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I’d like to start by no talking about fluorescence microscopy at all. Light microscopes 
can be used for both bright-field and dark-field techniques. Bright-field techniques 
are ones in which the field is bright but the specimen is dark. The specimen tends to 
be illuminated from behind so the light is crosses the specimen before being incident 
upon the eyes or camera. This is called trans-illumination. 
 
Most biological samples tend to be transparent, so contrast needs to be added back 
in. Phase contrast (pictured) transforms a sample’s ability to change the phase of 
light into a contrast difference. Differential interference contrast (DIC a.k.a. Nomarski 
contrast) transforms a specimen’s sensitivity to the polarisation of light into contrast 
differences. These techniques provide only morphological information about the 
specimen. 
 
Contrast can also be introduced by staining tissue with histological dyes like eosin 
and haematoxylin. Such dyes have the advantage of being specific for cellular 
structures and macromolecule classes like nucleic acids and proteins but cannot be 
used to label specific proteins or other macromolecules. 
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Dark-field techniques are ones in which the field is dark and the specimen is bright. 
 
Classical dark-field microscopy is a trans-illumination technique that detects only the 
light that is scattered by the sample. Light which passes straight through is excluded 
from the viewable field. Like phase contrast and DIC, dark-field provides 
morphological information about the specimen but cannot be used to specifically 
identify macromolecules. 
 
Fluorescence microscopy relies upon fluorescent groups (fluorophores) within the 
sample being stimulated to generate light rather than the sample scattering or 
transmitting light from an illumination source. Fluorescent specimens are usually 
illuminated from above (epi-illumination). 
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Conventional fluorophores have multiple ring structures. When energy in the form of 
light is absorbed by the delocalised electrons in the fluorophore it cannot be lost as 
kinetic energy as the groups are constrained and cannot rotate around their bonds. 
Some energy is lost as vibration and in some cases the fluorophore can make a 
transition to a stable dark triplet state (D for dark state in the Jablonski diagram), 
which is important for dSTORM, however in most cases the remaining energy is 



immediately re-emitted as a photon. Since some of the energy was lost as vibration, 
the light emitted from the fluorophore is of lower energy than that absorbed; this 
corresponds to a longer wavelength. Fluorophores therefore have mirror-image 
excitation and emission spectra that are separate and can be defined from one 
another. 
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The loss of some energy in vibrational form means that the emitted fluorescent light 
can be distinguished from the incident light due to its longer wavelength. The 
separation between the excitation and emission peaks is called the Stokes shift. 
 
The emission curve is usually skewed to the red, which means shorter wavelength 
fluorophores like DAPI are more likely to be seen as crosstalk in the images of 
longer wavelength fluorophores like GFP because part of their emission tail will fall in 
the region where the longer wavelength fluorophore is being detected. 
 
There are two properties that contribute to fluorophore brightness: The Molar 

Extinction Coefficient (), which represents the fluorophore’s ability to absorb 
photons; and the Quantum Yield (QY), which represents its ability to emit photons 
after excitation. The values of these two properties vary from fluorophore to 
fluorophore. Ideally they should both be high, but this isn’t always the case, even 
with commonly used fluorophores (e.g. cyanine dyes). 
 
Another important property of a fluorophore is its photostability. Fluorophores 
gradually undergo irreversible photobleaching during illumination, and some bleach 
more quickly than others. The chemical modifications that manufacturers make to 
their fluorophores are often intended to increase their photostability so that they can 
be illuminated and imaged for longer.  For example, Invitrogen’s Alexa 488 is based 
on the same chemical structure as the classic fluorophore Fluorescein and has near 
identical excitation and emission spectra, but is much more resistant to photo-
bleaching. 
 
Dyes for super-resolution imaging may need to be optimised for other properties. For 
example, dyes for multi-colour STED may need long Stokes shifts to differentiate 
them from other dyes using the same depletion laser and they may benefit from 
having a large part of their emission spectrum where the depletion laser can 
stimulate emission without overlapping with the excitation spectrum. Dyes for 
STORM should easily be driven into the dark state and return to the ground state 
quickly (high duty cycle), etc. 
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The discovery and development of fluorescent proteins has led to a renaissance in 
fluorescence microscopy and, specifically, in techniques involving living tissue. 
 



