far brighter than fluorescent proteins.
STORM also does not require the construction of
fusion proteins, unlike PALM, although it does re-
quire the availability of antibodies to label the pro-
tein of interest. These advantages make it likely
that the ability to perform live-cell imaging with
STORM imaging will represent a significant ad-
vance in super resolution.

4.4 Stochasticity and the study of gene expression

Another area, which has an intense interest in ad-
vances in the dissolving of the resolution limits of
light microscopy, is the study of nuclear biology.The
spatial organization of the nucleus, the apparently
non-random organization of the genome within the
nucleus and several of the processes surrounding
transcription and gene expression are all questions
ripe for the use of super-resolution techniques
[74]. Current microscopy approaches, in live cells,
have focused on using statistical mapping to un-
derstand genome organization [75], and fluores-
cent microscopy techniques to visualize chromo-
some repositioning within the nucleus [76]. These
approaches have fallen short when it has come to
the study of gene expression and transcription, re-
sorting to fluorescent in situ hybridization (FISH)
to take snap shots of these events in fixed cells, al-
beit at times with single-molecule resolution [77].

Figure 3. STORM imaging of microtubules and clathrin-coated pits. (A–C) BS-C-1 cells: secondary antibodies in microtubule staining are labeled with Cy2
and Alexa 647 (false color green), those for clathrin are labeled with Cy3 and Alexa 647 (false color red). These images demonstrate the level of magnifica-
tion the STORM technique and others such as PALM. (B) Magnification of the boxed section in (A), (C) further magnification of boxed region in (B). Im-
ages modified, with permission from [51] © (2007) American Association for the Advancement of Science.
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Gene expression is a fundamentally stochastic
process, and in some instances appears purpose-
fully so (reviewed in [78]). This makes the con-
struction and modeling of gene networks especial-
ly difficult. Transcription is thought to occur in
bursts with little known as to their source [79]. One
may be the existence of pre-initiation complexes
formed on the promoter that may permit multiple
rounds of RNA polymerase II transcription [80, 81].
Such complexes could form in so-called “transcrip-
tion factories” where active genes would be recruit-
ed. Some evidence for transcription factories does
exist though at best three differing transcripts have
been imaged in putative factories [82]. Where su-
per-resolution could be most informative in this
field is in the ability to image all the species tran-
scripts within these factories and to understand the
contents of the transcriptional machinery in real
time. This would give key insights into the funda-
mental process of transcription whose “molecular
players” have only been observed as snapshots.
Since there is great heterogeneity in transcription
in even otherwise identical cell types, observing the
minutiae of this process over several cells is per-
haps the only way stochasticity can be understood.
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INTRODUCTION

M
odern cell biology depends extensively on fluo-

rescence light microscopy to provide key insights

into cellular structure and molecular behavior.

Inherent advantages, such as its non-invasive na-

ture and the ability to use highly specific labeling

tools, have made fluorescence light microscopy the preferred

strategy for imaging fixed and living cells. The maximum

optical resolution of this method is typically restricted to

200-nm laterally and 500-nm axially. This limitation

constrains its ability to provide high-resolution structural

information on molecules that are central to the dogma of

biology, namely DNA, RNA, and protein, which exist as sin-

gle molecules at scales of few nanometers. The physics-based
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ABSTRACT:

Live-cell fluorescence light microscopy has emerged as an

important tool in the study of cellular biology. The

development of fluorescent markers in parallel with

super-resolution imaging systems has pushed light

microscopy into the realm of molecular visualization at

the nanometer scale. Resolutions previously only attained

with electron microscopes are now within the grasp of

light microscopes. However, until recently, live-cell

imaging approaches have eluded super-resolution

microscopy, hampering it from reaching its full potential

for revealing the dynamic interactions in biology

occurring at the single molecule level. Here we examine

recent advances in the super-resolution imaging of living

cells by reviewing recent breakthroughs in single molecule

localization microscopy methods such as PALM and

STORM to achieve this important goal. # 2011 Wiley

Periodicals, Inc. Biopolymers 95: 322–331, 2011.
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resolution limit of light microscopes imposed by their optical

architecture and the wave nature of light was mathematically

described in the 19th century by Abbe.1

Electron microscopy (EM) has been able to surpass the

resolution limit of optical microscopy and for several years

was the routine approach to resolve cellular architecture at

the ultra-structural or atomic level. However, EM lacks the

basic advantages of fluorescence microscopy such as highly

specific multi-color labeling, and live-cell imaging, both of

which remain altogether impossible with EM.

In response to this dilemma, recent developments in mi-

croscopy have aimed to create techniques able to retain the

advantages of fluorescence microscopy while approaching

the resolving power of EM. Indeed recent advances in single-

molecule localization microscopy (SMLM) have shown reso-

lution below the nanometer.2 Variants such as photo-acti-

vated localization microscopy (PALM),3 fluorescence PALM

(FPALM),4 stochastic optical reconstruction microscopy

(STORM),5 direct STORM (dSTORM),6 and PALM with in-

dependent running acquisition (PALMIRA)7–9 have emerged

at the forefront of the new ‘‘super-resolution’’ methods

retaining the labeling advantages of fluorescence imaging.

However, these approaches are also hampered by their inabil-

ity to be robustly used for live-cell imaging.

Ideally to achieve ‘‘EM-like’’ resolution while preserving

the inherent advantages of live-cell fluorescence microscopy,

the imaging needs to be carried out with minimal perturba-

tion of the sample while acquiring multi-wavelength 2D or

3D data rapidly enough to correctly reconstruct a time-lapse

movie of the cell behavior, with nanoscopic resolution.10

Achieving this remains elusive in live-cell SMLM and is

currently a major focus in the field necessitating innovations

in imaging, microscopy, and sample preparation (termed

‘‘the hardware’’) and in computational techniques (termed

‘‘the software’’) that permit its routine implementation. For

the remainder of this review we will discuss a number of

novel strategies to address these goals.

Achieving Single-Molecule Localization

In optical microscopy, any point source of light smaller than

the diffraction limit appears with a fixed size and shape rep-

resented by an airy disk pattern or otherwise known as the

point-spread function (PSF). This spatial broadening effect is

dependent on the emission wavelength of the fluorophore

and optical characteristics of the imaging apparatus such as

the numerical aperture of the objective used. Classically the

resolution limit is then calculated by applying Rayleigh’s

criterion—where the resolution is equal to the minimum

distance between observed points that can still be resolved as

discrete objects. Since individual elements of molecular

assemblies such as DNA, RNA, and proteins exist at scales

beyond this limit they cannot be easily distinguished or pre-

cisely localized as individual molecules. Thus an important

element in achieving single molecule localization is the

‘‘hardware’’ challenge.

SMLM represents a suite of approaches able to achieve

single molecule detection and localization in fluorescence

microscopy. Extremely high nanoscopy resolutions can be

achieved either at the sub-nanometer level for few molecules2

or, more commonly, in the range of tens of nanometers for

structural reconstructions involving thousands to millions of

fluorescently-labeled objects. Such resolutions are typical

of the techniques PALM, FPALM, STORM, dSTORM, and

PALMIRA.

