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Review of Fluorescence

All fluorophores have a ‘brightness’ and a ‘stability’ which together 
determine their photon budget.  These parameters can be heavily 
influenced by the fluorophore’s local environment.
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- Occurs in 1-10 nanoseconds
- Random in time
- Longer wavelength emissions
- Highly Inefficient (~10-6)



High Photon Budget Fluorophores

Photon budget is largely empirical since it depends on 
environmental conditions as well as ‘brightness’.

See also:  Demmerle, Nat Meth, 2017
Grimm, Nat Meth, 2017

Good organic dyes:  AlexaFluors, Cyanines, JaneliaFluors

Poor organic dyes:  FITC, TRITC, Rhodamine, Texas Red  

Good fluorescent proteins:  mNeonGreen, mEmerald, 
mRuby2, TagRFP

Poor Fluorescent proteins:  GFP, mRFP, mCherry

Organics dyes are always better than FPs, so Halo/SNAP 
tagging is a great option when feasible.



Other Notable Fluorophore Properties

Property Definition Super Res Uses Examples

Photoactivatable1 Converts from a dark to 
fluorescent state

PALM/STORM, RESOLFT, 
spt

PA-GFP, PA-
TagRFP

Photoswitchable1 Converts from one color to 
another color

PALM/STORM, RESOLFT, 
spt

Dendra2, 
mEos4

Fluorogenic2 Becomes fluorescent only 
on binding something else 

PAINT, basis for sensors, 
skirts bleaching

Hoechst, Nile 
Red

Emission 
Depletion3

Fluorescence is temporarily 
blocked by forcing all 
electrons to ground state

STED rsFPs

Physical Size, charge, folding 
kinetics, dimerization, etc

(Not specific to super res) mitoTracker, 
dsGFP, 
tdTomato

1. Shcherbakova, Ann Rev Biophys, 2014
2. Spahn, Nano Letter, 2019
3. Danzl, Nat Photonics, 2016



But how can photon budget impact resolution?



Resolution Theory: Waves

Wave theory tells us that resolution is defined by a microscope’s 
point spread function. 
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Wave Theory PSF Width:

However, light only behaves like a continuous wave when 
many many photons are present…

James Maxwell



Resolution Theory: Waves vs Quanta

When the number of photons is limited, the PSF width must be 
interpreted as a statistic, relative to where and how many photons 
will hit the detector.  Given a small sample size, resolution can be 
much worse than what wave theory predicts!
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Fluorescence Emissions Exhibit Shot Noise

Shot noise describes the randomness of fluorescent photon 
emissions (uniformly random in time), which follow a Poisson 
distribution.

P(k) =    nk e-n

k!

Mean = Variance = n

SNR = n / √n

Higher light levels have proportionally less variability

n
n
n



Most Fluorescence Imaging is Shot Noise Limited

The number of photons are recorded is often in the 10s-
100s per PSF and depends on:

• The light efficiency of microscope/detector

• The size of the 3D excitation PSF

• The excitation laser power/exposure time

• Dye’s photon budget

• The dye labeling density

Ground Truth              2000 Photons/PSF          200 Photons/PSF             20 Photons/PSF

Biologists can control these



More Light = Less Shot Noise and Better Resolution
The impact of shot noise on image resolution can be 
quantified from the image’s modulation transfer function.

Many Photons = 
Low Shot Noise

Few Photons = 
High Shot Noise
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More Out-of-Focus Light = Lower Resolution

Non-specific binding generates avoidable out-of-focus 
fluorescence that degrades acquired resolution because the 
background contributes additional shot noise.
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A Confocal Optical Section vs Epifluorescence

Confocal Epifluorescence



Labeling Density Limits Resolution

Plausible spatial density of specific probe labeling suggests a 
fundamental resolution limit in the 20-40 nm range.  



Expansion Microscopy Achieves Super Resolution 
via Enlarging the Sample

Labeling density is still a fundamental resolution limitation.



Summary:

Increase the amount of light emitted and detected 
inorder to increase resolution via decreasing shot noise.

A ‘Good Probe’ for high resolution imaging has:

• Large photon budget.  Lots of light = relatively less 
shot noise.

• High specificity.  Low background = relatively less 
shot noise.

• High labeling density / small size.  More dye 
molecules within excitation PSF = relatively less shot 
noise.




