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Total Internal Reflection Fluorescence Microscopy

Epifluorescence TIRF Mode

Glass Coverslip; RI = 1.5

Aqueous Sample;  RI = 1.3

Similar to epifluorescence, except the excitation light is shined at a very 
high angle, causing it to internally reflect.  Only a very thin (~0.2 um) layer 
adjacent to the coverslip is excited so no out-of-focus light is generated.
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Invented at U-M!



‘Dirty TIRF’

Epifluorescence TIRF Mode

Glass Coverslip; RI = 1.5

Aqueous Sample;  RI = 1.3

‘Almost TIRF’ where the light passes into the sample, but at an 
extremely shallow angle.  Still eliminates much out-of-focus light, 
allows for somewhat deeper (~1 um) imaging into the sample.
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TIRF Applications

TIRF is great for imaging process occurring in or very near the basal 
plasma membrane.  Extremely gentle since light never passes into the 
sample.

Ferguson & Kural, JCB, 2016

Tracking of clathrin coated pits…



Super Resolution Microscopy



• Interference of all of the individual ‘pairs’ of light waves 
at each angle is what creates an image.

• Resolution is determined by the spatial frequencies 
present in these interference patterns. 
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Recall that resolution is related to the diameter of the Airy disk, and is at 
best about 200 nm for a high NA oil objective.
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Super resolution microscopy is any technique that offers resolution better 
than the traditional 200 nm diffraction limit. All existing technologies are 
fluorescence-based.

2) Structured Illumination Microscopy (SIM)

Super Resolution Light Microscopy

1)  Single Molecule Localization Microscopy (STORM and 
PALM).
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3) Stimulated Emission Depletion Microscopy (STED)

200 nm
~Not live-cell 
compatible.  Will not  
cover further.



Single Molecule Localization Microscopy



The Principle of Localization Microscopy

Diffraction-limited image Localization image

Fluorophore blinkingSmall objects

By imaging only a few dye molecules per frame, the peak of fluorescence 
emission is a good proxy for the molecule’s location.  Image processing can 
be used to estimate these peak locations, which effectively ‘throws away’ 
the spread of the Airy disk.  After thousands of frames, a peak localization 
plot (the ‘image’) can be constructed.



Common Localization Microscopy Methods

▪ PALM: 

Utilizes photoswitchable fluorescent proteins  (Betzig, Science, 2006)

▪ STORM:

Utilizes blinking organic dyes  (Rust, Nat Methods, 2006)

▪ SOFI, SRRF:

Based on fluorescence fluctuations  (Detringer, PNAS, 2009)

▪ PAINT:

Based on transient probe binding  (Sharonov, PNAS, 2006)

▪ Several 3D versions of PALM and STORM also exist
(Shtengel, PNAS, 2008; Juette, Nat Meth, 2008; Huang, Science, 
2008; Pavani, PNAS, 2009)
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Usually performed in TIRF mode to eliminate high background.  Can 
also be done with lattice light sheet in some cases. 



What is the ‘resolution’ of a Localization Image?

(5 nm pixels) 

Localization density limits resolution in practice, not
localization precision!

E.g. with 75% of localizations recorded, resolution is around 
60 nm, given 20 nm LP.

(10 nm LP) 



From Schnitzbauer, Nat Prot, 2017

PAINT Methods
PAINT relies on transient binding to produce ‘blinks’ during the camera 
exposure time.  High powered lasers are not required.

Also works with fluorgenic probes



SRRF/SOFI Methods

Imaging individual fluorophores is not strictly required for high quality 
localization.  As long as there are small numbers of fluors per pixel, 
analyzing how the pixel intensity varies across frames can be used to 
estimate numbers and locations of molecules. 

SRRF

From Gustafsson, Nat Prot, 2017



Structured Illumination Microscopy



SIM provides relatively rapid (100 msec/frame) super resolution 
(100 nm) at modest excitation powers.  It is the only super res 
technique routinely compatible with live cell imaging.

Advantages of Structured Illumination Microscopy

From Li, Science, 2015



Traditional SIM sequentially shines 9 (or more) sinusoidal 
patterns of light onto the sample and then reconstructs a single 
super resolution image.  Why and How?

Magic!

The Phenomenology of SIM

(Reconstruction)

Super Res Workshop, Nov 19-20:
https://sites.lsa.umich.edu/biobarriers/



Coverslip

Sample

Two spots of excitation light are placed at a high NA position within the 
back-aperture (and usually a 3rd in the middle).  Thus, a sinusoidal 
interference pattern of excitation light is produced in the front focal plane. 
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Fluorophore 
Frequency

A sin(f1x) B sin(f2x) ½ AB [ cos((f1-f2)x) – cos((f1+f2)x)]

Frequency1 Frequency2 Heterodyned wave

Wave multiplication allows higher spatial 
frequency waves to be detected indirectly

Through the use of heterodyning, spatial frequencies up to 2x 
the diffraction limit can be detected indirectly.  

Excitation 
Frequency

Emission 
Frequency(s)

• Can detect f1-f2 as long as f1-f2 <= diffraction limit

• Can produce f2 as long as f2 <= diffraction limit

• Thus when (f1-f2) = f2 , f1 = 2f2

cos(f1-f2)x

(Product of Sines Law)



Wave Multiplication in 2D

Fluorophore 
Frequency

Excitation 
Frequency

Emission 
Frequency(s)

The 1D math can be applied separately along each axis of a 2D 
wave.  Again, up to 2x the ‘excitation frequency’ along each axis 
can be indirectly observed.

A sin(fx1x + fy1y) B sin(fx2x + fy2y) (Equation not pretty)

Frequency1 Frequency2 Heterodyned waves
Lower Freq. 

Wave

Higher 
Freq. Wave



To see this effect in action, shop at Kroger....

Heterodyned waves = 
1 hole/100 mm

The heterodyned, lower spatial frequency pattern is easy to 
see even when too far away to see the actual holes!

Frequency1 =  
1 hole/5 mm

Frequency2 =  
1 hole/5 mm



Practical Limitations of SIM

So now you know that SIM is really complicated!  This math makes 
many implicit assumptions and SIM does not work well (or at all) 
when these assumptions are violated.

• Dense staining over >2 um thick.  Too much 
fluorescence is generated that never experienced the 
reference waves.

• Refractive index mismatches / light scatter in the 
sample.  The reference patterns become aberrated in 
the sample.

• Any sample motion during collection of the 9 (or more) 
reference images as needed for a single reconstruction.



Summary Comparison

SMLM SIM

XY resolution: 20-40 nm 100-200 nm

Z resolution: ~50 nm 100-200 nm

Special dyes/labeling 
needed?

Yes No

Imaging Depth: <500 nm <1-2 um

Quantitative? Likely No

Artifact prone? ~Some Yes

Extra sample 
preparation?

Fixed, specialized 
mounting buffer

Uniform RI


