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Now that Methods and Applications in Fluorescence (MAF) is in its 7th year of publication, 
we felt that this would be a good time to look back over some of the fantastic work published 
since the journal’s launch at the end of 2012. In that time, MAF has started to establish itself 
as the home of the highest-quality fluorescence research, which, we are pleased to say, is 
also available to our readers via MEDLINE®, Scopus® and Web of Science™. 

The journal was created to serve the fluorescence community whose research is all too 
often dispersed in broad-scope journals and may not reach the audience that it deserves. 
As a community journal we were pleased to partner with IOP Publishing, a learned society 
publisher owned by the UK Institute of Physics. We feel that MAF gives a fitting home 
to what is truly a multi-disciplinary field, combining cutting-edge optical and imaging 
techniques with organic chemistry and biochemistry to address some of the major issues 
in biology and medicine.

We wanted to share with you a selection of the articles published over the last few years to 
enable new readers to have a flavour of the work that we publish and to showcase some of 
the best work published in the journal.

Working in a multi-disciplinary field has its own challenges, and to help address some of 
these, our Editorial Board commission high-quality topical reviews from leading experts, 
which serve as introductions to different areas and sources of further reading for new 
researchers as well as those who are more experienced. Some of the interesting topics 
highlighted in this collection include: 

•  Bioorthogonal fluorescent labels 
• Intracellular FRET-based probes
• Fluorescent dyes with large Stokes shifts 
• Lanthanide fluorescence 
• Nanoparticle fluorescence 
• Thermally activated delayed fluorescence (TADF) 
• Optical super-resolution microscopy 

From the readership figures we know that these have already been of value to thousands 
of you and we strongly recommend you take a look as you’re sure to find something to 
interest you. We hope you enjoy the present collection, and are encouraged to publish 
your own best work with us. As Editors, we oversee the peer review of all articles so would 
be delighted to read your latest work if you choose to send it to us. Most authors receive a 
publication decision on their articles in 6–7 weeks, as we know how important it is to have 
your work published quickly.

Finally all that remains is for us to express our thanks to all the authors, reviewers and 
Editorial Board members who have supported MAF during the last few years by helping us 
to maintain the high standards of research that the journal is committed to.

Editors-in-Chief: David J S Birch, Yves Mély and Otto Wolfbeis

Welcome

David J S Birch
Strathclyde 
University, UK

Yves Mély
Université de 
Strasbourg, France

Otto Wolfbeis
Universität 
Regensburg, 
Germany

Nanopositioning Systems
Microscope Stages

Single Molecule Microscopes

Europe 
+41 (0)58 269 8017

sales@madcitylabs.eu
www.madcitylabs.eu

USA
+1 608 298 0855

sales@madcitylabs.com
www.madcitylabs.com

Automation and Microscope Stages

Piezo Nanopositioners
for Super Resolution Microscopy

and Confocal Microscopy

RM21® Microscopes

Unique MicroMirror TIRF microscope
Direct Optical Pathway Access

Integrated Piezo Nanopositioning



Methods and Applications in Fluorescence

4       iopscience.org/maf

Contents
Editorial Board 6

Fluorescence dyes, probes and other molecules 7

Lanthanide fluorescence 12

Nanoparticle fluorescence 15

Author spotlight: Interview with Fernando B Dias 18

Thermally activated delayed fluorescence 19

Aggregation-induced emission 20

Fluorescence decays  22 

Fluorescence polarization and anisotropy 25 

Excited state proton transfer  26

FRET 28

Two-photon fluorescence 30

Upconversion 31

Super-resolution microscopy  32

Biological applications  35 

Contact us  37 

Cover image: Real fluorescence microscopic view of cancer cells in a 
human brain tumor. Credit: Damian Ryszawy/Shutterstock.



Methods and Applications in Fluorescence

horiba.com/duetta

• Acquire complete Excitation Emission Matrices (EEMs) in less than 1 second!

• Acquire complete Fluorescence spectrum in the blink of an eye!

• High fidelity Molecular Fingerprinting with unique A-TEEM™ Technology

• Highest level of fluorescence sensitivity with 6,000:1 RMS for Water Raman

• New EzSpec™ touchscreen software

Two in One UV-Vis-NIR Fluorescence and Absorbance Instrument

Follow us @HScientific
and join the conversation
with #Duetta 

DuettaTM



Methods and Applications in FluorescenceMethods and Applications in Fluorescence

6       iopscience.org/maf

Editorial Board
Editors-in-Chief
David J S Birch Strathclyde 
University, UK

Yves Mély Université de  
Strasbourg, France 

Otto S Wolfbeis Universität 
Regensburg, Germany

Editorial Board
Manfred Auer University of Edinburgh, UK 
Mario Berberan e Santos Universidade de Lisboa, 
Portugal
Alexander P Demchenko National Academy of 
Sciences, Kiev, Ukraine
Alberto Diaspro Istituto Italiano di Tecnologia, 
Genoa, Italy
Michelle Digman University of California—Irvine, 
USA
Cristina Flors IMDEA, Madrid, Spain
Hans C Gerritsen Utrecht University, the 
Netherlands
Zygmunt (Karol) Gryczynski Texas Christian 
University, Fort Worth, USA
Niko Hildebrandt Institut de Biologie Intégrative de 
la Cellule, CNRS, France
Stefan Jakobs Max Planck Institute for Biophysical 
Chemistry, Germany
David M Jameson University of Hawaii, Honolulu, 
USA
Yun-Bao Jiang Xiamen University, China
Lennart B Å Johansson University of Umeå, Sweden
Anita C Jones The University of Edinburgh, UK
Clemens Kaminski University of Cambridge, UK

G Krishnamoorthy Tata Institute of Fundamental 
Research, Mumbai, India
Marina Kuimova Imperial College London, UK
Joseph R Lakowicz University of Maryland, 
Baltimore, USA
Bo W Laursen University of Copenhagen, Denmark
Marcia Levitus Arizona State University, USA
János Matkó Eötvös-Loránd University, Budapest, 
Hungary
Igor Medintz United States Naval Research 
Laboratory, USA
Luca Prodi University of Bologna, Italy
Jicun Ren Shanghai Jiaotong University, China
Ute Resch-Genger Federal Institute for Materials 
Research and Testing, Berlin, Germany
Markus Sauer Julius-Maximilians-University, 
Wurzburg, Germany
Trevor Smith University of Melbourne, Australia
Klaus Suhling King’s College London, UK
Jacek Waluk Polish Academy of Sciences, Warsaw, 
Poland
Jerker Widengren Royal Institute of Technology, 
Stockholm, Sweden

Did you know?
MAF’s Impact Factor is 2.165*
*As listed in the 2017 Journal Citation Reports  
(Clarivate Analytics, 2018)

Did you know?
The Editorial Board oversees 
the peer review of all articles.



