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Controlled light exposure microscopy 

microscopy to reduce phototoxicity and 
photobleaching
Ron A. Hoebe

Centre for Microscopy Research (CMO), Department of Cell Biology and Histology, Academic Medical 
Centre, Amsterdam, The Netherlands

Controlled light exposure microscopy 

-

to the cells that are imaged. CLEM reduces 

phototoxicity and photobleaching in cells 

CLEM has been implemented successfully 

in standard single-point confocal micros-

copy reducing phototoxicity and photob-

leaching 2- to 10-fold. Here, we discuss 

techniques.

developed to reduce phototoxicity and 

imaging 1-3. In live-cell microscopy, a compro-

mise has to be found between, on the one 

-

of cell damage and bleaching . Because 
phototoxicity and photobleaching is 

-
ophores 6-11

12-14. Consequently, in bright foreground, 

-
-

-

microscopy not needed for image quality by 
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In a standard scanning confocal microscope, 
imaging is performed pixel by pixel by scan-

pinhole prevents out-of-focus light to reach 

single pixel of the image is linearly depend-
ing on the light exposure dose in this single 
pixel.

confocal microscope 15 required two altera-

CLEM

Feedback
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Figure 1 
A)

and photobleaching. (B

controlled and used only where it is necessary 

-

C) A fast 

(AOM) depending on signals from the emission 

-

modulator (AOM) is placed in the laser 

-

pixel by pixel depending on signals from 

reduces photobleaching and phototoxicity 
2- to 10-fold.

-
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-

was 7-fold slower than the bleach rate in 

phototoxicity and photobleaching
-
-
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Figure 2 A
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-
-

-

16.

Noise in CLEM
To prevent phototoxicity and photobleach-
ing as much as possible during imaging of 
living cells by confocal microscopy, the exci-

-

Therefore, live cell imaging has to deal with 

(typically between 5 and 10). In confocal 
microscopy, noise is generally caused by the 

13.This stochas-

image. These artefacts are visible as errat-

a lower pixel value than the neighboring 

17

-
3. In predic-

pixels are used to calculate light exposure 

-

the foreground. A possible incorrect applied 

because the decisions are based on photons 
collected in more than one pixel. Therefore, 

that values of already measured neighbour-

than when the signal in one pixel is moni-

in the pixel to be measured. This is correct 

. Otherwise, 
the values of neighbouring pixels deviate 

-
cence in the pixel to be measured cannot be 

confocal microscope is needed to show its 

consequently decreases the photon rate in 
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avalanche photodiode (APD))  that have a 
limited dynamic range. The most important 

-
toxicity and photobleaching. In theo-

-

is the best choice in case of imaging at the 

microscope. In the case of scanning below 

in the measured pixel only is a good alterna-
-

CLEM in a biological context
-

cal context 18 -

were imaged for over 24 hours without 
-

-

showed that telomeres dynamically associ-

are abundantly present in these territories 

protein dissociates from telomere regions 
during mitosis.

-

in phototoxicity and photobleaching was 
observed. This indicates that cells can cope 

successful live-cell imaging during longer 

microscopy

based on the fact that two photons of low 
energy can sum up their energy and excite 

19. However, the probability 

usually a femtosecond laser is applied for 

two photons are needed to be absorbed 

intensity. Consequently, there is no need for 

as with a standard single-photon (confocal) 

 Photons of low energy (i.e. longer wave-

photons with a shorter wavelength and due 
to the absence of a pinhole in two-photo 

detected. These phenomena enable deeper 

cells, single-photon (confocal) microscopes 
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wavelength. Although lower-energy photons 

-
leaching induced by two-photo microscopy 
is less than that induced by single-photon 
confocal microscopy . However, this is not 
always the case 21-25. Total exposure required 

least an order of magnitude higher in two-
photon microscopy then in single-photon 
microscopy 21

-
age sets in when laser power is increased 
above a certain threshold 22. This all can lead 
to phototoxicity, photobleaching and photo-

cell and in-vivo imaging.

