
 
 

University of Birmingham

NanoJ
Laine, Romain F.; Tosheva, Kalina L.; Gustafsson, Nils; Gray, Robert D.M.; Almada, Pedro;
Albrecht, David; Risa, Gabriel T.; Hurtig, Fredrik; Lindås, Ann Christin; Baum, Buzz; Mercer,
Jason; Leterrier, Christophe; Pereira, Pedro M.; Culley, Siân; Henriques, Ricardo
DOI:
10.1088/1361-6463/ab0261

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Laine, RF, Tosheva, KL, Gustafsson, N, Gray, RDM, Almada, P, Albrecht, D, Risa, GT, Hurtig, F, Lindås, AC,
Baum, B, Mercer, J, Leterrier, C, Pereira, PM, Culley, S & Henriques, R 2019, 'NanoJ: A high-performance
open-source super-resolution microscopy toolbox', Journal of Physics D: Applied Physics, vol. 52, no. 16,
163001. https://doi.org/10.1088/1361-6463/ab0261

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 11. Apr. 2024

https://doi.org/10.1088/1361-6463/ab0261
https://doi.org/10.1088/1361-6463/ab0261
https://birmingham.elsevierpure.com/en/publications/954a06b9-c790-4e6f-ad76-3cdc795d6a21


Journal of Physics D: Applied Physics

TOPICAL REVIEW • OPEN ACCESS

NanoJ: a high-performance open-source super-
resolution microscopy toolbox
To cite this article: Romain F Laine et al 2019 J. Phys. D: Appl. Phys. 52 163001

 

View the article online for updates and enhancements.

Recent citations
Quantitatively Mapping the Assembly
Pattern of EpCAM on Cell Membranes
with Peptide Probes
Yingying Jing et al

-

Adapting the 3D-printed Openflexure
microscope enables computational super-
resolution imaging
Stephen D. Grant et al

-

VIPERnano: Improved Live Cell
Intracellular Protein Tracking
Erin Morgan et al

-

This content was downloaded from IP address 147.188.108.97 on 03/02/2020 at 13:17

https://doi.org/10.1088/1361-6463/ab0261
http://dx.doi.org/10.1021/acs.analchem.9b03901
http://dx.doi.org/10.1021/acs.analchem.9b03901
http://dx.doi.org/10.1021/acs.analchem.9b03901
http://dx.doi.org/10.12688/f1000research.21294.1
http://dx.doi.org/10.12688/f1000research.21294.1
http://dx.doi.org/10.12688/f1000research.21294.1
http://dx.doi.org/10.1021/acsami.9b12679
http://dx.doi.org/10.1021/acsami.9b12679
http://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsueqy7WEdadsYGbUS7lYJdd88UP4ggeFDhbZjDNKWWd_Ue7CgdnpP1-tVxDzOYRltv5QFjUM_2cHhcwLPaQ_AsYxvefU5Zh2cY5qeCrVN4r-0n3esa5Kk3xZp_uVvK9YTqQqyOM64-sECWgaNKNkxg1mc6kg442K5_HpHQ1NaWUMcIiv9z96rsVDVi81nXNA8_XsCB5vOae3QUw2CTmyPNg5kORp-dYyAzEabNKJf68ZI8T7eqQ&sig=Cg0ArKJSzAW5xwIXwLdu&adurl=http://iopscience.org/books


1 © 2019 IOP Publishing Ltd Printed in the UK

Journal of Physics D: Applied Physics

R F Laine et al

Printed in the UK

163001

JPAPBE

© 2019 IOP Publishing Ltd

52

J. Phys. D: Appl. Phys.

JPD

10.1088/1361-6463/ab0261

16

Journal of Physics D: Applied Physics

Romain F Laine1,2,3,4,8 , Kalina L Tosheva1,8, Nils Gustafsson1,2,5, 
Robert D M Gray1,2,5, Pedro Almada1,2, David Albrecht1 , Gabriel T Risa1,4, 
Fredrik Hurtig6, Ann-Christin Lindås6 , Buzz Baum1,4 , Jason Mercer1 , 
Christophe Leterrier7 , Pedro M Pereira1,2,3,4,9 , Siân Culley1,2,3,4,9   
and Ricardo Henriques1,2,3,4,9