Methods and Applications in FluorescenceMethods and Applications in Fluorescence

iopscience.org/maf      7

Fluorescent dyes with large Stokes shifts for super-resolution 
optical microscopy of biological objects: a review

Maksim V Sednev, Vladimir N Belov and Stefan W Hell

2015 Methods Appl. Fluoresc. 3 042004

The review deals with commercially available organic dyes possessing large Stokes 
shifts and their applications as fluorescent labels in optical microscopy based on 
stimulated emission depletion (STED). STED microscopy breaks Abbe’s diffraction 
barrier and provides optical resolution beyond the diffraction limit. STED microscopy is 
non-invasive and requires photostable fluorescent markers attached to biomolecules or 
other objects of interest. Up to now, in most biology-related STED experiments, bright and 
photoresistant dyes with small Stokes shifts of 20–40 nm were used. The rapid progress 
in STED microscopy showed that organic fluorophores possessing large Stokes shifts 
are indispensable in multi-color super-resolution techniques. The ultimate result of the 
imaging relies on the optimal combination of a dye, the bio-conjugation procedure and 
the performance of the optical microscope. Modern bioconjugation methods, basics of 
STED microscopy, as well as structures and spectral properties of the presently available 
fluorescent markers are reviewed and discussed. In particular, the spectral properties 
of the commercial dyes are tabulated and correlated with the available depletion 
wavelengths found in STED microscopes produced by LEICA Microsytems, Abberior 
Instruments and Picoquant GmbH.

Fluorescent probes and nanoparticles for intracellular sensing  
of pH values

Wen Shi, Xiaohua Li and Huimin Ma

2014 Methods Appl. Fluoresc. 2 042001

Intracellular pH regulates a number of cell metabolism processes and its sensing is thus 
of great importance for cell studies. Among various methods, fluorescent probes have 
been widely used for sensing intracellular pH values because of their high sensitivity 
and spatiotemporal resolution capability. In this article, the development of fluorescent 
probes with good practicability in sensing intracellular pH values and pH variation during 
2009−2014 is reviewed. These fluorescence probes are divided into two kinds: small 
molecules and nanoparticles. Photophysical properties, advantages/disadvantages and 
applications of the two kinds of probes are discussed in detail.

Fluorescence dyes, probes and other molecules

Vladimir N Belov

Huimin Ma

REVIEW

REVIEW
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FLUORESCENCE DYES, PROBES AND OTHER MOLECULES

Bioorthogonal fluorescent labels: a review on combined forces

Gergely B Cserép, András Herner and Péter Kele

2015 Methods Appl. Fluoresc. 3 042001

This review ventures to summarize the latest developments in bioorthogonal fluorescent 
imaging labels with a special focus on bioimaging applications. We briefly summarize 
the most preferred means of bioorthogonal tagging schemes for the labeling of specific 
biomolecular structures. The review is structured by the type of the fluorescent labels 
that can address the problems that most commonly compromise fluorescent imaging 
techniques, i.e. the autofluorescence of biomolecules, the background fluorescence 
of unreacted reagents, and photobleaching. Thus, we present (i) far-red/near-infra-red 
emitting dyes, (ii) fluorogenic scaffolds, and (iii) nanoparticle-based signaling platforms.

Péter Kele

REVIEW

Determining a fluorophore’s transition dipole moment from 
fluorescence lifetime measurements in solvents of varying 
refractive index 

Pei-Hua Chung, Carolyn Tregidgo and Klaus Suhling

2016 Methods Appl. Fluoresc. 4 045001

The transition dipole moment of organic dyes PM546 and rhodamine 123 is calculated 
from fluorescence lifetime measurements in solutions of different refractive index. A 
model proposed by Toptygin et al (2002 J. Phys. Chem. B 106 3724–34) provides 
a relationship between the radiative rate constant and refractive index of the solvent, 
and allows the electronic transition dipole moments to be found: it is (7.1  ±  1.1) D for 
PM546 which matches that found in the literature, and (8.1  ±  0.1) D for rhodamine 123. 
Toptygin’s model goes further in predicting the shape of the fluorescent dye and here we 
predict the shape of PM546 and rhodamine 123 to be ellipsoidal.

Klaus Suhling

Methods and Applications in Fluorescence
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A general synthetic route to isomerically pure functionalized 
rhodamine dyes

Gemma Mudd, Irene Pérez Pi, Nicholas Fethers, Peter G Dodd, Olivier R Barbeau  
and Manfred Auer

2015 Methods Appl. Fluoresc. 3 045002

A well-documented obstacle in the synthesis of functionalized rhodamine dyes is the 
generation of regioisomers which are difficult to separate. These isomers occur due to the 
use of unsymmetrical anhydride reagents, which possess two potential points of reactivity 
where condensation with meta-aminophenols can take place. In this report we describe 
a method which eliminates this problem by using phthalaldehydic acids as anhydride 
replacements. These reagents provide only one point of reactivity for the aminophenol, 
thus allowing direct access to single isomer tetramethylrhodamines and avoiding isomer 
generation altogether. A range of functionalities are shown to be tolerated at the 5- and 
6-position of the dye compounds which are prepared in up to gram quantities using our 
method. The scope of the method is further demonstrated by the preparation of additional 
rhodamine family members Rhodamine B and X-Rhodamine.

Gemma Mudd

FLUORESCENCE DYES, PROBES AND OTHER MOLECULES

Azobenzene-caged sulforhodamine dyes: a novel class of  
‘turn-on’ reactive probes for hypoxic tumor cell imaging  

Arnaud Chevalier, Wen Piao, Kenjiro Hanaoka, Tetsuo Nagano, Pierre-Yves Renard 
and Anthony Romieu 

2015 Methods Appl. Fluoresc. 3 044004

New sulforhodamine-based fluorescent ‘turn-on’ probes have been developed for the 
direct imaging of cellular hypoxia. Rapid access to this novel class of water-soluble 
‘azobenzene-caged’ fluorophores was made possible through an easily-implementable 
azo-coupling reaction between a fluorescent primary arylamine derived from a 
sulforhodamine 101 scaffold (named SR101-NaphtNH2) and a tertiary aniline whose 
N-substituents are neutral, cationic, or zwitterionic. The detection mechanism is based 
on the bioreductive cleavage of the azo bond that restores strong far-red fluorescence 
(emission maximum at 625 nm) by regenerating the original sulforhodamine SR101-
NaphtNH2. This valuable fluorogenic response was obtained for the three ‘smart’ probes 
studied in this work, as shown by an in vitro assay using rat liver microsomes placed under 
aerobic and then under hypoxic conditions. Most importantly, the probe namely SR101-
NaphtNH 2 -Hyp-diMe was successfully applied for imaging the hypoxic status of tumor 
cells (A549 cells).