The jellyfish Aequoria Victoria naturally produces Green Fluorescent Protein. The 
protein’s utility stems from a few factors: It folds into its natural conformation when 
expressed as a recombinant protein; it does not require any jellyfish specific co-
factors in order to fluoresce; and fluoresces normally at ambient temperatures. 
 
Folding of GFP is essential as the fluorophore is not formed from a co-factor 
molecule but from cyclisation reactions involving the inward-facing side chains of a 
serine-tyrosine-glycine tripeptide in the beta barrel. 
 
Fluorescent proteins have now been isolated from many organisms, and have 
undergone mutagenesis to change their characteristics. Alterations to the DNA 
structure of the proteins’ genes can change the colour of emitted fluorescent light, 
enhance sensitivity to calcium concentration or pH, and generate proteins that 
change colour under different illumination conditions. 
 
Photoactivatable and photoswitchable proteins are used for the super-resolution 
technique PALM (photoactivation localisation microscopy). The photoconversion 
steps involve changes to the chemical groups within the peptides of the beta barrel 
that affect the cyclisation of the fluorophore. 
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The Stokes’ Shift between the excitation and emission peaks of a fluorophore allows 
us to look at the light produced by the sample while excluding that light used to 
excite it. Conventionally this separation is achieved using a fluorescence filter set 
designed specifically for that fluorophore or for a range of similar fluorophores. 
 
Most light sources used in fluorescent microscopy emit over a broad spectrum. For 
this reason an excitation filter is placed in the light path. This is usually made of 
coloured or specially coated glass and allows only those wavelengths required to 
excite the fluorophore to pass. 
 
The actual separation of the excitation light and emitted light is achieved using a 
dichroic mirror, which is specially coated to reflect the short wavelength excitation 
light, but allows the longer wavelength emitted fluorescent light to pass through. 
 
A barrier or emission filter is used to block light from other long wavelength emitting 
fluorophores in the sample that may have been excited by the illumination, so there 
is a better chance that what you see down the microscope is the fluorophore you’re 
interested in. 
 
The spectrum shows the wavelengths transmitted by the components of Carl Zeiss’s 
filter set 26, which is used for ‘far red’ dyes like Cy5 and Alexa 647. 
 
Some confocal microscope systems use methods where prisms and diffraction 
gratings are used like a spectrophotometer to spectrally separate the light and tune 
the wavelengths that are detected. 
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The illustrations show the basic anatomy of an upright and an inverted fluorescence 
microscope. The objective lenses on an upright microscope look down on the 
sample from above. The transmitted light source (bright field lamp) illuminates the 
sample from below. The condenser lens assembly focusses the illuminating light and 
can be adjusted so that illumination is perpendicular and even (Köhler illumination). 
 
Fluorescent illumination is from above (epi-illumination). Light from the fluorescence 
lamp is directed into the epi-illumination path by a collector lens assembly. The 
excitation filter in the filter block separates out just those wavelengths of light needed 
to excite the fluorophore. The dichroic mirror in the filter block reflects the excitation 
light down onto the specimen from above through the objective lens, so the objective 
here acts as a condenser in epi-illumination and doesn’t need to be separately 
focused because if the image is in focus so is the illumination path. Emitted 
fluorescent light is then collected by the objective lens along with reflected excitation 
light. The longer wavelength emission is transmitted by the dichroic mirror and 
passes through the emission filter, which further blocks reflected light or light from 
other fluorophores that have been excited. Mirror assemblies in the trinocular direct 
the light to the eyes, camera or other detectors. 
 
Upright microscopes are convenient for observing samples mounted on slides. Large 
or free-floating specimens can also be observed with dipping lenses since inverted 
microscopes seldom allow use of long free working distances at high resolution. 
 