1 MRC-Laboratory for Molecular Cell Biology, University College London, London, United Kingdom
2 Department of Cell and Developmental Biology, University College London, London, United Kingdom
3 The Francis Crick Institute, London, United Kingdom
4 Institute for the Physics of Living Systems, University College London, London, United Kingdom
5 Centre for Mathematics and Physics in Life Sciences and Experimental Biology (CoMPLEX), 
University College London, London, United Kingdom
6 Department of Molecular Biosciences, The Wenner-Gren Institute, Stockholm University, Stockholm, 
Sweden
7 CNRS, INP, Institute of Neurophysiopathology, NeuroCyto, Aix-Marseille University, Marseille, France

E-mail: p.pereira@ucl.ac.uk, s.culley@ucl.ac.uk and r.henriques@ucl.ac.uk

Received 6 October 2018, revised 9 January 2019
Accepted for publication 28 January 2019
Published 18 February 2019

Abstract
Super-resolution microscopy (SRM) has become essential for the study of nanoscale 
biological processes. This type of imaging often requires the use of specialised image 
analysis tools to process a large volume of recorded data and extract quantitative information. 
In recent years, our team has built an open-source image analysis framework for SRM 
designed to combine high performance and ease of use. We named it NanoJ—a reference 
to the popular ImageJ software it was developed for. In this paper, we highlight the current 
capabilities of NanoJ for several essential processing steps: spatio-temporal alignment of 
raw data (NanoJ-Core), super-resolution image reconstruction (NanoJ-SRRF), image quality 
assessment (NanoJ-SQUIRREL), structural modelling (NanoJ-VirusMapper) and control of 
the sample environment (NanoJ-Fluidics). We expect to expand NanoJ in the future through 
the development of new tools designed to improve quantitative data analysis and measure the 
reliability of fluorescent microscopy studies.

Keywords: super-resolution microscopy, ImageJ, Fiji, image analysis, image quality 
assessment, fluidics, single-particle analysis
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Introduction

Fluorescence microscopy has been ubiquitously used in bio-
logical studies since its invention in the 20th century. It can 
reveal subcellular structures and interactions between specifi-
cally labelled molecules and allows the quantification of their 
dynamic behaviour in living cells [1]. Extraction of this bio-
logically relevant quantitative information from fluorescence 
microscopy data typically requires digital image processing 
and analysis [2]. In recent years, super-resolution micros-
copy (SRM) techniques have extended the spatial resolving 
power of fluorescence microscopy beyond the diffraction limit 
[3–5]. Most SRM techniques use large quantities of raw data, 
often reaching several gigabytes to generate a single super-
resolution image, thus requiring specialised high-performance 
image analysis tools. Several SRM image processing pack-
ages are available, such as ThunderSTORM [6], LAMA [7] 
and SIMcheck [8] but each of these is focused on a specific 
type of SRM modality. Here, we present NanoJ, a highly ver-
satile set of image acquisition and analysis methods developed 
to improve the reliability and quantifiability of microscopy 
experiments, with a particular focus on the demands of live-
cell SRM. NanoJ is available as a series of ImageJ-based 
plugins which can be used independently or concomitantly. 
NanoJ (figure 1) is comprised of the following modules: 
NanoJ-Core—general image correction tools including drift 
correction and channel registration, both based on cross- 
correlation analysis; NanoJ-SRRF—an analytical approach 
capable of extracting super-resolution data from a short 
sequence of diffraction-limited images, which can be acquired 
using most microscopes [9, 10]; NanoJ-SQUIRREL—an algo-
rithm to evaluate resolution and the presence of artefacts in 
super-resolution images [11]; NanoJ-VirusMapper—a single 
particle analysis method to generate nanoscale models of bio-
logical structures such as viruses [12–14]; NanoJ-Fluidics—a 
hardware and software framework to control fluidics devices, 
enabling automation of multiplexed experiments [15]. Thus, 
the NanoJ framework is capable of solving common imaging 
problems with broad biological applications and is compat-
ible with a multitude of fluorescence microscope setups and 
experimental protocols.

The NanoJ framework

NanoJ has been designed to integrate with the popular ImageJ 
or Fiji image analysis software [16, 17] and is easily installed 
as a standard set of plugins. NanoJ is also fully open-source 
and user-friendly. The graphical user interfaces (GUIs) are 
straightforward to use and its routines can be easily integrated 
within larger image analysis pipelines through the ImageJ 
macro language.