Pierre-Yves Renard

Methods and Applications in Fluorescence
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Azadioxatriangulenium: a long fluorescence lifetime fluorophore 
for large biomolecule binding assay

Thomas Just Sørensen, Erling Thyrhaug, Mariusz Szabelski, Rafal Luchowski, 
Ignacy Gryczynski, Zygmunt Gryczynski and Bo W Laursen

2013 Methods Appl. Fluoresc. 1 025001

Of the many optical bioassays available, sensing by fluorescence anisotropy has great 
advantages as it provides a sensitive, instrumentally simple, ratiometric method of 
detection. However, it is hampered by a severe limitation, as the emission lifetime of 
the label needs to be comparable to the correlation lifetime (tumbling time) of the 
biomolecule which is labelled. For proteins of moderate size this is on the order of 
20–200 ns, which due to practical issues currently limits the choice of labels to the 
dansyl-type dyes and certain aromatic dyes. These have the significant drawback of UV/
blue absorption and emission as well as an often significant solvent sensitivity. Here, we 
report the synthesis and characterization of a new fluorescent label for high molecular 
weight biomolecule assay based on the azadioxatriangulenium motif. The NHS ester of the 
long fluorescence lifetime, red-emitting fluorophore: azadioxatriangulenium (ADOTA-NHS) 
was conjugated to anti-rabbit Immunoglobulin G (antiIgG). The long fluorescence lifetime 
was exploited to determine the correlation time of the high molecular weight antibody 
and its complex with rabbit Immunoglobulin G (IgG) with steady-state fluorescence 
anisotropy and time-resolved methods: solution phase immuno-assay was performed 
following either steady-state or time-resolved fluorescence anisotropy. By performing a 
variable temperature experiment it was determined that the binding of the ligand resulted 
in an increase in correlation time of more than 75%, and an increase in the steady-state 
anisotropy of 18%. The results show that the triangulenium class of dyes can be used in 
anisotropy assay to detect binding events involving biomolecules of far larger size than 
what is possible with most other red-emitting organic dyes.

FLUORESCENCE DYES, PROBES AND OTHER MOLECULES

Thomas Just 
Sørensen
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Sensing temperature via downshifting emissions of  
lanthanide-doped metal oxides and salts. A review 

Miroslav D Dramićanin 

2016 Methods Appl. Fluoresc. 4 042001

Temperature is important because it has an effect on even the tiniest elements of 
daily life and is involved in a broad spectrum of human activities. That is why it is the 
most commonly measured physical quantity. Traditional temperature measurements 
encounter difficulties when used in some emerging technologies and environments, 
such as nanotechnology and biomedicine. The problem may be alleviated using optical 
techniques, one of which is luminescence thermometry. This paper reviews the state 
of luminescence thermometry and presents different temperature read-out schemes 
with an emphasis on those utilizing the downshifting emission of lanthanide-doped 
metal oxides and salts. The read-out schemes for temperature include those based on 
measurements of spectral characteristics of luminescence (band positions and shapes, 
emission intensity and ratio of emission intensities), and those based on measurements 
of the temporal behavior of luminescence (lifetimes and rise times). This review (with 
140 references) gives the basics of the fundamental principles and theory that underlie 
the methods presented, and describes the methodology for the estimation of their 
performance. The major part of the text is devoted to those lanthanide-doped metal 
oxides and salts that are used as temperature probes, and to the comparison of their 
performance and characteristics.

Lanthanide fluorescence

Miroslav D 
Dramićanin

REVIEW
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Did you know?
When you submit an article to an IOP Publishing journal, you can now quickly 
and easily find out what is happening to your submission throughout the 
publication process by using our new Track my article service. Simply input your 
manuscript ID and you will be able to see up to the minute information on the 
status of your paper. Go to publishingsupport.iopscience.org to find out more.

Luminescent lanthanide reporters: new concepts for use  
in bioanalytical applications 

Johanna Vuojola and Tero Soukka

2014 Methods Appl. Fluoresc. 2 012001

Lanthanides represent the chemical elements from lanthanum to lutetium. They 
intrinsically exhibit some very exciting photophysical properties, which can be further 
enhanced by incorporating the lanthanide ion into organic or inorganic sensitizing 
structures. A very popular approach is to conjugate the lanthanide ion to an organic 
chromophore structure forming lanthanide chelates. Another approach, which has 
quickly gained interest, is to incorporate the lanthanide ions into nanoparticle structures, 
thus attaining improved specific activity and a large surface area for biomolecule 
immobilization. Lanthanide-based reporters, when properly shielded from the quenching 
effects of water, usually express strong luminescence emission, multiple narrow emission 
lines covering a wide wavelength range, and exceptionally long excited state lifetimes 
enabling time-gated luminescence detection. Because of these properties, lanthanide-
based reporters have found widespread applications in various fields of life. This review 
focuses on the field of bioanalytical applications. Luminescent lanthanide reporters and 
assay formats utilizing these reporters pave the way for increasingly sensitive, simple, and 
easily automated bioanalytical applications.

LANTHANIDE FLUORESCENCE

Tero Soukka

REVIEW
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Nanoparticles and nanocomposites for fluorescence 
sensing and imaging

Alexander P Demchenko

2013 Methods Appl. Fluoresc. 1 022001

The assortment of fluorescence reporters is changing dramatically. Traditionally 
explored intrinsic fluorescence of biological macromolecules and cellular pigments 
and of externally introduced organic dyes are presently in strong competition with new 
nanomaterials. Among them are conjugated polymers, semiconductor nanocrystals 
(quantum dots), up-converting nanocrystals, magic-size clusters of silver and gold, 
nanodiamonds and carbon dots. They demonstrate diverse photophysical behavior and 
allow one to obtain diverse information when used in analytical tools or when they form 
images in biological systems. Based on them, functional nanocomposites displaying a 
variety of useful features, thus extending dramatically the information content of output 
data, can be constructed. We describe their properties and compare them with those of 
small-molecular emitters, such as organic dyes. With their aid, one can modulate over 
a wide range the wavelengths of excitation and emission, the lifetimes and anisotropies 
and design the systems with ‘superenhancement’ and ‘superquenching’. Such unlimited 
possibilities are offered by combining different types of luminophores based on electronic 
conjugation, plasmonic effects or excited-state resonance energy transfer. This tutorial 
review provides a comparative analysis of the properties of new nanoscale materials and 
of their hybrid nanocomposites for applications in fluorescence sensing and imaging.

Alexander P 
Demchenko

Nanoparticle fl uorescence

REVIEW

Unusually large Stokes shift for a near-infrared emitting 
DNA-stabilized silver nanocluster   

Sidsel Ammitzbøll Bogh, Miguel R Carro-Temboury, Cecilia Cerretani, 
Steven M Swasey, Stacy M Copp, Elisabeth G Gwinn and Tom Vosch 

2018 Methods Appl. Fluoresc. 3 044004

In this paper we present a new near-IR emitting silver nanocluster (NIR-DNA-AgNC) with 
an unusually large Stokes shift between absorption and emission maximum (211 nm 
or 5600 cm−1). We studied the effect of viscosity and temperature on the steady state 
and time-resolved emission. The time-resolved results on NIR-DNA-AgNC show that the 
relaxation dynamics slow down significantly with increasing viscosity of the solvent. In 
high viscosity solution, the spectral relaxation stretches well into the nanosecond scale. 
As a result of this slow spectral relaxation in high viscosity solutions, a multi-exponential 
fluorescence decay time behavior is observed, in contrast to the more mono-exponential 
decay in low viscosity solution.

Sidsel Ammitzbøll 
Bogh
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The FS5 Spectrofluorometer
Our benchtop spectrofluorometer, the FS5, combines the functionality of a single photon counting 
fluorescence spectrometer with a UV-Vis spectrophotometer to yield a highly versatile instrument. 
The FS5 features a wide selection of plug and play sample modules; ranging from integrating spheres to 
cryostats, enabling the FS5 to be tailored to any application.

