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Introduction to Single-Molecule Fluorescence 
Microscopy 
 

 
Introduction 
 
Fluorescence microscopy is a workhorse technique in biological sciences allowing specific biological structures to be 
labeled and imaged with high contrast. Single molecule imaging represents a subset of fluorescence microscopy 
techniques that uses fluorescent tags to detect and analyze individual single molecules. This allows the activity of single 
molecules to be visualized with high signal-to-noise without disturbing the physiological conditions of the biological 
system.  
 
In this application note, we discuss why single molecule imaging would be used over other microscopy techniques and 
explore some of the main techniques and applications for it, including recent discoveries and future perspectives. 
 
 

Why Detect Single Molecules? 
 
Classical biological techniques focused on describing the behavior of large ensembles of molecules. This has advantages 
when looking at the behavior of homogenous samples containing large numbers of the same molecules or cells because 
any individuals in the population displaying anomalous behaviors get ‘averaged out’. This results in a reasonably 
representative model of behavior. 
 
However, this method doesn’t allow for the identification of subpopulations within the ensemble. It’s important to note 
that a supposedly homogenous sample population can never be truly homogeneous, even a population of genetically 
identical molecules will have variation due to environmental factors or the age of the molecule for example. Ensemble 
studies can’t show how single molecules or subpopulations behave under differing experimental conditions. The 
behavior of a cell in an early or late phase in the cell cycle may have vastly different behaviors to the ‘ensemble average’. 
 
Therefore, the only way to investigate the behavior of single molecules or subpopulations is under strict experimental 
conditions, guaranteeing that each molecule is in the same state, one at a time. 
 

 
Single-Molecule Fluorescence Microscopy 
 
The basis of single-molecule fluorescence microscopy is the ability to attach a fluorescent dye molecule to a site on a 
molecule of interest. Once labeled, the molecule of interest can be followed using a variety of methods to gather 
information on the behavior of that molecule. 
 
There is a multitude of ways to label single molecules, including antibody labeling, biotinylation, epitope tags, small 
molecule probes, and bioorthogonal labeling. All of these methods are covered in more detail in the Photometrics 
Application Note: Labelling Proteins for Single Molecule Imaging. 
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The follow-up consideration is the type of fluorophore to use. Generally speaking, fluorophores for single molecule 
imaging should be: Bright (high extinction coefficient and high quantum yield) to maximize signal, photostable (do not 
photobleach quickly) to allow the fluorophore to be imaged for long periods, small enough to not disrupt the biological 
activity of the labeled molecule and emit light in the visible region of the spectrum, preferably where the scientific 
camera has the highest quantum efficiency.  
 
There is a vast amount of choice when it comes to fluorophore selection, all of which have their advantages and 
disadvantages based on the criteria above. The most popular of which would be organic dyes (eg. FITC, TRITC), 
fluorescent proteins (eg. GFP, YFP) and quantum dots. A full discussion of fluorophores can also be found in the 
Photometrics Application Note: Labelling Proteins for Single Molecule Imaging. 
 
The selection of a labeling method and fluorophore is vitally important and needs to be carefully balanced against the 
needs of the sample and specific imaging technique. One of the most important factors affecting single molecule 
imaging quality is detecting the low signal coming from a single fluorophore in what is likely a high background noise 
environment. Furthermore, it’s often necessary to image at high framerates which means using low exposure times, 
further pushing the sample into a low signal-to-noise environment. Single molecule imaging is, therefore, a technique 
that greatly benefits from a highly sensitive, high-speed scientific camera. 
 
 

Single-Molecule Fluorescence Techniques 
 
Single molecule methods largely fall into two categories: observing single molecule behavior in a system or observing 
single molecule behavior under applied force. In the first category, the behavior of labeled single molecules in a system 
of interest is typically observed using standard fluorescence microscopy techniques whereas in the second category the 
mechanical response of single molecules is investigated by applying a tension or torsion. Force is typically applied to a 
single molecule using atomic force microscopy (AFM), optical tweezers (OT) or magnetic tweezers (MT) and this 
provides incredible insight into the biophysics of the molecule. For more details about optical tweezers and capturing 
this kind of biophysical data, see the Photometrics Application Note on Optical Tweezers. 
 