-

standard scanning confocal microscopy. The 

and the bright foreground reduces photo-
toxicity, photobleaching and photo-thermal 

-
-

with single-photon (confocal) microscopy 

The principle of a 4Pi confocal microscope is 

the use of two opposing lenses to generate 

CLEM Image Pred. CLEM Image

CLEM Exposure Pred. CLEM Exposure

CLEM “darker pixels” Pred. CLEM “darker pixels”

A B

C D

E F

Figure 3 -
-

-

-
A and B, respec-

.  The light exposure represented as an 

C and D,

E and F,

correct value is represented on the basis of the 
E and F.
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emission light 26

-

standard confocal microscope.

-

ning microscope is limited to the focused 

volume). This size is approximately the 

-

scopy reduces the size of the excited region 

pulse that is tuned to the emission wave-
27

pulse forces electrons from the excited state 

-

-

the ground state. This leaves only the region 

of the sample close to the axis of the deple-

-

over standard confocal scanning micros-

27.
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Figure 4 A series of simi-

cells stably expressing 

for 3 hours at 2 min inter-
-

A) 
Bleaching curves illustrate 

circles). The data points 
represent averages of 6 
nuclei and the standard 

-
sented by grey bars. The 
images below the graph 
demonstrate the preser-

and telomere resolvability 

throughout the imag-
ing period, whereas 

causes rapid bleaching 

from Cytometry Ref. 18 © 
(2009) Wiley InterScience 
inc.
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found to be strongly nonlinear depended on 
-

28-31

-

done in the same way as in a standard confo-

have to be controlled.

microscopy

speed. A way to overcome this problem is 

Phototoxicity and photobleaching is lower 
as compared with single-point scanning 
confocal microscopy 

-
-

in single-point scanning, a high intensity 
laser beam passes the sample and illumi-
nates every region intensely, but only for a 

has correspondingly lower intensity in spots. 
However, several of these beams pass over 

-
sion of all their passes is collected during 

-

(1000-fold) longer. Consequently, phototox-
icity and photobleaching is reduced because 
a low amount of free radicals is produced in 

array microscope (PAM).

a CCD camera

pinholes forms a set of beams correspond-

well as emission. 

confocal microscopy is complicated. The 
various beams generated by the spinning 

challenge to control light exposure per pixel. 
-

the CCD camera to control light exposure 
is possible, but needlessly complicates the 
microscope.  
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-

-
gate image formed by out-of-focus emis-

-
-

equivalent to a confocal image and the non-
-

image. Consequently, the pseudorandom 
sequence approach requires post-process-
ing to retrieve the confocal part.

microscopy 

images that are later summed to one image. 

-
-

one complete image.

image is not as simple as the linear extrap-

-

-

-
cent sample is also blurred by the emission 

the detected image results in considerable 

-

-
38-40. However, 

depends on the shape of the point spread 
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a more than 2-fold decrease in the rate of 

photobleaching 

to design, superimpose and apply the illu-

reduce image artefacts in the form of border 

depth of the excited sample is collected by a 

-

ing emission light and very fast because an 

once. A 3D image can be obtained by acquir-

out-of-focus-light and improve contrast and 
38-40

been used with great success . Current-

phototoxicity and photobleaching in living 

-

-

and imaged onto the specimen. However, 

-

because out-of-focus light reaches the CCD 

-

not completely eliminate it. A live-cell exper-

A

B

Figure 5 

successive intermediate images that are summed 

part is foreground. (A) 

quality considerably. (B

Caarls Ref. 62.
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photobleaching 46

to be addressed to reduce image artefacts 

-

methods that remove out-of-focus informa-
47. This method allows for 

microscopy. Recently, a new structured 

described, which produces 100-nm-scale 

using a microscope that has two opposing 
48. Structured illumina-

microscopy 

-

-
ly complicated.

by precisely localizing individual photo-
51-56. However, this 

approach requires large numbers of raw 
images (typically more then 1000) and is 
therefore limited in speed. Recently, a form 

a single image from hours to around 25-60 
-

cules per frame 57. This approach decreases 

allows live-cell imaging. Photobleaching is 
-

scopy techniques part of the imaging proc-

these reasons, photon-tolerant cell lines are 
selected 57.