Edinburgh Instruments is a leading manufacturer of steadystate and time-resolved 
fluorescence spectrometers. The company was founded in 1971 and now employs more 
than 100 staff at its headquarters and manufacturing facility just outside Edinburgh, 
Scotland. Today, Edinburgh Instruments manufactures a range of research grade single 
photon counting fluorescence spectrometers, transient absorption spectrometers and 
picosecond pulsed diode sources. 

Photophysical characterisation of 
perovskite quantum dots

Advertising feature

Features available in standard FS5

Excitation, emission, synchronous spectra
Absorption/transmission
Kinetic scans
Spectral maps
Live signal monitoring
Batch measurements
Automatic spectral correction
Plug and play sample holders/accessories
Service scans
Chromaticity analysis
Industry-leading Fluoracle® software

Features included with upgrades

Fluorescence lifetime (TCSPC)
Phosphorescence lifetime (MCS)
Near-infrared measurements (NIR)
Quantum yield analysis
Temperature scans/maps
Spectral and time-resolved anisotropy
Virtual (software) gating
Plate reader/multiple sample measurements
Fluorescence anisotropy

Measurement example: Quantum dot 
spectra, lifetime and quantum yield

The FS5 offers absorption and emission 
spectra, fluorescence lifetime, and quantum 
yield combined in one compact instrument. 
In this example, the FS5 is used to undertake 
a complete photophysical characterisation; 
comprising absorption spectra, fluorescence 
spectra, fluorescence lifetime, and quantum yield 
of a green emitting perovskite quantum dot.

(a) Absorption and emission spectra.  
The first step in any photophysical 
characterisation is accurate determination of the 
absorption and fluorescence emission spectra. 
The perovskite quantum dot was dissolved in 
cyclohexane and the fluorescence and absorption 
spectra of the solution measured using the 
cuvette holder module. Only an additional scan 
with the solvent is required for the absorbance 
measurement, without any changes to the 
instrument configuration.

(b) Quantum yield. The most reliable method 
to measure the fluorescence quantum yield is to 
use an integrating sphere. The integrating sphere 
sample module of the FS5 was used to measure 
the emission and scattering peaks of the quantum 
dot alongside a reference of cyclohexane.

Attaching the integrating sphere sample holder 
only takes a few seconds, and the FS5 operating 
software (Fluoracle®) has a built-in wizard 
to quickly calculate the quantum yield of any 
emitting sample. The desired scattering and 
emission integration ranges are defined by the 
user, and Fluoracle then integrates over the 
reference and sample spectra to calculate the 
quantum yield. The wizard includes the option to 
scale the reference emission to account for the 
higher level of scattered light in the sphere when 
a non-absorbing reference is present (scaled 
Reference in (b)). The quantum yield of the dot 
was calculated to be 56%, which is approaching 
the quantum yields achieved by traditional 
chalcogenide quantum dot emitters.

(c) Fluorescence lifetime. The final 
photophysical parameter that is important 
for the characterisation of quantum dots is 
the fluorescence lifetime, which provides 
information on the type of recombination 
processes occurring inside the dot. The FS5 can 
be equipped with a wide range of pulsed diode 
lasers and pulsed LEDs for the measurement of 
fluorescence decays using the technique of time-
correlated single photon counting (TCSPC). 
Fluoracle features intuitive measurement and 
analysis wizards for TCSPC; both data-acquisition 
and analysis are easy and time-efficient. The 
software was used to fit the fluorescence 
decay of quantum dots with a four-component 
exponential model and the intensity weighted 
average fluorescence lifetime calculated to  
be 19.1 ns.
In summary, due to the versatility and 
capabilities of the FS5 Spectrofluoro-
meter, a complete photophysical 
characterisation consisting of absorption 
and emission spectra, quantum yield and 
fluorescence lifetime was possible in a single 
compact instrument
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only takes a few seconds, and the FS5 operating 
software (Fluoracle®) has a built-in wizard 
to quickly calculate the quantum yield of any 
emitting sample. The desired scattering and 
emission integration ranges are defined by the 
user, and Fluoracle then integrates over the 
reference and sample spectra to calculate the 
quantum yield. The wizard includes the option to 
scale the reference emission to account for the 
higher level of scattered light in the sphere when 
a non-absorbing reference is present (scaled 
Reference in (b)). The quantum yield of the dot 
was calculated to be 56%, which is approaching 
the quantum yields achieved by traditional 
chalcogenide quantum dot emitters.

(c) Fluorescence lifetime. The final 
photophysical parameter that is important 
for the characterisation of quantum dots is 
the fluorescence lifetime, which provides 
information on the type of recombination 
processes occurring inside the dot. The FS5 can 
be equipped with a wide range of pulsed diode 
lasers and pulsed LEDs for the measurement of 
fluorescence decays using the technique of time-
correlated single photon counting (TCSPC). 
Fluoracle features intuitive measurement and 
analysis wizards for TCSPC; both data-acquisition 
and analysis are easy and time-efficient. The 
software was used to fit the fluorescence 
decay of quantum dots with a four-component 
exponential model and the intensity weighted 
average fluorescence lifetime calculated to  
be 19.1 ns.
In summary, due to the versatility and 
capabilities of the FS5 Spectrofluoro-
meter, a complete photophysical 
characterisation consisting of absorption 
and emission spectra, quantum yield and 
fluorescence lifetime was possible in a single 
compact instrument
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Interview with Fernando B Dias, co-author of “Photophysics of thermally 
activated delayed fluorescence molecules”, see p19. 

Dr Fernando Dias is a lecturer in materials physics at Durham University, UK. Dias’ 
research work focuses on the investigation of the dynamics of excited states in organic 
molecules aiming for the understanding of mechanisms that can be used to design new 
molecules in order to fulfil specific requirements and improve their performance in organic 
optoelectronic and photonic devices, such as OLEDs and photovoltaic devices. 

What is your MAF article about?   
The distinctly different behaviour of singlet and triplet excited states in conventional 
organic materials have important consequences in many applications of organic 
molecules. For example, in organic light emitting diodes (OLEDs), charges that are 
injected from the two opposite electrodes recombine in the active layer of the device, 
from where the electroluminescence of the device is originated. However, this process 
generates three times more “dark” triplet states than emissive singlet states. This 
represents a major drawback and limits the internal efficiency of these devices to 25%. 
The research effort to overcome this problem and extract light from triplet states in the 
context of organic electronics led to a focus upon metal-organic complexes, usually 
containing iridium or platinum atoms, and more recently copper. In these molecules, 
the triplet state becomes emissive due to the presence of heavy atoms, which introduce 
some singlet character into the triplet state and opens the radiative decay in this 
otherwise dark state. However, the materials based on heavy metals have stability 
problems and may create economic and environmental difficulties due to their higher 
cost and potential toxicity. Recently, mechanisms for harvesting triplet states for the 
radiative process in metal-free organic molecules have attracted great interest in many 
different applications. One of these mechanisms is the thermally activated delayed 
fluorescence (TADF), which we review in this article. In TADF the triplet states that are 
initially formed are harvested using the thermal energy and up-converted to the emissive 
singlet state to originate delayed fluorescence. In this way the 75% “dark” triplet states 
in OLEDs are converted into emissive species. The internal efficiency of the device is thus 
enhanced from 25% to 100%. 