The remaining single molecule methods can be divided into widefield fluorescence, confocal, TIRF, FRET, FRAP and 
PALM/STORM. 
 
 
Widefield Fluorescence Microscopy  
 
The greatest advantage of using widefield microscopy for single molecule imaging is the ability to visualize hundreds of 
molecules simultaneously. This allows for the observation of large numbers of single molecule interactions, allowing 
the researcher to easily collect a large amount of data for analysis. It also increases the likelihood of detecting rare 
events. 
 
This technique was used in one of the first published examples of single-molecule fluorescence microscopy (Rotman, 
1961) where the fluorescent products of an enzyme-catalyzed reaction could be used to identify individual molecules 
of the enzyme. 
 
The downside of widefield microscopy is that stray signal from above and below the focal plane can interfere with the 
visualization of the molecules of interest by introducing substantial background fluorescence, lowering the effective 
signal-to-noise ratio as exemplified by Figure 1. This is particularly problematic for single molecule imaging because the 
amount of signal originating from a single fluorophore is already so low.  
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Figure 1: Comparison between epifluorescence vs TIRF illumination of HeLa cells expressing clathrin light 
chain-GFP. The images are taken at the same focal plane. 
Left Epifluorescent illumination produces more out of focus light shown as diffuse signal in the cytoplasm. 
Right TIRF illumination produces a higher signal-to-noise by producing an optical section only within the 
superficial 100 nm. Scale bar: 10 µm.  Adapted from Mattheyses et al. (2010).  

Epifluorescence TIRF 
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Confocal Microscopy 
 
The problems of widefield fluorescence microscopy can be mostly overcome by using confocal microscopy. In confocal 
microscopy, out-of-focus background fluorescence is removed with a pinhole. Essentially, the pinhole rejects emitted 
light from above and below the focal plane, allowing only the light from the focal plane to reach the camera. The result 
is the ability to perform optical sectioning, to only image the plane of interest (Figure 2). 
 

 
Aside from the benefit of removing background fluorescence, using confocal microscopy opens up more areas of 
research because, by visualizing only one focal plane, single molecules immobilized on the coverslip surface or cell 
surface, for example, can be specifically detected. This has been successfully used in the past to investigate areas such 
as DNA repair where single molecule confocal imaging allowed direct observation of the binding of nucleotide excision 
repair (NER) proteins to DNA (Segers-Nolten et al. 2002). 
 
More recent studies have used a confocal microscope to create a ‘confocal excitation volume’, effectively a 3D focused 
laser spot on the sample, which isn’t used for detection but as a light source to excite fluorescently tagged molecules. 
The excited molecules are then detected using other techniques (Shashkova & Leake, 2017). 
 
TIRF 
 
Total Internal Reflection Fluorescence (TIRF) microscopy can be described as an optical sectioning technique. However, 
unlike confocal microscopy which rejects out-of-focus fluorescence using a pinhole, TIRF takes advantage of the 
reflection of light to image a small area just above the coverslip.  
 
In TIRF, the excitation laser is angled in such a way that it completely reflects off of the glass sample slide. The result is 
that all light is reflected, and no light penetrates into the sample. However, in the area where light is reflected, an 
evanescent wave is formed on the other side of the slide that creates very shallow illumination into the sample. The 

Figure 2: A pinhole aperture in a conjugate image plane blocks out-of-focus light from a) above the 

sample and b) below the sample. c) Only light from the focal plane passes the pinhole to the detector. 

From Leica Science Lab, http://www.leica-microsystems.com/science-lab/confocal-microscopy/ 
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evanescent wave oscillates with the same frequency of the reflected light, so it still excites any fluorescent molecules 
within this small area. The area of the evanescent wave is dictated by the optics used but typically a ~100 nm optical 
section is created at the surface (Figure 3). 
 

 
The advantages of TIRF for single-molecule fluorescence is that no out-of-focus signal is collected so the only 
fluorescence emission detected comes from the area of the evanescent wave. Signal-to-noise ratio is thereby 
significantly improved (Figure 1). TIRF is therefore particularly useful for studying areas of the sample close to the 
surface such as molecules immobilized on a coverslip or on the surface of cell membranes. 
 