Vital to these approaches is the knowledge that the center

of the detected emission light from the fluorophores can be

localized analytically and computationally with sub-pixel

accuracies beyond the classical resolution limit of optical

microscopes.11,12 To make this possible, three important cri-

teria must be satisfied: (a) the number of photons detected

for each fluorophore needs to be high enough so as to clearly

distinguish individual PSFs from the surrounding back-

ground; (b) fluorophore mobility needs to be slow enough,

as compared to the image acquisition time, so as to present

well-defined PSFs without considerable blur effects from

motion; (c) particle PSFs cannot overlap extensively or they

will lead to an increase in the complexity of analytical

segmentation and localization of neighboring fluorophores.

Meeting these criteria in live-cell imaging has proven to

be a difficult challenge. Several factors can negatively influ-

ence the ability to satisfy the above criteria. These include

motion of cellular and sub-cellular components and light-

induced damage caused by laser illumination. The toxicity of

aqueous solutions needed to manage the photo-dynamic

behavior of fluorophores further hinders live-cell imaging.

Finally variable levels of density and detection of the objects

due to biological stochasticity complicate the localization of

individual molecules. Thus the ‘‘hardware’’ challenges for

live-cell SMLM span from the optical setup and architecture

of the microscope to the sample preparation and buffer con-

ditions under which image acquisition is achieved.

Super-Resolving Large Populations of Fluorophores

PALM, FPALM, STORM, and dSTORM present a solution

for some of these dilemmas by combining the sequential ac-

quisition of images with the stochastic switching-on and -off

of fluorophores. By regulating the number of active fluoro-

phores in each time-instance through a light-induced envi-
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ronment it is possible to minimize the probability that in any

given image two or more particles spatially overlap, thus

satisfying condition (c). A super-resolution dataset can then

be reconstructed by plotting the accumulation of the local-

ized particles from a sequence of images. The final resolution

of the reconstruction depends only on the localization

precision for each fluorophore, which in turn depends upon

the particle’s observable signal-to-noise ratio. Effectively, sev-

eral hundred to thousands of images can be collected until

enough detected molecules are accumulated to accurately

generate a super-resolution dataset where cellular ultra-struc-

ture can be highly resolved. The speed of raw-data acquisi-

tion is thus dependent on the rate at which sufficient

particles can be detected with enough photons to be precisely

localized (see Figure 1).

The concept of image and time-point becomes complex

when dealing with these methods. Generally a single acquired

image does not fully illustrate a time-point as it contains too

few detected molecules to resolve a biological structure, such

as a cytoskeletal framework, for example. As a solution,

multiple images may need to be gathered (typically hun-

dreds) in a sufficiently short time, to represent the state of a

structure for the duration of the time-point acquisition while

preventing unwanted cell motion artifacts. In these methods,

fluorophore mobility has to be slow enough in order to

retain the ability to detect and localize moving objects so as

not to violate aforementioned condition (b). As a result,

published live-cell SMLM experiments to date have only

been able to study complexes that are slow in nature. Hess

et al. used FPALM to study slow moving membrane proteins

FIGURE 1 Acquisition steps for PALM, FPALM, STORM, dSTORM, and sptPALM. The typical

acquisition in SMLM for PALM, FPALM, STORM, and dSTORM is divided in three independent

steps: pre-activation bleach—where cells are illuminated by a strong excitation laser, forcing any

unwanted active fluorophore to go into an off-state; activation—the light-induced activation of an

extremely reduced number of fluorophores preventing excessive spatial-overlapping of the visual-

ized particles; readout—excitation and imaging of the activated fluorophores followed by bleaching

to minimize the presence of already visualized particles in posterior acquired images. These final

two-steps can be cycled until a sufficient number of molecules have been identified. In parallel to

the readout phase particles can be detected and assembled into a reconstruction. On sptPALM, the

readout phase is divided into multiple images where particle movement is captioned and tracked in

parallel until bleaching of most active fluorophores has occurred leading to a new imaging cycle

started by the activation phase.
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in fibroblasts at 40-nm resolution,13 while Shroff et al. used

PALM to study adhesion-complex dynamics using 25–60 s

per frame, at 60-nm resolution.14

Switching on the Lights

A cornerstone of SMLM is its use and control of the photo-

activatable, photo-convertible, or photo-switchable (termed

photo-modulatable in this article) properties of certain

organic fluorophores/dyes and fluorescent proteins. This fea-

ture is so crucial to the functioning of the approach that it

has become the principal reason behind the large suite of

techniques surrounding SMLM such as PALM, FPALM,

STORM, dSTORM, and PALMIRA. These techniques all

share the same principle of stochastically switching-on fluo-

rescent molecules to minimize their visual overlap in a

sequence of images thus permitting the precise localization

of individual molecules. The imaging hardware and analysis

algorithms vary only slightly for each approach and are fairly

simple to establish15 (see Figure 2). Where the methods

diverge is in the various classes of fluorophores used and the

underlying protocol to either induce or control their photo-

modulatable properties.

While PALM and FPALM have chosen genetically encoded

fluorophores as their label of choice, STORM on the other

hand, exploits the photo-switching properties of fluorescent

dyes (such as Cy5 or Alexa647) when in close proximity to a

secondary fluorescent dye label (such as Cy3) that functions

as a fluorescence re-activator after bleaching. dSTORM16 has

further simplified the sample labeling (making it similar to

that of classical immuno-fluorescence) by showing that

similar photo-switching properties can be induced in several

FIGURE 2 Setting your own SMLM. Aside from the complexities involving fluorophore selection

discussed extensively in this review, assembling a SMLM compatible microscope is both cost-effec-

tive and straightforward. TIRF microscopes can easily be adapted for SMLM or a custom system

can be set up by combining a commercial microscope body with a high-sensitivity camera and a

custom laser excitation system. A cylindrical lens inserted into a slider below the objective revolver

can provide astigmatism characteristics enabling 3D imaging with the system—an extensive list of

tutorials on the subject can be found in http://code.google.com/p/quickpalm. lManager constitutes

a free, open-source software for hardware control and acquisition compatible with SMLM experi-

ments and can be used in tandem with QuickPALM—a dedicated ImageJ plugin to process SMLM

data.
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fluorescent dyes without the necessity of a secondary reacti-

vator fluorescent dye label. This is accomplished by using a

compatible high-intensity laser that sufficiently stimulates

bleached fluorophores to return to a fluorescent state.

Both PALM, FPALM, STORM, and dSTORM experiments

are typically divided into three distinct steps (see Figure 1).

PALMIRA demonstrated that both the activation and read-

out steps can be taken simultaneously while independently

acquiring a sequence of images.8 Given the correct illumina-

tion conditions of both the activation and excitation light-

sources, it is possible to obtain a time-lapse dataset, in which

only a few fluorophores in a fluorescent on-state are captured

per raw frame before they are immediately pushed into a

non-detectable off-state. This procedure permits the accelera-

tion of the acquisition by merging the two previously distinct

activation and readout steps, and removes the need for the

pulsing of the activation laser, which is incompatible with

most acquisition software available.