What do you plan to do next? 
I am currently working on alternative ways to maximize triplet harvesting in organic 
molecules, exploring novel, metal-free, organic compounds, including macromolecules, 
specially designed to maximize triplet harvesting. The aim is the understanding of how 
molecular electronic properties can be manipulated to enhance the efficiency of TADF and 
room temperature phosphorescence (RTP) in order to implement their applications.

Author spotlight

Fernando B Dias
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Photophysics of thermally activated delayed  
fluorescence molecules

Fernando B Dias, Thomas J Penfold and Andrew P Monkman

2017 Methods Appl. Fluoresc. 5 012001

Thermally activated delayed fluorescence (TADF) has recently emerged as one of the 
most attractive methods for harvesting triplet states in metal-free organic materials for 
application in organic light emitting diodes (OLEDs). A large number of TADF molecules 
have been reported in the literature with the purpose of enhancing the efficiency of 
OLEDs by converting non-emissive triplet states into emissive singlet states. TADF 
emitters are able to harvest both singlets and triplet states through fluorescence (prompt 
and delayed), the latter due to the thermally activated reverse intersystem crossing 
mechanism that allows up-conversion of low energy triplet states to the emissive singlet 
level. This allows otherwise pure fluorescent OLEDs to overcome their intrinsic limit of 
25% internal quantum efficiency (IQE), which is imposed by the 1:3 singlet–triplet ratio 
arising from the recombination of charges (electrons and holes). TADF based OLEDS 
with IQEs close to 100% are now routinely fabricated in the green spectral region. There 
is also significant progress for blue emitters. However, red emitters still show relatively 
low efficiencies. Despite the significant progress that has been made in recent years, 
still significant challenges persist to achieve full understanding of the TADF mechanism 
and improve the stability of these materials. These questions need to be solved in 
order to fully implement TADF in OLEDs and expand their application to other areas. To 
date, TADF has been exploited mainly in the field of OLEDs, but applications in other 
areas, such as sensing and fluorescence microscopies, are envisaged. In this review, 
the photophysics of TADF molecules is discussed, summarising current methods to 
characterise these materials and the current understanding of the TADF mechanism in 
various molecular systems.

Methods and Applications in Fluorescence

Thermally activated delayed fluorescence

REVIEW

Author spotlights
Read the full interview with Dr Fernando Dias and colleagues at  
iopscience.org/maf/dias.
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Aggregation-induced emission—fluorophores and applications

Yuning Hong

2016 Methods Appl. Fluoresc. 4 022003

Aggregation-induced emission (AIE) is a novel photophysical phenomenon found in a 
group of luminogens that are not fluorescent in solution but are highly emissive in the 
aggregate or solid state. Since the first publication of AIE luminogens in 2001, AIE has 
become a hot research area in which the number of research papers regarding new AIE 
molecules and their applications has been increasing in an exponential manner. Thomson 
Reuters Essential Science Indicators ranked AIE no.3 among the Top 100 Research 
Frontiers in the field of Chemistry and Materials Science in 2013. In this review, I will give 
a general introduction of the AIE phenomenon, discuss the structure-property relationship 
of the AIE lumingens and summarize the recent progress in the applications including 
as light-emitting materials in optoelectronics, as chemosensors and bioprobes, and for 
bioimaging (total 69 references cited).

Yuning Hong

Aggregation-induced emission
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Fluorescent J-aggregates of cyanine dyes: basic research  
and applications review    

Julia L Bricks, Yuri L Slominskii, Ihor D Panas and Alexander P Demchenko 

2018 Methods Appl. Fluoresc. 6 012001

J-aggregates are fascinating fluorescent nanomaterials formed by highly ordered 
assembly of organic dyes with the spectroscopic properties dramatically different from 
that of single or disorderly assembled dye molecules. They demonstrate very narrow 
red-shifted absorption and emission bands, strongly increased absorbance together with 
the decrease of radiative lifetime, highly polarized emission and other valuable features. 
The mechanisms of their electronic transitions are understood by formation of delocalized 
excitons already on the level of several coupled monomers. Cyanine dyes are unique in 
forming J-aggregates over the broad spectral range, from blue to near-IR. With the aim 
to inspire further developments, this review is focused on the optical characteristics of 
J-aggregates in connection with the dye structures and on their diverse already realized 
and emerging applications.

REVIEW
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Video abstracts provide a way for authors in Methods and Applications in Fluorescence to 
explain their work and introduce themselves directly to readers. 

Through video media, authors can now go beyond the 
constraints of the written article to convey their research 
and provide a new, enhanced user experience for the 
journal’s global audience. 

The latest video abstract has been published to accompany 
the article “Fluorescent J-aggregates of cyanine dyes: basic 
research and applications review”, see p20. 

You can view this video abstract and watch others that we 
have published at iopscience.org/maf/videoabstracts.

Video abstracts

Did you know?
Articles from the journal were 
downloaded more than 95,000 
times in 2018.

Did you know?
You can publish videos, 
animations and colour figures 
with your article for free.
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Methods for the analysis of complex fluorescence decays:  
sum of Becquerel functions versus sum of exponentials 

Filipe Menezes, Alexander Fedorov, Carlos Baleizão, Bernard Valeur and  
Mário N Berberan-Santos

2013 Methods Appl. Fluoresc. 1 015002

Ensemble fluorescence decays are usually analyzed with a sum of exponentials. However, 
broad continuous distributions of lifetimes, either unimodal or multimodal, occur in 
many situations. A simple and flexible fitting function for these cases that encompasses 
the exponential is the Becquerel function. In this work, the applicability of the Becquerel 
function for the analysis of complex decays of several kinds is tested. For this purpose, 
decays of mixtures of four different fluorescence standards (binary, ternary and quaternary 
mixtures) are measured and analyzed. For binary and ternary mixtures, the expected 
sum of narrow distributions is well recovered from the Becquerel functions analysis, if 
the correct number of components is used. For ternary mixtures, however, satisfactory 
fits are also obtained with a number of Becquerel functions smaller than the true number 
of fluorophores in the mixture, at the expense of broadening the lifetime distributions 
of the fictitious components. The quaternary mixture studied is well fitted with both a 
sum of three exponentials and a sum of two Becquerel functions, showing the inevitable 
loss of information when the number of components is large. Decays of a fluorophore 
in a heterogeneous environment, known to be represented by unimodal and broad 
continuous distributions (as previously obtained by the maximum entropy method), are 
also measured and analyzed. It is concluded that these distributions can be recovered by 
the Becquerel function method with an accuracy similar to that of the much more complex 
maximum entropy method. It is also shown that the polar (or phasor) plot is not always 
helpful for ascertaining the degree (and kind) of complexity of a fluorescence decay.