NanoJ is designed to be an accessible tool for both non-
expert users and developers. Each of its modules possesses 
its own separate manual and documentation. NanoJ is imple-
mented in both Java (https://java.com/) and OpenCL (https://
khronos.org/opencl), the latter language being used for 
high-performance analysis of image data through the use of 

graphical processing units (GPUs). To date, it encompasses 
four Java ARchive (JAR) packages (NanoJ-SRRF, NanoJ-
SQUIRREL, NanoJ-VirusMapper, NanoJ-Fluidics) that all 
depend on a central package (NanoJ-Core). The core package 
hosts the libraries that enable high-performance GPU-based 
computing analysis and a set of basic image analysis helper 
methods. The modular nature of NanoJ means that its comp-
onents can be updated independently and the framework can 
be easily extended by appending new analytic packages.

NanoJ-Core: drift correction

Sample drift commonly occurs during the acquisition of SRM 
data, often as a result of gradual changes in the temperature 
of microscope components. Drift introduces motion blur arte-
facts and thereby a loss of resolution. While most modern 
microscopes have an active focus-lock device that stabilises 
the motion of the sample in the axial direction (minimising 
focal drift), the sample will still be prone to lateral move-
ment (figure 2(a)). However, in the case where the raw data 
is made up of a sequence of consecutive frames acquired rap-
idly, as is common in SRM methods such as single molecule 
localization microscopy (SMLM) [3, 4] or fluctuation-based 
approaches [9, 18, 19], this lateral drift can be estimated 
(figure 2(b)) and analytically corrected for each time frame 
via post-processing (figures 2(c) and (d)). NanoJ breaks the 
task of drift correction into two distinct parts: estimation, fol-
lowed by translation. As a first step, NanoJ-Core estimates 
the linear drift between two images by calculating their cross-
correlation matrix (CCM) (figure 2(b)). The location of the 
peak intensity in the CCM determines the linear shift between 
the two images, and precise sub-pixel accuracy is achieved 
by up-scaling the CCM using a bicubic spline interpolation. 
Depending on the type of acquisition, the reference frame can 
either be the first frame of the raw data or the immediately 
preceding frame. Figure 2(d) shows the drift in a 100-frame 

Figure 1. NanoJ framework. Currently NanoJ consists of five 
modules dedicated to super-resolution imaging and analysis.
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dataset as measured with respect to the first frame. Once drift 
is estimated, the dataset can be directly corrected by analyti-
cally translating each individual frame using a bicubic spline 
interpolation (figure 2(c)). We estimated the performance of 
NanoJ-Drift correction (see supplementary note 3 and fig-
ure S1a (stacks.iop.org/JPhysD/52/163001/mmedia)) at vary-
ing levels of signal-to-noise ratio (SNR) and established that 
the errors remain within 30 nm even at very low SNR and drop 
quickly below 10 nm for SNR  >  6, appropriate for SRM.

The interpolation process will, however, change the noise 
properties of the resulting dataset [20], which can have an 
influence on further analysis requiring specific assumptions 
in noise properties such as maximum likelihood estimation 
(MLE) single-molecule localization analyses.

For the specific case of SMLM datasets with sparse blink-
ing, there will only be a weak correlation across frames, as 
there is little observable structure conserved between con-
secutive time points. One common strategy to alleviate this 
low correlation is to add fiduciary landmarks to the sample, 
such as static fluorescent beads. As an option NanoJ-Core can 
temporally bin images within the dataset, thus increasing the 
correlation between frames and allowing their shift to be more 
accurately estimated [21].

Drift estimation in NanoJ differs from strategies applied 
by other SRM algorithms, such as ThunderSTORM [6], by 
analysing unprocessed raw data instead of post-processed 
super-resolution reconstructions. This allows the estimation to 
be decoupled from the super-resolution image reconstruction 

algorithm and hence drift-corrected raw data can be analysed 
using a wider range of methods including SRRF [9] and SOFI 
[18]. Furthermore, NanoJ-SRRF (as described in a following 
section) can import the drift curve (figure 2(d)) created by 
NanoJ-Core Drift Correction and use this information directly 
during analysis without the need to pre-translate each frame 
in the raw dataset.