Live cell SMLM is thus far almost only compatible with

PALM or its sister techniques, which use genetically-encoded

fluorophores. STORM and dSTORM use synthetic fluores-

cent dyes and special buffers able to maintain photo-switch-

ing. These buffers are, in general, highly toxic to cells. Later

in this review we will examine emerging approaches that seek

to overcome these limitations.

Switching on the Lights: Genetically

Encoded Fluorophores

Perhaps the greatest advantage of genetically-encoded fluo-

rescent proteins is the capacity to specifically label molecules

in a non-invasive and live-cell compatible manner when

compared to other methods such as immuno-fluorescence

staining. Furthermore, cell-friendly mediums can be applied

as opposed to the photo-switching buffers commonly used

in STORM and dSTORM.

Interestingly, it has been known for many years that GFP

itself switches between a fluorescent state and a dark state in

response to light.17 However, it was the engineering of pro-

teins to change their spectral properties upon illumination

with light of specific wavelengths that allowed for the possi-

bility of SMLM to become a widely used tool in cell biology.

There are now numerous examples of these proteins, each

with slightly different photo-physical characteristics. Photo-

activatable proteins, such as PA-GFP, undergo a single transi-

tion from a non-fluorescent to a fluorescent state upon light-

induced activation; reversible photo-switchable fluorophores

are capable of multiple cycles of activation from a dark to a

fluorescent state and return to a dark state, as in the case of

Dronpa; photo-shiftable proteins, exemplified by mEos2, can

be stimulated to convert between two spectrally distinct fluo-

rescent forms (colors) by activating irradiation. These

switching processes are manipulated by careful control of the

imaging environment in tandem to the activation and excita-

tion light intensities. This procedure permits for small sub-

sets of fluorophores to be activated and rapidly bleach while

captured in a sequence of images.

Most of the published literature on live-cell SMLM has

utilized genetically-encoded fluorophores. Yet care needs to

be taken when approaching these methods. Most photo-

modulatable fluorophores require activation by near-UV

light, which is toxic to the majority of cells. The Dendra2

fluorophore is a minor exception, since it can be activated

at wavelengths close to a 488 nm wavelength (reviewed in

Ref. 18). In most experiments it is also desirable that fluoro-

phores immediately bleach following activation in order to

eliminate their presence from multiple acquired images

where they would augment the probability of particle spatial-

overlap. A strong excitation light is then applied to bleach

the fluorophores but the penalty is increased photo-toxicity.

For live-cell imaging in SMLM the ‘‘hardware’’ challenge

can be partially overcome by using lower excitation inten-

sities. This can be used to analyze the motility of the acti-

vated portion of fluorophores over a small sequence of

images until the population is bleached, a process that can be

repeated several times. If the fluorophores are confined to a

specific cellular structure or location and motility is suffi-

ciently slow so as not to cause blur artifacts (which degrade

particle localization), then it becomes possible to reconstruct

the domains where the fluorophores have been captured.

This process uses each fluorophore multiple times to land-

mark their enclosing territory and causes less cell damage

due to the reduction in the illumination intensity. Similarly,

this strategy can also be used to study and map single-mole-

cule motion as demonstrated by the single particle tracking

PALM (sptPALM) technique that combines single-particle

tracking with PALM microscopy19 (see Figure 1).

The emergence of proteins with different emission spec-

tra, such as rsCherry, a monomeric red photo-swichable flu-

orescent protein,20 has made multi-color time-lapse SMLM

imaging possible. Further, the development of new fluores-

cent proteins coupling photo-activatable and photo-shiftable

properties, such as mIrisFP, introduces the possibility

of using a pulse-chase approach in conjunction with super-

resolution imaging for single particle tracking in dynamic

processes, such as monomer turnover in macromolecules.21

Switching on the Lights: Synthetic Fluorophores

The two most important photophysical factors determining

the spatial resolution are the brightness of the molecules in

the fluorescent state used for localization, and the ratio
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between this state and the brightness of the molecules in the

inactivated state. The former determines the number of

photons that can be detected, which in turn determines the

localization precision. The latter factor—the contrast ratio—

contribute to the background, which again directly affects

the localization precision. It should also be noted that the

contrast ratio affects the resolution in a slightly more subtle

way: low contrast ratios limit the ability of the system to

localize molecules at high molecular densities, which is cru-

cial for achieving high Nyquist-limited resolution.14 Conse-

quently, it is important to choose fluorescent labels that have

both high brightness and high contrast ratios. Many of the

most commonly used photo-modulatable fluorescent pro-

teins have high contrast ratios but with a smaller photon

output than many small-molecule fluorescent dyes (6000

photons per Cy5 molecule have been detected versus 490

photons per mEos molecule).18 Therefore, small-molecule

dyes may be attractive candidates as probes for live-cell

SMLM. Yet, the impossibility of genetically encoding such

labels leaves researchers with the difficult task of devising

appropriate strategies for specific and sensitive targeting of

fluorophores to biological molecules of interest, in a living

cell. Cell membrane impermeability to many dyes and dye-

conjugates, not least of all conventionally-labeled antibodies,

stands as the greatest barrier to labeling intracellular targets

under live-cell conditions, where the membrane should stay

intact.

Currently available strategies fit into two broad catego-

ries—those that target fluorophores to peptide sequences or

proteins fused to the target protein, and those that use

enzymes to label the target sequence with the fluorescent

tag (see Table I). The small labeling systems used by peptide-

targeting labeling strategies, such as TetraCys,22 HexaHis,24

and PolyAsp,23 cause minimal protein or cell perturbation.

Thus far, however, only the TetraCys system has been success-

fully used in live-cell or intra-cellular labeling.24 Protein-

directed labeling, such as SNAP/CLIP tags,26 Halo Tags,27

and Dihydrofolate reductase (DHFR) targeting with trime-

thoprim (TMP)-conjugates,28,39 allows improved targeting

specificity, but at the cost of an increase in the size of the

recruiting system, increasing the risk of perturbing protein

function. Despite this, the tag-dye conjugates in a number of

these approaches are sufficiently cell permeable to allow in-

tracellular labeling. Covalent labeling with the DHFR-based

system has been successfully used in live-cell STORM imag-

ing of Histone H2B dynamics.39 Enzyme mediated protein

labeling makes use of a small peptide sequence fused to the

target protein and an enzyme, natural or engineered, which

ligates the fluorescent probe to the recognition sequence.

Some of these methods, such as those based on the use of T
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sortase,29,30 phosphopantetheine transferases,33 and biotin

ligase,35 have been used to ligate fluorophore-conjugates to

recognition sequences on target proteins in living cells or at

the single molecule level. These approaches combine the

benefits of a small directing peptide sequence and those of

specific and rapid covalent labeling, and thus provide an

ideal system for SMLM. However, the primary disadvantage

currently encountered with the above systems is a lack

of cell-permeability of the tags themselves, such that only

membrane-protein labeling is possible.