Mário N Berberan-
Santos

Fluorescence decays
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New Print on Demand service for IOP-owned journal issues
Do you need a printed copy of a journal? You can now order print versions of 
IOP-owned journal issues (including e-only titles) directly on iopscience.org  
via the “Buy this issue in print” link at the top of the table of contents.

Secondary emission influenced fluorescence decay of  
a homogeneous fluorophore solution    

J Kuśba, H Grajek and I Gryczynski 

2014 Methods Appl. Fluoresc. 2 015001

An analytical expression is found allowing the calculation of the secondary emission 
influenced fluorescence decay of a homogeneous fluorophore solution. Before starting 
the calculation one has to know the shape of the primary fluorescence decay of the 
fluorophore and the value of the parameter κ denoting the ratio of the secondary to 
primary steady-state fluorescence intensities. The method elaborated by Budó and 
Ketskeméty is recommended for evaluation of the parameter κ. The main importance of 
the obtained expression is that it can be used to recover parameters characterizing the 
fluorescence decay in the absence of secondary emission. The cases of monoexponential, 
biexponential and multiexponential primary fluorescence decays are discussed in detail.

J Kuśba
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A review of the analysis of complex time-resolved fluorescence 
anisotropy data

Trevor A Smith and Kenneth P Ghiggino

2015 Methods Appl. Fluoresc. 3 022001

Time-resolved fluorescence anisotropy measurements (TRAMs) are widely used to probe 
the dynamics of the various processes that can lead to the depolarisation of emission 
following photoselection by polarised excitation. The most commonly investigated of these 
emission depolarising phenomena is molecular rotational motion, but TRAMs are very 
useful for determining the kinetics of a host of other processes. In this paper we review 
several examples for which we have observed in our laboratories initially unexpectedly 
complex temporal behaviour of the time-resolved fluorescence anisotropy signal from 
relatively ‘simple’ chemical systems. In certain circumstances the anisotropy (i) decays 
on timescales when superficially it might be thought it should remain constant, (ii) shows 
marked ‘dip and rise’ behaviour in its intensity, or (iii) can change sign as the anisotropy 
evolves in time. Fundamentally simple processes, including molecular rotational motion, 
energy migration and excited state photophysics, can cause such behaviour.

Trevor A Smith

Fluorescence polarization and anisotropy

Fluorescence polarization assays in high-throughput screening 
and drug discovery: a review    

Matthew D Hall, Adam Yasgar, Tyler Peryea, John C Braisted, Ajit Jadhav, 
Anton Simeonov and Nathan P Coussens 

2016 Methods Appl. Fluoresc. 4 022001

The sensitivity of fluorescence polarization (FP) and fluorescence anisotropy (FA) 
to molecular weight changes has enabled the interrogation of diverse biological 
mechanisms, ranging from molecular interactions to enzymatic activity. Assays based on 
FP/FA technology have been widely utilized in high-throughput screening (HTS) and drug 
discovery due to the homogenous format, robust performance and relative insensitivity 
to some types of interferences, such as inner filter effects. Advancements in assay 
design, fluorescent probes, and technology have enabled the application of FP assays 
to increasingly complex biological processes. Herein we discuss different types of FP/
FA assays developed for HTS, with examples to emphasize the diversity of applicable 
targets. Furthermore, trends in target and fluorophore selection, as well as assay type and 
format, are examined using annotated HTS assays within the PubChem database. Finally, 
practical considerations for the successful development and implementation of FP/FA 
assays for HTS are provided based on experience at our center and examples from the 
literature, including strategies for flagging interference compounds among a list of hits.

Nathan P Coussens
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Photoinduced strong acid–weak base reactions in a polar 
aprotic solvent

Young Min Lee, Sun-Young Park, Heesu Kim, Taeg Gyum Kim and Oh-Hoon Kwon

2016 Methods Appl. Fluoresc. 4 024004

The excited-state proton transfer (ESPT) of the strong photoacid, N-methyl-7-
hydroxyquinolinium, was studied in the presence of different weak bases such as 
methanol, ethanol, and dimethyl sulfoxide in an aprotic solvent of acetonitrile. Here, 
we present chemical kinetics analysis of the ESPT mechanism to explain biphasic 
fluorescence decay of the parent photoacid and the sign reversal of the rise and decay 
of the resulting conjugate-base fluorescence. The ESPT of the free photoacid showed a 
molecularity of 2 with reacting alcohol molecules. In the ground state, it was found that a 
fraction of the photoacid formed 1:2 hydrogen-bonded complexes with the residual water 
present in the aprotic solvent or 1:1 complexes with the additive alcohols. In the excited 
state, these adducts underwent proton transfer when complexed further with diffusing 
alcohol molecules.

Oh-Hoon Kwon

Publish in MAF
Join your colleagues and publish your next article in Methods and Applications 
in Fluorescence, the high-impact journal for fl uorescence.

Excited state proton transfer
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Intracellular FRET-based probes: a review 

Clare E Rowland, Carl W Brown III, Igor L Medintz and James B Delehanty

2015 Methods Appl. Fluoresc. 3 042006

Probes that exploit Förster resonance energy transfer (FRET) in their feedback mechanism 
are touted for their sensitivity, robustness, and low background, and thanks to the 
exceptional distance dependence of the energy transfer process, they provide a means of 
probing lengthscales well below the resolution of light. These attributes make FRET-based 
probes superbly suited to an intracellular environment, and recent developments in 
biofunctionalization and expansion of imaging capabilities have put them at the forefront 
of intracellular studies. Here, we present an overview of the engineering and execution 
of a variety of recent intracellular FRET probes, highlighting the diversity of this class of 
materials and the breadth of application they have found in the intracellular environment.

Clare E Rowland

FRET

Methods and Applications in Fluorescence
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Phasor based analysis of FRET images recorded using spectrally 
resolved lifetime imaging

Farzad Fereidouni, Gerhard A Blab and Hans C Gerritsen

2014 Methods Appl. Fluoresc. 2 035001

The combined analysis of spectral and lifetime images has the potential to provide 
more accurate and more detailed information about Förster resonance energy transfer 
(FRET). We have developed a novel FRET analysis method to analyze images recorded 
by multispectral lifetime imaging. The new method is based on a phasor approach and 
facilitates the simultaneous analysis of decay kinetics of donor and acceptor molecules. 
The method is applicable to both molecules that exhibit a mono-exponential decay and 
a bi-exponential decay. As an example we show the possibility of extracting the energy 
transfer efficiency and the fraction of interacting molecules even in the presence of 
non-interacting molecules. The reliability of the method is investigated by comparing it 
with conventional FRET-FLIM analyses. We show that, with the same number of detected 
photons, the spectrally resolved phasor approach provides higher accuracy than other 
analysis methods; the confidence interval is improved and the FRET efficiency is closer to 
the real value.