NanoJ-Core: channel registration

In multicolour fluorescence microscopy, images acquired in 
different spectral channels are often misaligned as a result of 
chromatic aberrations in the optical path and the use of differ-
ent filter sets for each colour. This misalignment is frequently 
ignored in conventional microscopy as it typically occurs on 
a scale smaller than the diffraction limit. However, this effect 
becomes non-negligible in the context of SRM [22]. Channel 
registration is therefore essential for multicolour SRM studies 
quantifying colocalization or interactions between different 
structures [23–25]. Advanced imaging research groups tend 
to develop their own analysis scripts for their particular appli-
cations, and thus no user-friendly tools are readily available. 
Therefore, NanoJ-Core channel registration offers a unique 
tool to perform this registration easily and robustly on a wide 
variety of datasets.

The shift between different spectral channels is usually 
inhomogeneous across a field of view, which prevents the use 
of typical CCM-based approaches such as the one described 
for NanoJ-Core drift correction. In order to characterise the 
spectral misalignment across a field of view, it is necessary 
to image a sample where the same structure can be observed 
across all spectral channels of interest. Furthermore, the sam-
ple should contain structures occupying the whole field of 
view. A typical sample for this characterisation is a coverslip 
coated with a large number of beads labelled with multiple 
fluorescent dyes [26]. Following multicolour imaging of this 
sample, NanoJ-Core can be used to calculate a nonlinear 2D 
spatial transform describing the misalignment for each chan-
nel relative to a reference channel. Given that chromatic 
misalignment is a fixed property of an optical system, NanoJ-
Core can then apply these transforms to realign other multi-
colour datasets acquired using the same optical path (figure 3)  
[27, 28].

To generate these non-linear channel registration fields 
NanoJ-Core first calculates local, linear misalignments 
between channels (figure 3(a)). This is achieved by divid-
ing the image into small areas (‘blocks’). For each block, the 
shift is calculated by finding the cross-correlation peak posi-
tion as shown in figures 2(a) and (b). These local shift values 
are then interpolated across the whole field-of-view using an 
inverse distance weighting interpolation [29]. This generates 
two smooth shift maps describing the misalignments in the 
horizontal and vertical directions (figure 3(b)). For a given 
channel, each pixel value within the horizontal/vertical shift 
map indicates the horizontal/vertical displacement that needs 
to be applied to that pixel to align it with the reference chan-
nel. NanoJ-Core can then be used to apply these maps to align 

Figure 2. Drift correction with NanoJ-Core. (a) Composite image 
of two frames from a time-lapse dataset of the same field-of-view. 
An artificially large drift was applied computationally in order to 
make it visible for figure rendering. (b) Cross-correlation matrix 
(CCM) between the two frames shown in (a). The vector position 
of the maximum indicates the linear shift between the two frames. 
(c) Overlay of the two frames after drift correction using NanoJ-
Core. (d) Vertical and horizontal drift curves obtained using NanoJ-
Core from the 100-frame raw data. The two images shown in (a) 
correspond to the frames 0 (green) and 97 (magenta) of the raw 
data.

J. Phys. D: Appl. Phys. 52 (2019) 163001
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channels in the dataset of interest (figure 3), provided they 
have been acquired using the same optical configuration. 
Here, we measured the target registration error [28, 30] (TRE, 
see supplementary note 3 and figure S1b) in typical multi-col-
our configurations and showed that the TRE remains below 
50 nm for all combinations of channels.

NanoJ-Core performs the channel registration by creating 
a new image representing each channel, where the intensity 
value for each pixel coordinate corresponds to the intensity 
value from the original image at the equivalent coordinate cor-
rected for local shift. For cases in which these coordinates are 
not discrete (sub-pixel shift), a bicubic spline interpolation is 
used to recover pixel values in continuous space. Because the 
shift map can be extrapolated to continuous space, the reg-
istration procedure obtained from diffraction-limited images 
can also easily be used to correct super-resolved images 
obtained using the same optical configuration.

NanoJ-SRRF: live-cell super-resolution imaging

As part of the NanoJ framework, we include our recently 
developed SRM reconstruction algorithm: super-resolution 
radial fluctuations (SRRF), which is able to extract sub- 
diffraction information from a short burst of images acquired 
at high speed with modern fluorescence microscopes [9, 10]. 
SRRF is a purely analytical approach. It alleviates the need 
to use toxic photoswitching-inducing buffers [31], specialised 
fluorophores [32, 33], damaging high-intensity illumination 
[34] or specialised equipment [5, 35] when compared to other 
SRM methods [3–5, 35].

