
DNA-PAINT: A SUPER-RESOLUTION 
MICROSCOPY TECHNIQUE

Super-resolution1 techniques have enabled researchers 
to perform imaging below the classical diffraction-lim-
it of light with thus far unprecedented precision. In sin-
gle-molecule localization implementations, molecules are 
'switched' between non-fl uorescent dark- (or OFF-) and 
fl uorescent bright-states (or ON-states) in order to assign 
and detect their position with sub-diffraction precision. By 
acquiring not only one, but rather a whole stack of images, 
in which only a random subset of fl uorescent molecules 
(which differs from frame to frame) are recorded in the 
“ON-state”, a super-resolved image can be constructed.

The recently introduced super-resolution method DNA-
PAINT2 is based on transient DNA-DNA interactions. 
Compared to other stochastic approaches such as 
STORM3, PALM4, or GSDIM5 the fl uorescence molecules 
aren’t switched between dark and bright states, but the 
so-called “blinking” in DNA-PAINT is created by transient 
hybridization (binding and unbinding) of short fl uorescent 
DNA strands (imagers) to their targets (fi gure 1a). Once 
the imager is bound to the docking site, the fl uorophore 
is immobilized and can be detected by a camera. DNA-
PAINT does not suffer from photobleaching as the imag-
er strands are dynamically replenished. This allows the 
extraction of the full photon capacity of an immobilized 
imager strand upon binding to the docking site, facili-
tating superior resolution down to a few nanometers6. 
The high signal-to-background ratio enables the com-
bination of DNA-PAINT and confocal approaches, such 
as spinning disc confocal microscopy7. We assayed a 
new non-cooled scientifi c CMOS camera (pco.panda 
4.2) with synthetic DNA nanostructures. Therefore, we 
decorated a fl at rectangle DNA origami with DNA-PAINT 
docking sites in a grid pattern with 10 nm spacing (fi gure 
1b) and imaged the surface-bound structures using total 
internal refl ection fl uorescence8 (TIRF) microscopy. Indi-
vidual docking sites could be localized with a precision of 
around 1.5 nm, translating to a remarkable FWHM-reso-
lution ~3.6 nm (Figure 1c).

Due to the programmable nature DNA interactions in 
DNA-PAINT, multicolor image acquisition is not limited to 
spectral multiplexing. The DNA sequence of the imager 
strand can serve as a pseudo-color, where every orthog-
onal sequence represents a unique color. This enables 
multiplexed imaging using the same best-performing 
fl uorescent dye, in a method called exchange-PAINT9. 
Image acquisition is then performed sequentially. The 
transiently binding imager strands can be removed using 
washing buffer and the new ‘color’ (e.g. imagers with a 
different sequence) can be introduced.

Figure 1: DNA-PAINT imaging of DNA origami. (a) DNA-PAINT 
principle: Short oligonucleotides functionalized with � uores-
cent dyes bind transiently to complementary DNA strands 
(docking site) localized at the target. (b) Flat rectangle DNA 
origami decorated for DNA-PAINT imaging with a 4 x 4 grid 
pattern, spacing 10 nm. (c) Sum image of n = 24 DNA origa-
mi imaged with DNA-PAINT and the sCMOS camera (pco.
panda 4.2). Scale bar: 20 nm (a).
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COOLING

dark current at 21 °C temperature. A reduction of the tem-
perature by 7 °C means half of the dark current. The total
readout noise, which determines the achievable signal-to-
noise-ratio, changes then according to exposure time and
temperature of the image sensor. There are three different
exposure times assumed: 1 ms – 100 ms – 10000 ms to
show the contribution of the dark current to the total readout
noise, and all this is given at different image sensor tempera-
tures from 28 °C via 7 °C down to – 14 °C. Clearly for the
long exposure time of 10 s and the high sensor temperature
the additional noise contribution is much too high, but at 100
ms exposure time the dark current related increase of 0.6
[e-] of the total readout noise is reasonable, and at 1 ms
exposure time, the dark current has no impact. If the image
sensor is cooled down to – 14 °C even the 10 s exposure
time can be used, because the readout noise increase of
0.82 [e-] is acceptable.

The table shows for these performance data, the image sen-
sor can be used at 28 °C for exposure times of 100 ms and
shorter. If, for the given example, the image sensor should
be used at exposure times of 10 s, a cooling of the image
sensor for example down to – 14 °C would be required.

Disadvantage of Cooling

An intriguing relationship of temperature and image
sensor behavior exists, likely attributable to the pure
semi-conductor physics of silicon. Measuring light with-
in an integrating sphere and with homogenous illumina-
tion at different image sensor temperatures and differ-
ent wavelengths produces unexpected and somewhat
surprising results. The results in figure 3 show the tem-
perature dependence of the relative quantum efficiency
for various wavelengths. The signals are all related to
the values of the camera when the image sensor has a
temperature of + 5°C. Similar results have been obtained
with CCD image sensors.

From UV to green radiation, the sensitivity of the image
sensor increases a little with cooling, but only 1-2 %. Red
to NIR produces the opposite effect, where the more the
image sensor is cooled the less sensitive it becomes for
this spectral range of radiation. For example, for a wave-
length of λ = 950 nm the loss of relative quantum effi-
ciency with a cooling from +5 °C down to -25 °C is 18 %.
In turn this means using a deep cooled camera (- 50 °C
sensor temperature) to measure long wavelength radia-
tion (> 700 nm) is not optimal.