TIRF is one of the most frequently used imaging methods in single-molecule fluorescence microscopy, being used for 
applications such as actin and myosin transport dynamics (Zimmerman et al. 2015) and molecular diffusion (Fujiwara 
et al. 2016). To find out more about TIRF and its range of different modalities and applications see the Photometrics 
Application Note on TIRF. 
 
FRET 
 
Förster Resonance Energy Transfer (FRET) is a single molecule method used to determine whether two fluorophores 
are within a certain distance of one another. Proposed by Theodor Förster in 1960 and confirmed experimentally by 
Stryer & Haugland (1967), FRET takes advantage of the principle of non-radiative energy transfer between a donor and 
acceptor molecule to determine the proximity of the two molecules. 
 
The mechanism of FRET uses a fluorescent donor molecule in an excited state to transfer energy to a fluorescent 
acceptor molecule through electronic resonance of molecular orbitals without emitting a photon (Hussain, 2012). In 
effect, energy is transferred from one molecule to the other which can be detected as a decrease in fluorescence of the 
donor molecule and an increase in fluorescence of the acceptor molecule. Energy transfer can only occur when the 
molecules are sufficiently close to each other, typically in the range of 1-10 nm. Therefore, the rate of FRET can be used 
to determine whether two molecules are separated within this distance range. 
 

Figure 3: Difference in illumination from a propagating wave and an evanescent 
wave. Propagating waves, such as originate from standard epifluorescence 
illumination, propagate in a linear manner through the tissue and can excite 
fluorophores >1 mm in depth. Evanescent waves generated by TIRF decay 
exponentially and only have intensity up to ~100 nm in depth.  

Propagating wave (Epifluorescence) Evanescent wave (TIRF) 
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This mechanism has led to FRET being used as a ‘spectroscopic ruler’. In experiments that affect the distance separating 
the donor and acceptor molecules, the FRET rate will also be affected. The FRET rate is directly proportional to the 
distance separating the two molecules, which allows this distance to be quantified until the molecules reach a 
separation distance where FRET no longer occurs. 
 
Aside from the condition that the two molecules be within ~10 nm of one another for FRET to work (Figure 4b), there 
are other criteria that must also be satisfied. Mainly, (1) the emission spectrum of the donor molecule must overlap 
with the excitation spectrum of the acceptor molecule (Figure 4a), (2) the orientation of the transition dipoles must be 
parallel to each other (Figure 4c) and (3) the fluorescence lifetime of the donor molecule must be long enough for FRET 
to occur. 
 

 
The distance information gathered from single molecule FRET makes it an ideal technique for applications investigating 
the structure and dynamics of proteins and nucleic acids. Recent publications in these areas include visualizing 
conformational changes in proteins such as enzymes during their functional cycle (Dyla et al. 2016) and monitoring DNA 
synthesis in real time (Fijen et al. 2017). 
 
 

Figure 4: Three of the most important criteria that must be satisfied for FRET to occur.  
(a) The emission spectrum from the donor molecule must overlap with the excitation spectrum of the acceptor molecule 
or no FRET occurs. (b) If the FRET donor and acceptor are more than 10 nm apart, then no FRET occurs (c) If the donor 
and acceptor fluorophore dipoles are perpendicular to one another, then no FRET occurs. 
Adapted from Broussard et al. (2013) 
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FRAP 
 
Fluorescence Recovery After Photobleaching (FRAP) is a single molecule technique where a specific area of a cell or 
tissue is selectively photobleached so that recovery of fluorescence to that area can be observed (Figure 5). 
 

 
 
It was developed by Axelrod et al. (1976) as a method to study protein mobility in living cells and has since grown to 
become a popular technique for investigating molecular transport events such as diffusion as well as protein dynamics 
and interactions with other cellular components. 
 