SRRF is based on similar principles to SMLM, with 
the key difference that it does not rely on the detection of 

spatio-temporally isolated fluorophores. Instead, SRRF gen-
erates a magnified pixel grid where each pixel value relates to 
the probability of fluorophores existing in that corresponding 
region of space. To do this, SRRF calculates the local radial 
symmetry (‘radiality’) in each pixel of the magnified image 
using local intensity gradient information. The obtained radi-
ality value will be high when a point-spread-function (PSF) 
profile transiently becomes dominant, highlighting the pres-
ence of a fluorescent molecule at that location. Furthermore, 
the fluctuations of radiality values follow the underlying natu-
ral intensity fluctuations of fluorophores, which have a distinct 
temporal signature to that of noise [18].

Therefore, a temporal correlation of the radiality at each 
pixel can be projected into a final image, where the structures 
of interest will be better resolved.

Thanks to its low-illumination requirement, SRRF is 
highly suited to enable live-cell SRM and allows for long 
SRM timelapse acquisitions [10]. Figure  4 shows a typical 
live-cell SRRF acquisition of a COS-7 cell expressing UtrCH-
GFP (a probe for actin filaments) imaged at 33.3 Hz. The 
dataset shown is part of a longer  >  30 min time-course dataset 
(see supplementary movie). SRRF allows the observation of 
protein dynamics (e.g. actin) during long periods with no per-
ceivable phototoxicity.

Figure 3. Multi-colour channel registration with NanoJ-Core. 
(a) Composite image of multi-colour TetraSpeck™ beads imaged 
in two different channels (‘GFP-channel’ indicated in green and 
‘mCherry-channel’ in magenta), prior to (left) and after (right) 
channel registration using NanoJ-Core. Insets—individual beads 
from indicated locations. Scale bars: 25 µm, insets: 0.5 µm. (b) 
Vectorial representation of the shift between the two channels 
(left, displacement vector length 50 times larger for representation 
purposes), horizontal (middle) and vertical (right) shift maps 
obtained and applied to the data shown in (a). Scale bars: 25 µm.

Figure 4. Live-cell SRM with NanoJ-SRRF. (a) Comparison of 
widefield (left) and SRRF reconstruction (right) obtained from a 
COS-7 cell expressing UtrCH-GFP to label actin filaments. Scale 
bar: 5 µm. (b) Time-course of the inset shown in (a), obtained from 
a continuous imaging at 30 ms exposure (33.3 Hz) and displayed 
every 30 s. Scale bar: 1 µm. (c) Colour-coded time course dataset 
from (b). Scale bar: 1 µm.

J. Phys. D: Appl. Phys. 52 (2019) 163001
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NanoJ-SRRF, the software implementation of the SRRF 
algorithm, uses GPU computing whenever possible to accel-
erate radial symmetry calculations. This is achieved by imple-
menting part of its analytic engine in OpenCL, with a fallback 
of execution to the CPU if a compatible graphics card is not 
detected.

NanoJ-SQUIRREL: estimating image quality

SRM techniques are more complex than conventional dif-
fraction-limited microscopy. This complexity arises from 
the sample preparation requirements (SMLM), the micro-
scope hardware (stimulated emission depletion microscopy 
or STED, structure illumination microscopy or SIM) and the 
post-acquisition image processing (SMLM, SIM). Unsuitable 
choices in any of these underlying variables can lead to arte-
facts within the final image and the potential for false con-
clusions to be drawn. NanoJ-SQUIRREL (super-resolution 
quantitative image rating and reporting of error locations) 
is an algorithm that highlights the presence of artefacts in 
super-resolution images. It does so by calculating quantita-
tive maps showing both local SRM image quality and resolu-
tion [11] and can thus be used to optimise acquisition and 
analysis workflows [10].

The central concept of SQUIRREL is that a diffraction-
limited image and the corresponding SRM image of the same 
region should contain the same underlying structure, just at 
different resolutions. Thus, the diffraction-limited image can 
be treated as a high-confidence benchmark against which the 
SRM image can be compared. The SQUIRREL image quality 
assessment algorithm formalises this comparison analytically.