In contrast, a Lipoic acid ligase-based system has been

developed which makes labeling at both the cell membrane

and intracellular targets possible.36,37 Two engineered forms

of the microbial lipoic acid ligase have been developed by the

Ting lab. The first is able to ligate cyclo-octyne conjugated

probes to a Lipioic Acid Ligase Peptide (LAP) sequence

fused to both cell surface and intracellular targets using a

two-step process.36–39 Practical challenges with the two-

step process when applied to intracellular labeling led to

the development of a second engineered ligase, a highly

specific ‘‘fluorophoreligase,’’ capable of specifically ligating

hydroxycoumarin to intracellular LAP fusion proteins.37

This newly engineered enzyme may be most suitable for

the direct and specific labeling of intracellular targets,

however, the strict restriction to only one dye limits the

applicability of the system for SMLM at this stage. Further

engineered forms, able to make use of multiple dye-conju-

gates, would provide a valuable system for multi-color

labeling in live-cells in the future.

Besides strategies for the specific labeling of intracellular

proteins with a wide variety of fluorescent dyes for live cell

imaging, the suitability of specific fluorescent dyes for

SMLM, particularly their photoswitching abilities, as well as

the necessary conditions for such blinking, are also an impor-

tant consideration, especially for live-cell imaging. Develop-

ments in imaging buffers have allowed photo-switching

properties to be attributed to the majority of synthetic fluo-

rescent dyes.

Switching on the Lights: Blinking-Inducing Buffers

Fluorescence excitation occurs by the absorption of a photon,

which promotes a singlet, ground state molecule (S0), to the

excited singlet state (S1). The subsequent return to S0 pro-

duces a fluorescence photon emission. Alternatively the

competing process of inter-system conversion can occur

maintaining the fluorophore in a long-lived triplet state (T1)

formation (see Figure 3).

While in T1 the fluorophore is unable to undergo fluores-

cence emission until relaxation to S0 is re-achieved. During

this period the fluorophore is sensitive to an irreversible pho-

tobleaching event if it reacts with molecular oxygen. This in

turn results in the production of reactive oxygen species

(ROS)—one of the major sources of photo-toxicity in cells.

Notwithstanding, light-induced damage is not only created

by this process but the overall absorption of light by the cell

can produce toxicity.38,40

If reactions with oxygen can be avoided, then fluorophore

photobleaching can be reversed. This process can be used to

induce switching behavior in fluorophores16,41 as the T1 tran-

sition is stochastic and can be employed as the transient off-

state of a fluorophore. Under these conditions, fluorophore

blinking compatible with single molecule localization of a

large population of fluorophores can be attained by imaging

the cycling of short fluorophore photon bursts caused by S0–

S1 transitions (the on-state) followed by the temporary arrest

of fluorescence in the S1–T1 shift (the off-state). Initially, a

very limited selection of dyes known to be able to undergo

such photoswitching processes was available. Cyanine

dyes42,43 have been most commonly used for SMLM as they

can be induced to switch by the presence of a second, activat-

ing fluorophore. Such a photoswitching mechanism requires

oxygen removal and the use of millimolar concentrations of

a reducing agent, such as b-mercaptoethanol, in the imaging

medium.42,44

The demonstration of light-induced reversible photo-

switching of single standard fluorophores for use in SMLM,

FIGURE 3 Scheme of the photoswitching process and redox tri-

plet state depletion mechanism. A ground state fluorophore is

excited to the S1 singlet state by the absorbtion of a photon. The

fluorophore may then return to the ground state or transverse into

a dark triplet state by intersystem crossing, followed by stochastic

relaxation back to ground state. Boxed region: The addition of

reducing and oxidizing agents depletes the triplet state by electron

transfer reactions, producing either form of fluorophore radical and

retrieving the reactive intermediates by the reciprocal reduction or

oxidation. This returns the fluorophore to ground state, avoiding

photobleaching and allowing cycling or switching of the fluoro-

phore between excited, triplet, and ground states. S0: ground state;

S1: excited singlet state; T: triplet state; ex: excitation; fl: fluores-

cence; isc: inter-systen crossing; rel: relaxation; red: reduction; ox:

oxidation; F: fluorophore.
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termed dSTORM,6 initiated significant advances in establish-

ing SMLM imaging systems in which a much larger range of

standard fluorophores can now be used. Central to these

developments is an understanding of this ‘‘blinking’’ mecha-

nism in fluorescent molecules, and concomitantly, the

formulation of a system which modulates the switching rates

(see Figure 3).

Photobleaching can be limited by the depletion of oxygen

in the sample, either by embedding with poly-(vinyl-alcohol)

(PVA) or using enzymatic oxygen scavenging buffers. This

removes singlet oxygen and thus lengthens the T1 lifetime,

while addition of a reducing agent is often used to recover

ionized fluorophores. The versatility of these approaches

remains limited by their dependence on the specific fluoro-

phore’s inherent single-state return rate for establishment of

an appropriate rate of blinking, while oxygen depletion and

toxic reducing agents make this setup incompatible with

most live-cell experiments.

By approaching the photobleaching and triplet state

recovery processes as a redox system, the Sauer and Tinnefeld

groups have determined a simple, live-cell adaptable imaging

setup to allow the fine-tuning of the rate of singlet-state

return relative to triplet state formation. In this system, the

reactive triplet state is rapidly depleted, either by oxidation to

a radical cation, or by reduction to a radical anion. These

ions can be recovered by the addition of a reducing or oxidiz-

ing agent, respectively, returning the fluorophore to the sin-

glet state. Thus a buffering system with both reducing and

oxidizing agents (termed ROXS) recovers reactive triplet state

intermediates, repopulating the ground state and avoiding

photobleaching.45 By adjusting the relative ROXS buffer con-

centrations as required, the rate of photoswitching can be

directly controlled to ensure sufficient fluorophores are in a

dark state at each time point and that fluorescent lifetimes

are sufficient to yield photons for accurate localization.16,45

The toxicity of ROXS reagents has had to be addressed in

order to adapt the system for live-cell imaging (see Table II).

Typically, thiol-reagents such as b-mercaptoethanol or b-

mercaptoethylamine have been used as reducing agents in

SMLM buffers.16,41,44 Recently, glutathione and ascorbic acid

have proven to be appropriate live-cell compatible alterna-

tives to these reducing agents.16,44,45 Despite its toxicity

methylvialogen remains the primary oxidizing agent

used.45,48 By taking advantage of the oxidizing potential of

oxygen itself, and using the molecular oxygen present in the

cellular environment to fulfill the role of the oxidant in

ROXS16,48 the challenge of oxidant toxicity, as well as the

need for oxygen-depletion in SMLM, has been neatly side-

stepped. Although the presence of oxygen slightly restricts

the experimentor’s capacity to modulate the dyes’ photophy-

sics, this nevertheless greatly simplifies the application of

ROXS for use in live-cell SMLM.