Inverted microscopes were developed for the observation of samples in culture. The 
objective lenses on inverted microscopes are below the stage while the transmitted 
light is above the stage. The fluorescent light source and filter turret are also in the 
inverted configuration. 
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The objective lens is really the most important part of the microscope because it is 
what forms the image. Some objective lenses can be VERY expensive (e.g. TIRF 
lenses can cost £10000, some lenses for use with cleared specimens can cost 
£20000). 
 
Nomenclature defines things like field flatness (planar lenses) and colour correction 
(e.g. fluar, neo-fluar, with apochromat being the most chromatically corrected) 
 
The resolution of the lens is determined by its numerical aperture, which is defined 
as the refractive index of the immersion medium multiplied by the sine of the half-
angle of acceptance of the illumination cone (θ). The higher the NA the higher the 
resolution, but there are trade-offs. 
 



The magnification of the lens will define the field of view, with lower magnifications 
giving higher fields of view. The magnification can also be important in defining the 
resolution, but only when the detector is a camera – which has a fixed array of finite 
size pixels onto which an image is projected – so if you magnify the image more 
each pixel becomes correspondingly smaller and hence the resolution increases. 
 
The working distance of the lens is the distance from the front lens to the specimen. 
Generally higher resolution lenses have shorter WDs which poses problems for high 
resolution imaging of thick specimens. For this longer working distance dipping 
lenses can be used in some circumstances. 
 
Spherical aberration can be a problem when imaging into deeper specimens (more 
than about 10 microns) so it is important to try to match the refractive index of the 
mounting medium to that of the immersion medium. This can be impossible for live 
specimens so special water immersion lenses must be used (at the cost of a lower 
resolution) and can be a challenge for thick specimens, which may need to be 
optically cleared. 
 
Some techniques rely on refractive index mismatch however. For example the 
internal reflection that generates the evanescent field in TIRF is caused by the 
refractive index mismatch between glass and water. TIRF tends to be used to 
generate high contrast in molecular localisation techniques. Other super-resolution 
techniques also need high resolution so they tend to be optimised for oil lenses, 
which makes imaging thick specimens difficult because of the spherical aberration. 
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Wide-field microscopy is what might be regarded as conventional microscopy. The 
entire field is illuminated at once and as a result the image can be captured quickly 
and easily with a camera. Since the entire field is illuminated at once areas above 
and below the plane of focus are illuminated at the same time as the focal plane so 
the image will contain light from these out-of-focus planes (blur). This generally does 
not matter for bright-field contrast techniques like phase contrast and it is also not 
such a problem for thin fluorescent specimens or for specimens where the blur does 
not make it difficult to see the features you want to see but for thick, highly 
fluorescent specimens the out-of-focus fluorescence can severely reduce the image 
contrast so imaging thick specimens in wide-field mode can be a challenge. 
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Confocal microscopes are specifically designed to reduce the amount of out-of-focus 
light reaching the detector. This results in an image formed only of light from the 
plane of focus. 
 
Laser scanning confocal microscopes illuminate very small volumes within the 
sample with a focused laser spot so that the entire sample is not illuminated at the 
same time. The light emitted from the spot travels back through the microscope and 



through a pinhole in front of the detector. This pinhole is in a conjugate plane to the 
focused laser spot in the sample plane, so an image of the spot is formed at the 
pinhole. Light from above and below the plane of focus will come into focus above 
and below the pinhole plane and will not go through the pinhole. So only light from 
the spot makes it into the detector. 
 
Since a confocal image represents a single ‘slice’ from a three-dimensional sample 
with next to no light coming from adjacent slices, a motorised focus mechanism can 
be used to acquire every slice from the sample in sequence. These slices can then 
be reconstructed into a stack that represents the entire 3D structure. This is called 
optical sectioning. 
 
Another technique called deconvolution can be used to computationally reassign 
light back to its correct plane of focus in both wide-field and confocal images by 
applying information known about how the microscope distorts the image of the 
relative to the object (the point spread function) to a reconstruction algorithm. 