NanoJ-SQUIRREL quality assessment requires the user to 
provide an acquired diffraction-limited image and the SRM 
image of the same structure (figure 5(a)). As both images 
represent the underlying fluorophore distribution but at dif-
ferent resolutions, there exists a blurring function that can 
convert the SRM image into its diffraction-limited equivalent. 
SQUIRREL calculates this blurring function and applies it to 
the SRM image. The blurred image is then compared against 
the diffraction-limited reference. This generates three qual-
ity indicators. An error map is produced that maps the dis-
crepancy between the blurred SRM image and the reference 
image at every pixel (figure 5(b)). This highlights regions 
where the super-resolution image is inconsistent with the 
reference image. For example, the three insets in figure 5(b) 
show typical SMLM artefacts including incomplete structures 
and interstructure mislocalization. Two global quality metrics 
are also generated for each image: the RSP (resolution scaled 
Pearson’s correlation coefficient) and the RSE (resolution 
scaled error). The RSP can take a value in the interval [−1, 
1] and describes the structural agreement between the blurred 
super-resolution and reference images. Here, higher values 
indicate better agreement, with an RSP of 1 indicating a per-
fect structural match. The RSE describes the mean intensity 
mismatch between the blurred super-resolution and reference 
images; in this case lower values represent better agreement 
with a value of 0 indicating a perfect intensity match.

NanoJ-SQUIRREL: estimating image resolution

The purpose of SRM is to resolve finer structural detail than is 
achievable with conventional diffraction-limited microscopy. 
It is therefore useful to have an objective measurement of res-
olution within a super-resolution image, for example to enable 
meaningful analysis and structural hypotheses that stay in line 
with the actual precision of the data. The current standard 
for measuring image resolution in SMLM images is Fourier 
ring correlation (FRC) [36]. This method involves compar-
ing two independently acquired super-resolution images of 
the same field-of-view so that they only differ by their noise 

Figure 5. Quality assessment and resolution mapping with 
NanoJ-SQUIRREL. (a) A super-resolution rendering (left) and 
acquired widefield image (right) of fixed microtubules labelled 
with Alexa Fluor-647. (b) Left: SQUIRREL error map highlighting 
discrepancies between the super-resolution and diffraction-limited 
images in (a). Right: magnified insets of super-resolution rendering 
at indicated positions on error map. (c) Left: SQUIRREL resolution 
map of the super-resolution image in (a). Right: magnified insets of 
super-resolution rendering for indicated resolution blocks. Whole 
image scale bars  =  5 µm, inset scale bars  =  1 µm.

J. Phys. D: Appl. Phys. 52 (2019) 163001
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components. For SMLM datasets the two SRM images are 
usually obtained by splitting localizations from odd and even 
frames. The correlation between these two SRM images is 
measured at different frequencies in Fourier space; the fre-
quency at which this correlation drops below a set threshold 
indicates the resolution of the image. FRC has been previously 
implemented in ImageJ [36], but only gives a single resolution 
measurement for the entire field of view. However, resolution 
is not necessarily homogeneous across the SRM image (figure 
5(c)). This is particularly true for SMLM methods as local-
ization accuracy depends strongly on labelling density and 
laser illumination intensity, which can both vary considerably 
within a single field of view.

Furthermore, FRC can generate biased measurements for 
certain fluorophore distributions such as point-like patterns. 
Therefore, an additional feature of the NanoJ-SQUIRREL 
plugin is local mapping of FRC resolution across an image. To 
do this, the user provides an image stack comprising two inde-
pendent renderings of the same dataset (e.g. through the odd/
even frames splitting as described above). The images are then 
spatially split into equal-sized blocks and FRC analysis is run 
locally on each block. For blocks where there is insufficient 
correlation to generate an FRC resolution value, a resolution 
value is interpolated from neighbouring blocks. Figure  5(c) 
shows the FRC map obtained from the SRM image shown in 
(a). This map highlights that the resolution in this image varies 
between 85 and 36 nm.

It is important to note that high resolution (that is, a low 
FRC value) does not imply that the super-resolution image has 
depicted structures correctly; it only means that there is low 
variation in the locations of the fluorophores between the two 
rendered images. Therefore, the error mapping functionality 
within NanoJ-SQUIRREL can complement FRC-mapping 
in order to obtain a more complete perspective on super- 
resolution image quality.