FRAP is typically performed by irreversibly photobleaching an area of the cell with high-intensity laser illumination. 
These fluorophores are rendered incapable of photon emission so the recovery of fluorescence in that area can only 
come from other fluorescent molecules moving into it. The speed of movement of molecules into the bleached area is 
directly proportional to the speed of diffusion which gives information about the mobility of the labeled molecules 
(Ishikawa-Ankerhold et al. 2012). 
 
FRAP continues to be used for protein mobility and molecular diffusion studies but has also evolved to include 
applications such as binding dynamics (Groeneweg et al. 2014) as well as being used in combination with single-
molecule tracking (Tran-Ba et al. 2015). 
 
PALM/STORM 
 
The diffraction limit of light restricts the resolution of conventional fluorescence microscopy techniques to ~200 nm 
laterally and ~500 nm axially. However, many molecules and structures of interest require a higher degree of resolution 
than the diffraction limit of light allows.  
 
To visualize molecules beyond the diffraction limit, a family of super-resolution techniques was developed that includes 
Photoactivated Localization Microscopy (PALM) and Stochastic Optical Resolution Microscopy (STORM). These 
techniques are able to temporally isolate single molecules from a group and take advantage of our ability to localize 
individual fluorophores to sub-diffraction-limited spots. By individually localizing single fluorophores and putting them 
together again to reconstruct them into one image, it is possible to generate a super-resolved image that effectively 
breaks the diffraction limit of light (Figure 6). 
 
 

Figure 5: Using FRAP, fluorophores in the nuclear region of a budding yeast cell are selectively 
photobleached so that recovery of fluorescence can be measured over time. 
Adapted from Shashkova & Leake (2017) 
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To learn more about PALM/STORM and the mechanisms of super-resolution localization microscopy, see the 
Photometrics Application Note on Super-Resolution Localization Microscopy which covers these topics in far greater 
detail. 
 
 

Cameras for Single-Molecule Imaging 

 
One of the biggest weaknesses of single-molecule imaging is that experiments are often performed in a low signal-to-
noise environment. This is due to the inherent difficulty of imaging a single fluorophore which will be many times 
dimmer than visualizing an ensemble of fluorophores coupled with some applications requiring a high speed which 
means low exposure times. 
 
For this reason, single molecule imaging typically requires scientific camera technology that is pushing the boundaries 
in high sensitivity, low noise, high speed and large fields of view. Historically, EMCCD cameras have been the technology 
of choice as they are back-illuminated with 95% quantum efficiency, have extremely low noise characteristics with 
reasonable speed and field of view. However, new back-illuminated CMOS cameras with 95% quantum efficiency, faster 
speeds and larger fields of view than EMCCDs have started to become the preferred technology for many single-
molecule applications. 
 
High resolution may also be a concern for some single molecule applications which means that matching objective 
resolution to the pixel size of the camera is also important. In this case, it is vital to balance the high sensitivity of a 
larger pixel with the resolution requirements of the application. For Nyquist sampling, a 10-11 µm pixel is optimized for 
100x magnification whereas a 6-7 µm pixel is optimized for 60x magnification. Larger pixels often used on EMCCD 
cameras are typically 13 µm or 16 µm which would need 120x or 150x magnification respectively. This should also be 
balanced with the field of view requirement as higher magnification means less visible sample area. 
 

 
 
 
 

Figure 6: Comparing TIRF (A) and PALM (B) images of a thin section from a COS-
7 cell expressing the lysosomal transmembrane protein CD63 tagged with the 
PA-FP Kaede.  
Adapted from Betzig et al. (2006) 
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Summary 
 
Single molecule imaging is used to investigate the biological structure and function of individual molecules. Compared 
to ensemble studies, single molecule imaging reveals far more information about the behavior of molecules that would 
otherwise be hidden by ensemble averaging. This has resulted in a wealth of new information over a large range of 
biological processes. 
 
Since the uptake of single-molecule imaging in the 1990s, many new techniques have since been developed and 
embraced by single molecule researchers. With the development of newer, brighter fluorophores and more sensitive 
scientific cameras, the historical issues of low signal-to-noise in single molecule experiments is becoming less of a 
limiting factor. This has led to single molecule imaging becoming more and more popular as a fluorescence microscopy 
technique. 
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