Essentially any desired fluorophore labeled with suitable

photo-physical properties can be used in a biologically com-

patible ROXS imaging buffer, without the need for oxygen

depletion. The ATTO dyes, such as ATTO520, ATTO565,

ATTO655, ATTO680, and ATTO700, have proven particu-

larly well suited for use in ‘‘blink microscopy’’ with

ROXS.16,48 Investigations are extending into the suitability

of more water-soluble dyes, such as perylene dicarboximide

fluorphores,49 specifically for use in live-cell imaging.

ROXS provides a dye and buffer system that gives us

prime choice of multi-color dyes to use in live-cell SMLM

with minimal perturbation to the cell.

Breaking Through the Technological Limits

SMLM of a large population of fluorophores typically

demands that hundreds to thousands of diffraction-limited

images be acquired and processed in order to reconstruct a

super-resolution dataset, the central ‘‘software’’ challenge.

What is the relationship between localization precision and re-

solution? It is clear that the resolution of an SMLM image can-

not be higher than the precision to which the molecules are

localized. However, the Nyquist theorem, as applied here,

requires that a structural-dynamics be sampled at twice the

finest spatio-temporal resolution one wants to detect. This is

Table II Redox Buffer Agents to Modulate Photo-Switching

Redox Buffer Action Endogenous Toxicity Reference

Trolox Reductant No Low 46

b-mercaptoethanol Reductant No High 44,46,47

Propyl galate Reductant No Low 46

Ascorbic acid Reductant Yes Low 46,48

Glutathione Reductant Yes Low 44,46,48

Dithiotriotol Reductant No High 47

Tris(2-carboxyethyl)phosphine hydrochloride Reductant No High 47

Methylviologen Oxidant No High 16,45,48

Ambient oxygen Oxidant Yes Low 16,48
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especially relevant in live-cell SMLM. In this case, a series of

raw data frames are taken and subsequently parsed into

SMLM time-points. For instance, if 1000 raw data frames are

taken, one might parse these into 10 time-points of 100 raw

data-frames or 100 time-points of 10 raw data frames. While

the precision at which the molecules are localized does not

change in either of these examples, the sparseness of detected

particles will be far greater in the latter case than in the former

case, and the underlying sample structure may be unrecogniz-

able. Consequently, there is a fundamental trade-off between

spatial and temporal resolution.

Additionally in order to obtain a reliable super-resolution

reconstruction, algorithms have to analytically detect and localize

each individual sub-diffraction particle present in each acquired

frame. This is generally a major setback because visualization of

the sample in parallel to the acquisition is crucial for making

decisions on how to best adjust imaging conditions. Raw unpro-

cessed images can be partially used to observe the sample but

these are corrupted by the technique itself—each raw-image is

generally composed of few emitting molecules not permitting a

complete understanding of underlying cellular structures.

Recently several algorithms have been published allowing

for processing speeds concurrent with the acquisition

itself.15,50–53 QuickPALM,15 an ImageJ-based algorithm, in

conjunction with lManager,54 an open-source software for

hardware control is able to both acquire and process 3D and

4D SMLM providing the super-resolution reconstruction

in real-time as images are streamed from the camera (see

Figure 2). This feature allows for data-driven algorithmic deci-

sions on how to optimally adapt the acquisition and provides

the user a reconstructed view of the sample being acquired.

A dominant challenge in SMLM is minimizing light-

induced cell damage55,56 as super-resolution techniques tend

to dramatically increase the photo-damage caused to the cell

by either increasing or prolonging the amount of light

needed for imaging when compared to classical fluorescence

microscopy. Conventionally in fluorescence imaging the

entire field of view is illuminated uniformly, both light-exci-

tation and acquisition time are adjusted so as to obtain a

high enough signal-to-noise ratio (SNR) to resolve cellular

structures of interest. Yet, fluorophore concentrations within

cells vary, leaving researchers with the decision of how to

best set the illumination characteristics at the cost of either

under-exposing or over-exposing sub-regions of the image.

Controlled light-exposure microscopy (CLEM) introduces

the concept of applying a non-uniform illumination to the

imaging area in laser scanning systems where on a pixel-by-

pixel basis the light-exposure is interrupted if a sufficient SNR

has been achieved.55 As a combination of ‘‘hardware’’ and

‘‘software’’ approaches, this method improves image-quality

and severely reduces photo-toxicity.55 Problematically, SMLM

uses cameras that only permit the parallel acquisition of all the

pixels composing an image theoretically preventing the imple-

mentation of CLEM. Non-uniform illumination in time has

been previously applied to SMLM in the work of Betzig et al.3

where the sample activation is incrementally increased over

time to compensate for fluorophore depletion. This concept

can be further adapted by modulating the illumination both in

the spatial and temporal domain with the help of a spatial-

light-modulator (SLM). In SMLM two light beams are used: a

low-intensity activation beam to induce fluorophores into an

on-state and a high-intensity readout beam to excite and

bleach the fluorophore. By definition, the images acquired in

SMLM have a sparse concentration of fluorophores. This

means that most of the area subjected to illumination is not

occupied by active fluorophores. By concentrating the readout

illumination to the areas where only actively emitting fluoro-

phores are present, a drastic reduction in the amount of light

used for imaging is achieved therefore minimizing cell damage.

A major focus of the QuickPALM16 development team is to

bring this feature forward by combining the power of real-

time processing with the capacity for both SLM and acquisi-

tion hardware control brought by lManager.54
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comments. They especially thank C. von Middendorff, C. Zimmer,
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We hope that the code and suggestions provided here will inspire 
other researchers to take advantage of the benefits of using MLE for 
analyzing Poisson-distributed data, reducing biases and errors in 
parametric results from histogram-based analysis. 

Note: Supplementary information is available on the Nature Methods website.
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QuickPALM: 3D real-time 
photoactivation nanoscopy image 
processing in ImageJ

To the Editor: Although conventional microscopes have a reso-
lution limited by diffraction to about half the wavelength of 
light, several recent advances have led to microscopy methods 
that achieve roughly tenfold improvements in resolution. Among 

them, photoactivated light microscopy (PALM) and stochastic 
optical resolution microscopy (STORM) have become particu-
larly popular, as they only require relatively simple and affordable 
modifications to a standard total internal reflection fluorescence 
(TIRF) microscope1–3 and have been extended to three-dimen-
sional (3D) super-resolution and multicolor imaging4,5. PALM 
and STORM achieve super-resolution by sequentially imaging 
sparse subsets of photoswitchable molecules. Positions of indi-
vidual molecules are computed from individual low-resolution 
images with subdiffraction accuracy. These positions are then 
corrected for drifts and subsequently assembled into one or 
more super-resolution images. Unfortunately, in most current 
implementations, this reconstruction may take from several 
hours to days for a single dataset, thus forbidding visual inspec-
tion of super-resolution images in real time. Additionally, PALM 
and STORM software used to date is generally not freely avail-
able, strongly limiting the adoption of this otherwise relatively 
simple microscopy method. Two recent publications indepen-
dently demonstrated two-dimensional (2D) algorithms for real-
time PALM and STORM reconstructions6,7. Here we present 
QuickPALM (Supplementary Software 1), a freely available and 
open-source algorithm as a plugin for the widely used ImageJ 
(http://rsb.info.nih.gov/ij/) software that combines real-time 
processing capability with additional important features includ-
ing 3D reconstruction, drift correction and real-time acquisition 
control (http://code.google.com/p/quickpalm/).