NanoJ-VirusMapper: structural mapping  
and modelling

As part of the NanoJ framework, we include a unique single-
particle analysis (SPA) tool called NanoJ-VirusMapper. It is 
the first open-source, freely available algorithm for unbiased, 
high-throughput SPA of fluorescence imaging and allows the 
structural modelling of viruses and other macromolecular 
complexes [12–14]. The principle of SPA is to image many 
identical copies of a structure, independently of its orienta-
tion, and align and combine them to build an averaged struc-
tural map of the underlying structure with high SNR [37–41].

The SPA implementation of VirusMapper facilitates auto-
matic processing of multiple images to detect, segment, 
align, classify and average thousands of individual struc-
tures. It is entirely general, assuming no underlying sym-
metry or other properties of the imaged structure. Here, we 
illustrate this with models of three distinct vaccinia virus 
substructures [42]: core, lateral bodies (LBs) and mem-
brane. All three substructures were labelled on viral parti-
cles and imaged with SIM (figure 6(a), top). VirusMapper 

can explicitly incorporate information from multiple fluores-
cence channels to enable multi-component modelling. Here, 
the images of the LBs and the core were used to find the 
orientations of each particle in the dataset. This allowed us to 
create simultaneous models of the three components of the 
virus (figure 6(a), bottom). 

VirusMapper can also be used to separately model dif-
ferent 3D orientations of a structure. Here, we highlight this 
capability on a study of the division ring in the thermoaci-
dophilic archaeon Sulfolobus acidocaldarius, strain DSM639 
(figure 6(b)). Sulfolobus cells were labelled for both their 
outer S-layer and the division ring, as marked by the archaeal 
ESCRT-III homolog CdvB. The images of the division ring 
were used to identify different orientations of the cells (figure 
6(b)) and separate templates were created using VirusMapper. 
Parallel models were then generated of the division ring and 
the S-layer using these templates for each orientation. The 
models obtained from the two channels can then be overlayed 

Figure 6. Quantitative SPA-based modelling with NanoJ-
VirusMapper. (a) Top: aligned SIM images of individual vaccinia 
particles labelled for L4 (core), F17 (LBs) and A17 (membrane, 
mem.). Bottom: VirusMapper models of the three channels. Scale 
bars: 200 nm. (b) Top: aligned SIM images of individual Sulfolobus 
acidocaldarius cells labelled for the S-layer (S) and the archaeal 
ESCRT-III homolog CdvB (CdvB). Bottom: VirusMapper models 
of three different orientations of the cells; magenta—S-layer, 
green—CdvB. Scale bars: 1 µm.
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(figure 6(b), bottom). VirusMapper is compatible with any 
fluorescence microscopy method and has been demonstrated 
with SIM, STED microscopy [12] and SMLM (figure S1). The 
general approach of the method enables it to even be applied 
to correlative combinations of methods (figure S1).

NanoJ-Fluidics: sample liquid exchange

NanoJ-Fluidics is a hardware and software framework for 
precise and accurate automated liquids exchange [15]. It was 
developed to enable automation of sample treatment and label-
ling of live or fixed specimens directly on the microscope stage 
[15, 43]. The NanoJ-Fluidics hardware component is com-
posed of customisable, low-cost and robust LEGO® syringe 
pumps and a liquid removal peristaltic pump, all controlled 
by simple Arduino® electronics. It is compatible with off-the-
shelf imaging chambers, without the need for any microfab-
rication. Its control software (the NanoJ-Fluidics software) 
is ImageJ-based and can be fully integrated with microscopy 
acquisition software. We have demonstrated the applicability 
of NanoJ-Fluidics in multiple experimental contexts, includ-
ing in-situ correlative live-to-fixed super-resolution imaging, 
multimodal super-resolution imaging and event-driven fixa-
tion [15]. The approach can also be easily extended to proto col 
optimisation (e.g. titrating antibody concentrations or adjust-
ing imaging buffer composition) or liquid exchange protocols 

integrated with the imaging (e.g. drug delivery or automated 
event-driven fixation).