Farzad Fereidouni
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Detection of protease activity by fluorescent protein FRET sensors: 
from computer simulation to live cells

Alexander S Goryashchenko, Maria G Khrenova and Alexander P Savitsky

2018 Methods Appl. Fluoresc. 6 022001

Förster resonance energy transfer (FRET) sensors are widely used for the detection of 
protease activity in vitro and in vivo. Usually they consist of a FRET pair connected with 
a polypeptide linker containing a specific cleavage site for the relevant protease. Use 
of the fluorescent proteins as components of the FRET pair allows genetic encoding of 
such sensors and solves the problem of their delivery into live cells and animals. There 
are several ways to improve the properties of such sensors, mainly to increase FRET 
efficiency and therefore the dynamic range. One of the ways to achieve this is to use a 
non-fluorescent chromoprotein as an acceptor. Molecular dynamic simulations may 
assist in the construction of linker structures connecting donor and acceptor molecules. 
Estimation of the orientation factor κ2 can be obtained by methods based on quantum 
theory and combined quantum mechanics/molecular mechanics approaches. The linker 
can be structured by hydrophobic interactions, bringing it into a closed conformation 
that shortens the distance between donor and acceptor and, consequently, increases 
FRET efficiency. We analyzed the effects of different linker structures on the detection of 
caspase-3 activity using a non-fluorescent acceptor. Also we have constructed the Tb3+- 
TagRFP sensor in which a complex of the terbium ion and terbium-binding peptide is used 
as a donor. This allowed us to use the unique property of lanthanide ions—fluorescence 
lifetime up to milliseconds—to perform measurements with time delay and exclude the 
nanosecond-order fluorescence. Using our systems as a starting point, by changing the 
recognition site in the linker it is possible to perform imaging of different protease activity 
in vitro or in vivo.

Methods and Applications in Fluorescence

FRET
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Molecular engineering of two-photon fluorescent probes for 
bioimaging applications 

Hong-Wen Liu, Yongchao Liu, PengWang and Xiao-Bing Zhang

2017 Methods Appl. Fluoresc. 5 012003

During the past two decades, two-photon microscopy (TPM), which utilizes two near-
infrared photons as the excitation source, has emerged as a novel, attractive imaging 
tool for biological research. Compared with one-photon microscopy, TPM offers several 
advantages, such as lowering background fluorescence in living cells and tissues, 
reducing photodamage to biosamples, and a photobleaching phenomenon, offering 
better 3D spatial localization, and increasing penetration depth. Small-molecule-based 
two-photon fluorescent probes have been well developed for the detection and imaging of 
various analytes in biological systems. In this review, we will give a general introduction of 
molecular engineering of two-photon fluorescent probes based on different fluorescence 
response mechanisms for bioimaging applications during the past decade. Inspired by 
the desired advantages of small-molecule two-photon fluorescent probes in biological 
imaging applications, we expect that more attention will be devoted to the development of 
new two-photon fluorophores and applications of TPM in areas of bioanalysis and disease 
diagnosis.

Two-photon fluorescence

REVIEW

Did you know?
You can see how many times each article has been cited, downloaded or 
shared by looking at the article page online.



Methods and Applications in FluorescenceMethods and Applications in Fluorescence

iopscience.org/maf      31

Upconversion luminescent nanoparticles in physical sensing and  
in monitoring physical processes in biological samples  

María González-Béjar and Julia Pérez-Prieto

2015 Methods Appl. Fluoresc. 3 042002

The most frequently used strategy for sensing is based on the emission variation of 
a photoactive system and it can be classified as chemical or physical depending on 
its response to either a chemical or a physical stimulus. There are a large number of 
luminescent nanomaterials that respond to chemical species, but comparatively, with 
the exception of temperature sensing, to date there are few examples showing the 
capacity of photoactive nanosystems responsive to physical stimuli, such as magnetic 
and electric fields, high radiation energy, tension/pressure, viscosity, etc, and very few 
of them comprise upconversion nanoparticles (UCNPs). These nanomaterials consist 
of an inorganic matrix doped with rare earth (RE) ions and can be advantageously used 
in sensing due to their unique optical features: near-infrared excitation, anti-Stokes 
emission, multiplexed emissions that span over a broad range (i.e. from the UV to NIR 
region depending on the nature of the RE ions), narrow emission bands, long emission 
lifetimes, high photostability, and non-photoblinking, among others. In this review we 
focus on the advances in the application of the luminescence of UCNPs for sensing 
environmental physical changes and for tracking physical processes in living systems.

Julia Pérez-Prieto

Upconversion
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An introduction to optical super-resolution microscopy for the 
adventurous biologist

J Vangindertael, R Camacho, W Sempels, H Mizuno, P Dedecker and K P F Janssen

2018 Methods Appl. Fluoresc. 6 022003

Ever since the inception of light microscopy, the laws of physics have seemingly thwarted 
every attempt to visualize the processes of life at its most fundamental, sub-cellular, level. 
The diffraction limit has restricted our view to length scales well above 250 nm and in doing 
so, severely compromised our ability to gain true insights into many biological systems. 
Fortunately, continuous advancements in optics, electronics and mathematics have since 
provided the means to once again make physics work to our advantage. Even though some 
of the fundamental concepts enabling super-resolution light microscopy have been known 
for quite some time, practically feasible implementations have long remained elusive. It 
should therefore not come as a surprise that the 2014 Nobel Prize in Chemistry was awarded 
to the scientists who, each in their own way, contributed to transforming super-resolution 
microscopy from a technological tour de force to a staple of the biologist’s toolkit. By 
overcoming the diffraction barrier, light microscopy could once again be established as an 
indispensable tool in an age where the importance of understanding life at the molecular 
level cannot be overstated. This review strives to provide the aspiring life science researcher 
with an introduction to optical microscopy, starting from the fundamental concepts 
governing compound and fluorescent confocal microscopy to the current state-of-the-art of 
super-resolution microscopy techniques and their applications.

Super-resolution microscopy

REVIEW

A joint Richardson—Lucy deconvolution algorithm for the 
reconstruction of multifocal structured illumination microscopy data

Florian Ströhl and Clemens F Kaminski

2015 Methods Appl. Fluoresc. 3 014002

We demonstrate the reconstruction of images obtained by multifocal structured 
illumination microscopy, MSIM, using a joint Richardson–Lucy, jRL-MSIM, deconvolution 
algorithm, which is based on an underlying widefield image-formation model. The method 
is efficient in the suppression of out-of-focus light and greatly improves image contrast 
and resolution. Furthermore, it is particularly well suited for the processing of noise 
corrupted data. The principle is verified on simulated as well as experimental data and a 
comparison of the jRL-MSIM approach with the standard reconstruction procedure, which 
is based on image scanning microscopy, ISM, is made. Our algorithm is efficient and 
freely available in a user friendly software package.

Clemens F Kaminski
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STORM without enzymatic oxygen scavenging for correlative atomic 
force and fluorescence superresolution microscopy

Liisa M Hirvonen and Susan Cox

2018 Methods Appl. Fluoresc. 6 045002

Superresolution microscopy based on localisation is usually performed in a buffer 
containing enzymatic oxygen scavenger, which facilitates reversible photoswitching of 
the dye molecules. This makes correlative fluorescence localisation and atomic force 
microscopy (AFM) challenging, because enzymatic oxygen scavenging interferes with 
the AFM cantilevers. Here we report on the blinking kinetics of a new red cyanine dye, 
iFluor-647, which is similar to the Alexa-647 dye commonly used for superresolution 
microscopy, but with brightness and blinking properties which are superior to Alexa-647 
in a buffer without enzymatic oxygen scavenger. We measure the blinking behaviour of 
iFluor-647 in buffers with and without enzymatic oxygen scavenger with different thiol 
concentrations. We then apply this dye for correlative localisation and atomic force 
microscopy in a buffer without enzymatic oxygen scavenger, which allows acquisition of 
AFM and superresolution images without buffer change.