PALM and STORM reconstruction algorithms usually rely on 
‘fitting’ Gaussian kernels to detected diffraction-limited spots. 
Although they permit high-accuracy localizations, these itera-
tive methods can require up to several hours of processing time. 
We have developed a high-speed reconstruction algorithm that 
uses the classical Högbom ‘CLEAN’ method8 for spot finding, 
followed by a modified center of mass algorithm to compute the 
spot position and parameters defining spot shape along the hori-

10 particles per frame

100 particles per frame
300

200

100

0

P
ro

ce
ss

in
g 

tim
e 

(m
s)

1      2      3     4      5      6     7      8
Number of  CPUs

Axial profile
Lateral profile1.0

0.5

0N
or

m
al

iz
ed

 in
te

ns
ity

–50       –25        0         25        50
Distance (nm)

A
xi

al

Lateral

1.0

0.5

0

N
orm

alized particle count (a.u.)

500

250

0

250

A
xial position (nm

)

a b c d

e f

Figure 1 | Three-dimensional dSTORM 
imaging of β-III-tubulin–labeled 
microtubules in neuronal cells. (a) Per-
formance of the complete algorithm 
analyzing a sequence of 512 × 512 pixel 
images including image reading, peak 
search, localization and super-resolution 
image rendering in parallel, benchmarked 
on an Intel Core 2 Quad 3.2 GHz personal 
computer. The dashed line represents 
the 32 ms readout speed of the EMCCD 
camera (Andor iXion-897). Note that this 
is the lower-bound frame-rate hard limit 
imposed by the acquisition hardware itself. 
(b) Super-resolution reconstruction of a 
microtubule filament. (c) Intensity profile of 
the microtubule cross-section (dotted line 
in b) showing a 40 nm lateral and 50 nm 
axial full-width half maximum. (d) Particle 
distribution histogram of the marked 
cross-section in b. (e) The conventional 
widefield epifluorescence image, with the 
middle section showing the super-resolved 
reconstruction of the central portion of the 
image. (f) A 3D dSTORM image of the boxed 
area in e. Scale bars, 100 nm (b), 50 nm 
(d), 5 µm (e) and 1 µm (f).
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ate modifications to ensure precise alignment of differing color 
channels, multicolor PALM or STORM can be achieved by con-
currently processing images from multiple color channels.

In summary, QuickPALM in conjunction with the acquisition 
control features mentioned above (Supplementary Discussion) 
provides a complete solution for acquisition, reconstruction and 
visualization of 3D PALM or STORM images, achieving resolu-
tions of ~40 nm in real time. This software package should great-
ly facilitate the conversion of many laser-excitation widefield or 
TIRF microscopes into powerful super-resolution microscopes.

Note: Supplementary information is available on the Nature Methods website.
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zontal axes. These parameters allow not only precise 2D local-
ization but also extraction of the axial (z) coordinate for each 
spot when using an astigmatic lens5 (Supplementary Fig. 1 and 
Supplementary Note 1). A direct benefit of this method was our 
ability to achieve a typical processing time of 30–50 ms per image 
with a very weak dependence on the number of spots per image 
(Fig. 1a); these values are of the same order as the common elec-
tron-multiplying charge-coupled device (EMCCD) maximum 
frame rates used in these techniques. Any drift on the microscope 
caused by vibrations or thermal dilation compromises resolution 
and can lead to artifacts in the reconstruction, such as the dou-
bling of structures for sudden shifts (Supplementary Fig. 1f,g). 
To address this, QuickPALM can trace the movement of fiduciary 
landmarks such as beads imaged in the sample to estimate the 
drift in two or three dimensions and subtract it from particle 
positions (Supplementary Fig. 1d,e). As fiduciary landmarks 
might not be detected throughout the entire image sequence 
because of blinking or photobleaching, we interpolated missing 
positions for each landmark (Supplementary Note 1).

By combining QuickPALM with the µManager9 open source 
package for microscope hardware control and acquisition 
(Supplementary Software 1) in tandem with a custom laser 
control system (Supplementary Software 2), we provide a full 
method for parallel acquisition and real-time visualization of 
PALM and STORM experiments.

To test the potential of QuickPALM, we observed microtu-
bules in mouse neurons labeled with a primary antibody to neu-
ronal β-III-tubulin and a secondary Cy5-conjugated antibody 
(Fig. 1b–f and Supplementary Movie 1). Using direct STORM 
(dSTORM) imaging1,10 we collected 150,000 images, using 
the 635 nm laser for excitation and pulsing the 488 nm laser at 
decreasing intervals for Cy5 fluorophore reactivation. We intro-
duced a cylindrical lens at the position of the polarization slider 
(Supplementary Methods and Supplementary Fig. 2) to permit 
3D probe localization5. Using QuickPALM, we obtained real-
time 3D reconstructions of microtubules with a resolution (as 
measured by the full-width half maximum of an intensity profile 
across a microtubule) of 40 nm in x and y dimensions and 50 nm 
in the z dimension over a 1 µm depth (Fig. 1b–f). With appropri-
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Supplementary Figure 1 3D localization and drift correction using QuickPALM. 
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Supplementary Discussion Overview of QuickPALM performance 

 
 
Note: Supplementary Software 1–2 and Supplementary Video 1 are available on the 
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Supplementary Figure 1: 3D localization and drift correction using 
QuickPALM 
 

 
 
(a) Image sequence showing a single fiduciary sub-diffraction bead observed 
at different depths with an astigmatic configuration. Note the changes in the 
width to height ratio. (b) Measured width and height as a function of Z. Each 
data point represents the nine-point moving average from three beads. (c) 
Width minus height as a function of Z based on the values of (b); the black 
line shows a 4th order polynomial fit, which is used to extract the Z position of 
newly detected sub-diffraction spots. (d) Overlay of computed bead positions 
acquired during the image sequence showing lateral drift (dot brightness is 
proportional to the bead intensity, and decays over time due to 
photobleaching). (e) Same as (d) after drift-correction. (f,g) Drift effect on an 
image of microtubules creating the misleading appearance of multiple-
filaments. (f) A line profile of the red and green cross-sections in (g) before 
(green) and after (red) drift-correction. 
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Supplementary Figure 2: Microscope setup for 3D imaging 
 

 
 
Schematic of the microscope used in this work. Laser light from two lasers is 
combined using the mirror (M1) and the dichroic beamsplitter (DM1). The two 
beams are switched using an acousto-optic tunable filter (AOTF) and a series 
of lenses (L1-L3) directs the beams into the objective. Fluorescent light from 
the sample crosses the dichroic beamsplitter (DM2) and transverses a 
cylindrical lens (CL) that introduces an astigmatic aberration into the image 
allowing us to perform the 3D localization of sub-diffraction particles, the 
correspondent light is then redirected by a mirror (M4), magnified by a tube-
lens (L4) and filtered by an emission filter (F) before reaching the camera. 
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Supplementary Methods 
 
Slide treatment 

Coverslips were prepared as previously described1. Briefly, round 
25x0.17-mm coverslips (Fisher Scientific, Pittsburgh, PA) were cleaned in 
porcelain racks for 18h in concentrated nitric acid, washed several times in 
tissue-culture-grade water and sterilized with dry heat (225° C for 8h) in a 
clean oven. 
 