Cooling reduces the mobility of the charge carriers, and
for long wavelength detection the radiation is penetrat-
ing deep into the silicon to be able to generate a charge
carrier (electron-hole pair). Now the charge carrier has to
drift a large distance, and it does it slower, which increas-
es the probability that it either recombines or gets lost by
other mechanisms, but it doesn’t contribute to the signal.
For sure this effect has to be balanced with the tempera-
ture induced dark current noise contribution.

So, Are Cooled Cameras
More Sensitive?

No, not in general! As described, the cooling reduces the
readout noise in some situations, and is recommended
for longer exposure times (many seconds to minutes),
but it also might have a negative effect on the quantum
efficiency. Thermal stabilization is a good thing in general,
but, in case proper calibration and compensation is con-
ducted, it is not always required.

Figure 3: Measurement of the relative quantum ef�ciency
of an sCMOS image sensor taken at different image sensor
temperatures for various wavelengths (378 nm – 451 nm –
516 nm – 643 nm – 740 nm – 950 nm).

END NOTES

1 Equation 19 from EMVA 1288 Standard - Standard for Characterization of Image
Sensors and Cameras, Release 3.1



APPLICATION DNA-PAINT

To image cellular components with DNA-PAINT, label-
ing probes (for example antibodies10, nanobodies11 or 
Affi mers12) were conjugated with short DNA oligonucle-
otides serving as the docking site. We investigated the 
imaging capability of a non-cooled sCMOS camera in a 
cellular environment of a fi xed COS7 cell, where alpha 
tubulin was labeled with primary and secondary antibody 
(fi gure 2). The overview (fi gure 2a) shows the super-re-
solved microtubule network. Comparison of the diffrac-
tion-limited zoom-in panel in fi gure 2b with the super-re-
solved zoom-in fi gure 2c clearly displays the increase in 
resolution, allowing the discrimination and the distance 
measurement (fi gure 2d) between individual tubulin fi la-
ments. Clearly a non-cooled sCMOS camera is well suit-
ed to do these kind of super resolution measurements 
with the DNA-PAINT method.

Figure 2: DNA-PAINT imaging in a cellular environment. (a) 
Microtubules are labeled with alpha tubulin primary antibod-
ies and DNA-conjugated secondary antibodies. Imaging was 
performed in TIRF mode with an uncooled sCMOS camera 
(pco.panda 4.2). (b) Diffraction-limited (DL) representation 
and (c) super-resolution (SR) zoom-in of the highlighted area 
in a. (d) Cross-sectional histogram of the area marked in (c) 
shows the distances between three microtubule � laments.  
Scale bars: 5 µm (a), 500 nm (b, c).
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STANDARDS ALWAYS
SOUND IMPRESSIVE,
BUT IS THERE ANY BENEFIT FOR
ME AS AN sCMOS CAMERA USER?

In the case of the EMVA1288, which is a standard for the
specification and measurement of machine vision sen-
sors and cameras, the answer is – YES, there is a signif-
icant benefit for an sCMOS camera user.

This standard was initiated by the European Machine
Vision Association (EMVA)1. The initiative was launched
to define a unified method to measure, compute and
present specification parameters for cameras and image
sensors used for machine vision applications, but it is not
limited to machine vision applications. It has also been
further accepted by the American Automated Imaging
Association (AIA)2 and the Japan Industrial Imaging As-
sociation (JIIA)3.

What is the reason for the
EMVA1288 standard?

Choosing a suitable camera for a given imaging appli-
cation often proves to be a challenging task. The data
sheets provided by the manufacturers are difficult to
compare. Frequently, vital pieces of information are
not available and the user is forced to conduct a costly
comparative test which still may fail to deliver all rele-
vant camera parameters. This is where the EMVA 1288
Standard comes in. It creates transparency by defining
reliable and exact measurement procedures as well as

data presentation guidelines and makes the comparison
of cameras and image sensors much easier.

The Standard is elaborated by a consortium of the in-
dustry leading sensor and camera manufacturers, dis-
tributers and component customers4. The Standard is
organized in a modular approach. The first module was
officially released by the working group member compa-
nies in August 2005.

The EMVA1288 standard is continuously improved and
missing topics are integrated. To understand how the
information is presented and prepared for customers, it
is relevant to have a look to the summary sheet of a
digital camera.

The summary data sheet as shown in figure 1 contains
three mayor elements.

[1] Operating point: Contains a complete description of
the settings of the operating point at which the EMVA
1288 measurements have been acquired. Settings
not specified are assumed to be in the factory default
mode. If, for instance, the binning factor is not given,
the camera was measured without binning. This en-
sures that the measurements can be repeated any-
time under the same conditions.

[2] Photon transfer and SNR curves: The upper graph
contains the photon transfer curve [2a], i.e., the vari-
ance of the image sensor noise versus the mean
value. For an ideal linear camera this curve should
be linear. Only if the lower 70 % of the curve is lin-
ear, can the EMVA 1288 performance parameters
be estimated accurately. If a camera has any type
of deficiencies, these can often first be seen in the