Here, we demonstrate NanoJ-Fluidics by acquiring a high 
quality multicolour SMLM dataset, where STORM and DNA-
PAINT [44] imaging strategies are combined into a single 
workflow (figure 7(a)). This approach is particularly suited to 
multi-target imaging [32], which is difficult to achieve with 
standard sample preparation techniques due to the low num-
ber of suitable fluorophores available for SMLM microscopy. 
With NanoJ-Fluidics, we can seamlessly perform all label-
ling steps in an automated and reliable manner directly on 
the microscope stage. We showcase this using a four-channel 
acquisition of actin with STORM, and mitochondria, vimentin 
and clathrin with DNA-PAINT (figure 7(b)). NanoJ-Fluidics’ 
highly customisable nature has already spawned several 
alternative designs from the community (https://github.com/
HenriquesLab/NanoJ-Fluidics/wiki), which are in constant 
development. NanoJ-Fluidics makes imaging protocol auto-
mation readily available to researchers, hence improving not 
only the reliability and repeatability of the protocols, but also 
the range of protocols that are achievable.

Discussion and future perspectives

The NanoJ framework provides a unique and comprehen-
sive set of tools to support fluorescence imaging, from data 

Figure 7. Automated DNA-PAINT and STORM imaging. (a) NanoJ-Fluidics workflow used for multi-color STORM and DNA-PAINT 
imaging. (b) Left: 4-channel merge of STORM and DNA-PAINT with actin (red, STORM), mitochondria (green, DNAPAINT I1 strand), 
vimentin (yellow, DNA-PAINT I2 strand) and clathrin (cyan, DNAPAINT I3 strand). Right: single-channel images from the inset. Scale 
bars: 2 µm.
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acquisition and protocol optimisation to structural quantifica-
tion. It offers powerful and user-friendly solutions to common 
pitfalls of image analysis such as drift correction and channel 
registration (NanoJ-Core). It extends the tools available for 
SRM to expert and novice users alike and aligns with the gen-
eral aim of the community to extend SRM to live-cell appli-
cations, offering the first open-source analytical approach for 
live cell SRM imaging (NanoJ-SRRF). NanoJ offers a way 
to correlate dynamic live-cell data with high-resolution fixed 
cell data in an automated and highly reproducible manner 
(NanoJ-Fluidics). It incorporates an analytical method for 
the generation of accurate, high-content, molecular specific 
models (NanoJ-VirusMapper). Finally, the NanoJ framework 
provides tools to quantitatively assess SRM image quality by 
spatially mapping unbiased quality metrics, artefacts (errors) 
and FRC resolution (NanoJ-SQUIRREL), with the aim to 
improve standards in assessing and reporting microscopy data.

The NanoJ framework gives access to user-friendly yet 
robust analytical methods in tandem with new approaches to 
perform live-cell SRM experiments. A typical SRM live-cell 
imaging experiment using the NanoJ framework would entail 
acquiring a SRRF-compatible raw dataset in any modern fluo-
rescence microscope; performing drift correction and channel 
registration; followed by SRRF analysis for SRM image recon-
struction; and finally, quality check using SQUIRREL. Used 
concomitantly in this manner, these tools can be used to address 
a large variety of biological questions and can be seamlessly 
repeated for imaging protocol optimisation and complemented 
using NanoJ-VirusMapper and/or NanoJ-Fluidics. Thus, the 
NanoJ-enabled scientific pipeline allows any user, regardless 
of the experience level, to seamlessly obtain SRM quantita-
tive data of the highest scientific quality. The NanoJ framework 
was developed to facilitate access and expand the options of 
research groups using fluorescence microscopy. Hence, speed, 
reliability, performance and cross-compatibility are of para-
mount importance. In this context, NanoJ has been designed 
for high-performance image analysis, using GPU computing, 
ensuring the quick processing of large data volumes [45–49]. 
Further, NanoJ’s modular and open-source nature and its inte-
gration within ImageJ allow it to be used in conjunction with 
other analysis software packages [50–53]. We are continuously 
supporting, adapting and expanding the framework to include 
new approaches, such as 3D imaging.

We expect NanoJ to set the standard for useful, open-
source, high performance methods for the whole microscopy 
community.

Software and hardware availability

NanoJ follows opensource software and hardware standards. 
Each of its modules can be installed by enabling the corre-
sponding code repository in Fiji or by following the instruc-
tions on the corresponding websites:

 •  https://gith ub.com/HenriquesLab/NanoJ-Core
 •  https://git hub.com/HenriquesLab/NanoJ-SRRF

 •  https://bitbuc ket.org/rhenriqueslab/NanoJ-SQUIRREL
 •  https://bitbuck et.org/rhenriqueslab/NanoJ-VirusMapper
 •  https://git hub.com/HenriquesLab/NanoJ-Fluidics
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