Liisa M Hirvonen

SUPER-RESOLUTION MICROSCOPY

fastSIM: a practical implementation of fast structured  
illumination microscopy 

Hui-Wen Lu-Walther, Martin Kielhorn, Ronny Förster, Aurélie Jost, Kai Wicker  
and Rainer Heintzmann

2015 Methods Appl. Fluoresc. 3 014001

A significant improvement in acquisition speed of structured illumination microscopy 
(SIM) opens a new field of applications to this already well-established super-resolution 
method towards 3D scanning real-time imaging of living cells. We demonstrate a method 
of increased acquisition speed on a two-beam SIM fluorescence microscope with a 
lateral resolution of ~100 nm at a maximum raw data acquisition rate of 162 frames per 
second (fps) with a region of interest of 16.5 ×16.5 µm2, free of mechanically moving 
components. We use a programmable spatial light modulator (ferroelectric LCOS) which 
promises precise and rapid control of the excitation pattern in the sample plane. A 
passive Fourier filter and a segmented azimuthally patterned polarizer are used to perform 
structured illumination with maximum contrast. Furthermore, the free running mode in a 
modern sCMOS camera helps to achieve faster data acquisition.

Rainer Heintzmann
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Resolution improvement by 3D particle averaging in  
localization microscopy 

Jordi Broeken, Hannah Johnson, Diane S Lidke, Sheng Liu, Robert P J Nieuwenhuizen, 
Sjoerd Stallinga, Keith A Lidke and Bernd Rieger

2015 Methods Appl. Fluoresc. 3 014003

Inspired by recent developments in localization microscopy that applied averaging 
of identical particles in 2D for increasing the resolution even further, we discuss 
considerations for alignment (registration) methods for particles in general and for 3D 
in particular. We detail that traditional techniques for particle registration from cryo 
electron microscopy based on cross-correlation are not suitable, as the underlying image 
formation process is fundamentally different. We argue that only localizations, i.e. a set 
of coordinates with associated uncertainties, are recorded and not a continuous intensity 
distribution. We present a method that owes to this fact and that is inspired by the field of 
statistical pattern recognition. In particular we suggest to use an adapted version of the 
Bhattacharyya distance as a merit function for registration. We evaluate the method in 
simulations and demonstrate it on 3D super-resolution data of Alexa 647 labelled to the 
Nup133 protein in the nuclear pore complex of Hela cells. From the simulations we find 
suggestions that for successful registration the localization uncertainty must be smaller 
than the distance between labeling sites on a particle. These suggestions are supported 
by theoretical considerations concerning the attainable resolution in localization 
microscopy and its scaling behavior as a function of labeling density and localization 
precision.

Bernd Rieger
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Detecting drug-target binding in cells using fluorescence-activated 
cell sorting coupled with mass spectrometry analysis 

Kris Wilson, Scott P Webster, John P Iredale, Xiaozhong Zheng, Natalie Z Homer,  
Nhan T Pham, Manfred Auer and Damian J Mole

2018 Methods Appl. Fluoresc. 6 015002

The assessment of drug-target engagement for determining the efficacy of a compound 
inside cells remains challenging, particularly for difficult target proteins. Existing 
techniques are more suited to soluble protein targets. Difficult target proteins include 
those with challenging in vitro solubility, stability or purification properties that preclude 
target isolation. Here, we report a novel technique that measures intracellular compound-
target complex formation, as well as cellular permeability, specificity and cytotoxicity-the 
toxicity-affinity-permeability-selectivity (TAPS) technique. The TAPS assay is exemplified 
here using human kynurenine 3-monooxygenase (KMO), a challenging intracellular 
membrane protein target of significant current interest. TAPS confirmed target binding 
of known KMO inhibitors inside cells. We conclude that the TAPS assay can be used to 
facilitate intracellular hit validation on most, if not all intracellular drug targets.

Damian J Mole

Biological applications

Ratiometric luminescence 2D in vivo imaging and monitoring  
of mouse skin oxygenation 

Julian Hofmann, Robert J Meier, Alexander Mahnke, Valentin Schatz,  
Florian Brackmann, Regina Trollmann, Christian Bogdan, Gregor Liebsch,  
Xu-dong Wang, Otto S Wolfbeis and Jonathan Jantsch

2013 Methods Appl. Fluoresc. 1 045002

Tissue oxygenation plays a critical role in the pathogenesis of various diseases, but 
non-invasive, robust and user-friendly methods for its measurement in vivo still need to 
be established. Here, we are presenting an in vivo oxygen-detection system that uses 
ratiometric luminescence imaging (RLI) as a readout scheme to determine the skin oxygen 
tension of mouse hind footpads via side-by-side comparison with more established 
techniques including luminescence-lifetime imaging using planar sensor films and the 
polarographic electrode as the gold standard. We also demonstrate that this technology 
allows the detection of changes in mouse skin tissue oxygenation induced by subjecting 
mice to systemic hypoxia. The data demonstrate oxygen imaging based on RLI to be a 
most useful tool for reliably and easily analyzing and monitoring skin tissue oxygenation 
in vivo. This technology will advance our understanding of local regulation of skin tissue 
oxygenation in various disease conditions.

Xu-dong Wang
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Correlative super-resolution imaging of RNA polymerase 
distribution and dynamics, bacterial membrane and  
chromosomal structure in Escherichia coli 

Christoph Spahn, Francesca Cella-Zannacchi, Ulrike Endesfelder and  
Mike Heilemann

2015 Methods Appl. Fluoresc. 3 014005

We demonstrate correlative super-resolution PALM, PAINT and dSTORM imaging of RNA 
polymerase, membrane and chromosomal DNA in fixed E. coli. This protocol allows the 
combination of precise structural information of the nucleoid (dSTORM) with quantitative 
super-resolution imaging (PALM) of interacting proteins. The spatial distribution and 
organization of RNA polymerase and DNA are visualized in bacterial cells grown at 
doubling times of 25 or 44 min. We observe that RNA polymerase is concentrated at 
the edge of the highly structured nucleoid during fast growth, whereas it is found more 
evenly distributed during medium-fast growth. In both conditions, the nucleoid shows 
densely packed areas which appear to be inaccessible to RNA polymerase. This finding 
is confirmed by live-cell tracking of RNA polymerase and subsequent imaging of the 
respective nucleoids using a protocol for fast fixation on-the-slide.

Mike Heilemann

BIOLOGICAL APPLICATIONS

Technical notes
Technical notes are short articles focusing on technical innovations, information 
or synthesis of new molecules that solve commonly encountered problems and 
which aim to be useful to other researchers.
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