Hippocampal neuron cell culturing 

Primary neuronal cultures were prepared from the hippocampi of 
Sprague-Dawley E18 rat embryos (Charles River Italica, Calco, Italy) as 
previously described2. Briefly, after euthanization of the pregnant mother, E18 
rat embryos were isolated, and hippocampi were dissected in cold calcium- 
and magnesium-free Hankʼs balanced salt solution (HBSS; Gibco, United 
Kingdom) supplemented with 5 mM HEPES pH 7.4. Hippocampi were washed 
several times in HBSS and dissociated in 0.25 % trypsin (Gibco, United 
Kingdom) for 15 minutes at 37°C. After trypsin removal, neurons were plated 
in minimum essential medium with Earleʼs salts (MEM; Gibco, United 
Kingdom) containing 10% Horse serum during the time necessary for 
adhesion, and subsequently co-cultured for 3 days with primary astrocytes in 
N2 supplemented MEM. 
 
Cell labeling  

Neurons were fixed for 15 minutes at RT with 4% paraformaldehyde, 
4% sucrose in 120 mM sodium phosphate buffer (pH 7.4) supplemented with 
2 mM EGTA. After fixation, cells were washed in phosphate buffered saline 
(PBS) for 0.5h and incubated with anti neuronal tubulin beta-III antibody 
(Covance, United Kingdom) diluted 1:100 in goat serum buffer (450 mM NaCl, 
20 mM phosphate buffer, 15% goat serum, and 0.3% Triton X-100) for 2h at 
RT. Upon primary antibody incubation cells were washed in PBS for 0.5h and 
incubated with Cy5 conjugated donkey anti rabbit antibody (Jackson 
ImmunoResearch, West Grove PA) for 1h at RT. Fluorescent beads (100nm 
diameter) of a similar emission wavelength, were mounted with the sample as 
fiduciary landmarks. 
 
Slide preparation for imaging and acquisition. 

Slides were sealed in a Parafilm® M gasket. Imaging was performed in 
a “reactive oxygen scavenger photo-switching buffer” as previously 
described3. The buffer contains 0.5 mg/mL glucose oxidase (Sigma), 40 µg/ml 
catalase (Roche Applied Science), 10% w/v glucose and 50 mM of ß-
mercaptoethylamine in PBS (pH 7.4). 150,000 fluorescence images were 
acquired with a 50 ms exposure time in laser-excitation widefield. The sample 
was excited with a 635 nm laser with the power adjusted for optimal and fast 
bleaching of activated Cy5 molecules while a 488 nm laser was pulsed at 
decreasing intervals to stochastically reactivate bleached Cy5 molecules and 
maintain an optimal visible number of emitting molecules in the field of view. 
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Microscope components and setup 
Laser light from the two lasers (EXLSR-635C-60mW and CYAN- 488-

100mW, Spectra-Physics, Japan) is combined using the mirror M1 and the 
dichroic beamsplitter DM1 (LM01-503-25, Semrock, Rochester, NY, USA). 
The switching between the activation wavelength and the excitation 
wavelength and intensity control of each laser are performed via an acousto-
optic tunable filter (AOTFnC-400.650, A-A Opto-Electronic, Orsay Cedex, 
France). Before the injection of the laser beams inside the microscope, they 
are widened by a telescope consisting of the achromatic doublet lenses L1 
and L2 and focused into the back focal plane of the objective (CFI 
Apochromat, 100x, NA 1.49, Nikon, Japan) by the achromatic doublet lens L3. 
The far red fluorescence emission is collected by the same objective, 
separated from the illumination light by a quad-band line dichroic mirror DM2 
(FF416/500/582/657-DiO1, Lot # 709240-709242 Semrock, Rochester, NY, 
USA and latter filtered with a dual band pass Filter F (FF01-577/690-25, Lot # 
307339-207360 Semrock,  Rochester, NY, USA) being finally detected by an 
EM-CCD camera (Ixon DV887ECS-BV, Andor, Belfast, Northern Ireland) via 
the mirror M4. An additional lens L4 is used to achieve a final imaging 
magnification of 100 to 150 times yielding a pixel size from 160 to 106 nm. 3D 
imaging is performed by adding a cylindrical lens CL (RCX cylindrical lens 
10m focal length, CVI Melles Griot) before L4 in order to create an 
astigmatism, whereby the detected spot shape depends on the fluorophore 
depth4 – most microscope bodies have a polarizer insertion slider immediately 
below the filter cube wheel that can be cleverly adapted as a cavity to insert 
the cylindrical lens (see Sup. Fig. 2). 
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Supplementary Note: Design and operation of QuickPALM 
 
Particle detection, localization and visualization 

Particle detection and localization takes advantage of all available 
CPUs on the processing computer through the use of a thread manager (see 
“Thread Manager” in Sup. Note Fig. 1) that distributes the processing jobs 
between available free CPUs or buffers the acquisition while waiting for these 
to become free.  

Within each thread a new unprocessed image is collected (see “Open 
next image” in Sup. Note Fig. 1) and the noise is characterized by calculating 
the standard deviation on a small area of 13x13 pixels centered on the 
minimum intensity pixel of the image. It is assumed that due to the stochastic 
nature of a PALM or STORM image there is a low probability of having a 
blinking molecule in the immediate neighborhood of this point. A band-pass 
filter is then applied to provide noise reduction and background correction on 
the overall image (see “Filtering” in Sup. Note Fig. 1). Initially the image is 
convolved with a Gaussian kernel of sigma equal to 0.5 pixels and subtracted 
to a convolution of the original image with a Gaussian kernel of sigma with 
twice the maximum FWHM given by the user, thus both reducing the noise 
frequencies and background of the overall image without any visible decrease 
of the localization accuracy. 

The image is then searched for the maximum intensity pixel, the 
surrounding pixels to this point are selected if within a square window of size 
twice the maximum FWHM whose values are above a relative threshold to the 
local peak intensity (see “Get brightest spot” in Sup. Note Fig. 1). The local 
SNR is calculated as the division between the mean intensity of the selected 
pixels and the noise standard deviation. If this value is bellow the minimum 
SNR given by the user then the process for this image is halted (see 
“Compare against SNR” in Sup. Note Fig. 1). 