-

Figure 6 
A-E F-J

E -
J) 
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-
-

mined from already acquired intermediate 

samples 58

sample is illuminated with a sheet of light. 

camera. Only the plane that is in focus is 

photobleaching. The sample is embedded in 
a cylinder of agarose gel suitable for living 
specimens. SPIM can acquire 3D images in 

-

59.
-

exposure is hampered by the sheet illumi-

complicated by possible non-homogeneous 

restricted region of the cells immediately 

interface 60

camera. An evanescent wave is generated 

-

and penetrates to a depth of approximately 

100 nm into the sample medium thus limit-

ing phototoxicity and photobleaching in the 

imaged cells 61.

-

sible.

-

-

-

-

-
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Live-cell 
imaging 

Nm resolution 
(lateral, axial) 

Acquisition 
speed 

Detection 
efficiency 

Photo-
damage 

CLEM 
implementation 

Standard confocal 
microscopy 

+ ++ 
(150, 400) 

-  
Point-scanning 

- - 
PMT 
30% 

- - - 
 

++++ 

Two-photon  
microscopy 

+ / -  
Depends on 
laser power 

+ 
(300, 800) 

-  
Point-scanning 

- 
PMT 
no pinhole 

 - - / - - - - ++++ 

4PI  
microscopy 

+ +++ 
(150, 100) 

- 
Point-scanning 

- 
PMT 
no pinhole 

- - 
 

++++ 

Stimulated emission 
depletion (STED) 
microscopy 

+ 
Small volume 

+++ 
(<50, 400) 

- 
Point-scanning 

- 
PMT 
no pinhole 

- - - - 
High 
power 

++++ 

STED 4PI  
microscopy 

+ 
Small volume 

++++ 
(50, 100) 

- 
Point-scanning 

- 
PMT 
no pinhole 

- - - 
High 
power 

++++ 

Spinning disk  
microscopy 

++ ++ 
(150, 400) 
Thin sample 

+ 
Multi-point 
scanning 

++ 
CCD 
Up to 90% 

- 
Low 
power 

- 
 

Programmable array 
(PAM)  
microscopy 

++ ++ 
(150, 400) 
Thin  sample 

+ 
Multi-point 
scanning 

++ 
CCD 

- 
Low 
power 

+++ 
Expanded mask 

Wide-field  
microscopy  & 
deconvolution 

+++ 
Fast 

+ 
(200, 500) 

++ 
Entire field of 
view 

+++ 
CCD 
no pinhole 

++ 
Low 
power 

++ 
Expanded mask, 
image artefacts 

Structured 
illumination  
microscopy 

+(2D) 
- (3D) 

++ 
(100, 400 2D) 
(100, 100 3D) 

+ 
2D 5 images 
3D 15 images 

+++ 
CCD 
no pinhole 

+ 
Multiple 
images 

+/- 
Reconstruction 
difficult 

Photo-act. loc.  
microscopy  
(PALM, STORM) 

- - 
Very slow 

+++ 
(50, 400) 

- - - 
> 1000 images 

+++ 
CCD 
no pinhole 

+  
Multiple 
images 

++ 
 

Light-sheet microscopy 
(SPIM)  

+ 
Slow 

+ 
(400, 400) 

- -  
Multiple images 

+++ 
CCD 
no pinhole 

+ 
Multiple 
images 

- 
Mask and 
reconstruction 
difficult 

Total internal 
reflection microscopy 
(TIRFM) 

+++ ++ 
(200, 100) 

++ 
Entire field of 
view 

+++ 
CCD 
no pinhole 

+++ 
100 nm 
depth 

- - 

Table 1 
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