Before the spot is registered as a potentially valid particle it needs to 
pass the following tests: image edge – if a part of the intensity profile of the 
spot is obscured by the image edge; saturation/clamping – if the intensity of 
the local spot is not saturated; already analyzed region overlapping – if any of 
the pixels of the spot overlap with the region of an already previously 
analyzed spot on the same image. If these tests are correctly passed the 
algorithm proceeds to calculate the center of the spot coordinates (cx, cy) as 
given by the center of mass formulas: 
 

   

 
where i, j are the x-axis and y-axis indices for each pixel within the spot, xi,j 
and yi,j are the coordinates of the pixel in nanometers and si,j the intensity of 
the pixel (see “Get center of mass” in Sup. Note Fig. 1). The spot shape is 
then characterized by calculating the parameters: 
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 , where  

 , where   

 , where  

 , where   
 
if the spot arises from a single diffraction limited particle and if the PSF is 
symmetric then the particles can approximate to a Gaussian PSF model 
where in the absence of astigmatism  or otherwise in its 
presence  and . We can calculate the particle x-, y-axis 
symmetry as 
 

; 
 

 
for a single diffraction limited particle, one expects 

€ 

Sx ≈1 and 

€ 

Sx ≈1 with or 
without astigmatism. The lateral FWHM along each axis (see “Get width and 
height” in Sup. Note Fig. 1) can be defined as  
 

 

 
in the absence of astigmatism one expects 
  

€ 

FWHMx ≈ FWHMy ≈ 2.354 σ0 2( )  with 

€ 

σ0 = 0.225 λ NA( ) ; 5 
 

it then becomes possible to test if the particle obeys a symmetry limit or if the 
FWHM values are within assigned margins given by the user in the graphical 
interface. The z-position of the particle is extracted by comparing the width 
minus height (WmH) of the particle calculated as  
against the values on a z-calibration table (Sup. Note Fig. 2) through linear 
interpolation of the closest WmH values on the table and associated Z-
coordinates (see “Calculate Z-position” in Sup. Note Fig. 1). Finally if all tests 
are passed, the information for the spot is saved (“Save spot information” in 
Sup. Fig. S1). 
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Supplementary Note Figure 1. Flow-chart of particles detection, localization 
and visualization within QuickPALM. Images in left column schematically 
represent the corresponding steps on the flow-chart labeled with the same 
inset letter. 
 
3D particle localization by comparison with an experimental calibration table 

In order for QuickPALM to localize particles in the z-axis it needs to 
have prior-information on the astigmatic distortion, this is done by first 
acquiring a sequence of calibration images with the astigmatic lens4 featuring 
sub-diffraction beads. Ideally these images are acquired at regular 10 nm Z 
intervals with the help of a piezo Z-motor. It should be possible to observe the 
width and height change of the PSF as a function of Z. QuickPALM is able to 
generate this calibration table, however, the user needs to first manually 
select which beads to use for calibration with the help of the “ROI Manager”. 
After this selection QuickPALM calculates the position, width and height of 
each selected bead through the “Get center of mass” and “Get width and 
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height” methods discussed before and generates a plot of Width-Height vs. Z 
(Sup. Note Fig. 2). 

 

 
Supplementary Note Figure 2. Example plot of the width minus height 
change for bead particles corrupted by astigmatism as a function of the z-
position as calculated by QuickPALM. Crosses are measured values for each 
selected bead, the curve represents a 4th order polynomial fit to the data. The 
fitted values are saved as a calibration table and later used by the “Get Z-
position” method previously described to estimate the z-position for each 
detected particle. 
 
Drift calculation and correction 

Drift correction is accomplished after the user has pre-defined one or 
more regions of interest around isolated spot clusters corresponding to either 
landmark beads added to the sample or individual molecules (Sup. Note Fig. 
3a). The algorithm then calculates the distribution center cr,w in each axis 
(Sup. Note Fig. 3b) for the selected clusters indexed by r (w represents either 
the x-, y- or z-axis): 
 

€ 

cr,w = sr,twr,t
t
∑ sr,t

t
∑

dw,t = sr,t cr,w − wr,t( )
r
∑ sr,t

t
∑

 

 
where t is the time-point index for each detected spot within the cluster, sr,t the 
intensity for that spot and wr,t the localization of spot center. The joint 
displacement between each element of the cluster and its center is also 
calculated (Sup. Note Fig. 3c) as dw,t. Due to the possibility of missing 
detections, the displacement track dw,t might not contain the displacement 
information for all time-points. In order to correct this, we linearly interpolate 
the missing values and iteratively update both the cluster centers and 
displacements as follows:  

 
 

 

€ 

ˆ c r,w
i+1 = sr,t (wr,t + ˆ d w,t

i )
t
∑ sr,t

t
∑

ˆ d w,t
i+1 = sr,t ˆ c r,w

i+1 − wr,t −
ˆ d w,t

i( )
r
∑ sr,t

r
∑
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where 

€ 

ˆ c r,w
i+1 and 

€ 

ˆ d w,t
i+1 are the corresponding cluster center and joint 

displacement estimations for the i-th iteration. The updates are performed 
until convergence is achieved. The particle position data is then corrected by 
subtracting the corresponding displacement value to each particle position 
(Sup. Note Fig. 3d). 
 

 
 
Supplementary Note Figure 3. Drift correction with QuickPALM through the 
selection of individual spot clusters. (a) Identification and selection of 
individual spot clusters caused by the repetitive detection of beads or 
fluorophore clusters over time. (b) Calculation of the center of mass of the 
spot cluster. (c) Estimation of the displacement of each spot in regards to the 
cluster center. (d) Plot of the spot clusters after drift correction. 
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Supplementary Discussion: Overview of the QuickPALM performance 
 

During a typical image acquisition of 512x512 frames in a 
PALM/STORM experiment, the frame-rate hard-limit imposed by the readout 
speed of the camera, such as in the case of the EM-CCD technology, is on 
the order of 32ms. QuickPALM has a typical processing time of 30-50ms that 
may vary depending on the sample complexity and processing computer 
characteristics (Fig. 1a). Notwithstanding, this standard processing speed 
allows real-time super-resolution image reconstruction, albeit at a minor loss 
in localization accuracy compared to Gaussian fitting methods4. In practice, 
our software automatically processes incoming low-resolution images 
streamed on the hard drive during image acquisition and accumulates the 
computed positions into a real-time super-resolution reconstruction. Without 
real-time reconstruction, imaging parameters such as activation/excitation 
intensities often need to be optimized by trial and error after multiple 
suboptimal experiments. Our method allows the dynamic inspection of sample 
behavior and the adjustment of acquisition parameters “on the fly” for optimal 
imaging.  

Real-time reconstruction and the integration of software for parallel 
processing and acquisition, in conjunction with an open source platform, 
allows super-resolution imaging modalities to be broadly adopted and 
extended. Since processing and reconstruction can occur in real-time and on 
a separate machines, data-driven decisions can be used in real-time to 
control actuators. For example, spatial light modulators could be used to 
locally optimize the activation laser power and ensure uniform blinking 
probabilities, thus minimizing acquisition time, as required for live super-
resolution imaging6,7. In a further example, initial super-resolution images 
reconstructed from a limited number of frames may identify the presence of 
an event of interest and inform the decision to continue PALM/STORM 
imaging at this location with real-time visualization - or search for another 
region-of-interest. This would be an important feature to study events such as 
host-pathogen interactions in high-throughput screening approaches8. 
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