Application Note

Using Super-Resolution Nanorulers to study the Capabilities of EM-CCD and sCMOS
Cameras beyond the Diffraction Limit

Light microscopes enabling super-resolution imaging suffer from a
standardized quantification method. We demonstrate the quantifica-
tion of a super-resolution microscope by using standardized DNA
origami samples with the help of two leading camera technologies
(EM-CCD and sCMOS).

1. Overview

Recently, the Nobel Prize in chemistry was awarded to Stephan Hell, Eric Betzig
and William E. Moerner for their groundbreaking improvements in optical
and single molecule microscopy. Their fundamental work and innovative
approaches made it possible to image structures smaller than the diffraction
barrier of light (~200 nm), a limit which was first introduced by Emst Abbe
1873. The development of novel types of microscopes, so called ‘super-
resolution’ microscopes, enabled the visualization of biological processes on a
molecular level and improved the insight in diverse fields of biomedicine such
as neuroscience, morphogenesis or drug delivery, to name a few. Researchers
developed a large number of methods to overcome the diffraction barrier
based on spatiotemporal fluorescent switching.

In this paper, we performed a standard single molecule switching nanoscopy
(SMSN) technique to demonstrate how two camera technologies (EM-CCD
and sCMOS) can resolve the world's first standardized nano samples. The
utilization of nanostructured standards from GATTAquant GmbH offered the
opportunity to test the super-resolution capability of Hamamatsu’s leading
camera technologies in a quantitative and reproducible way.

2. Introduction

In nature nearly all biomolecules are smaller than 200 nm. As a consequence,
the finest structures of fluorescently labeled cells and their molecular
components are hidden under the intensity peak from a single point source
of light (point-spread function — PSF), which is emitted by a nanoscaled
fluorophore. To overcome this barrier, super-resolution microscopy makes use
of the changing states of fluorescence markers and measures the shape of the
blinking PSF'. In general there are two main techniques to achieve a bright ON
or dark OFF state of fluorophores, either by deterministic photoswitching in
space or by stochastically switching single molecule fluorescence ON and OFF
in space and time. Prominent methods of the first technique involves ground
state depletion (GSD) microscopy?, reversible saturable optical fluorescence
transition (RESOLFT) microscopy?, linear or saturated structured illumination
microscopy® > ((S)SIM) or stimulated emission depletion (STED) microscopy®.
In the field of stochastic imaging (direct) stochastic optical reconstruction mi-
croscopy” & ((d)STORM), (fluorescence) photo-activation localization micros-
copy® '° ((f)PALM), or (DNA-based) point accumulation for imaging in nano-
scale topography'' ((DNA-)PAINT) are known to be commonly used.
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Nevertheless, whichever technique is applied, samples with standardized
dimensions are missing. Recently founded GATTAquant GmbH utilizes state-
of-the-art innovations in the field of DNA nanotechnology to fabricate probes
for fast, easy and precise quantification of super-resolution systems'? 3. The
samples allow the quantification of the resolution of the microscope with a
precision of a few nanometers. This is possible by using special nanoconstructs,
so called 'DNA origami structures'™®, as a breadboard for placing single dye
molecules in an exactly defined pattern. This technique allows the placement
of fluorophores in preassigned distances, subsequently serving as a ruler
on the nanoscale. To study the capabilities of different cameras we focused
on nanorulers using DNA-PAINT as SMSN technique (GATTA-PAINT 80R
nanoruler). DNA-PAINT is based on the transient binding of fluorophore-
labeled “imager” strands to complementary target positions on the nanoruler,
enabling a stochastic blinking and subsequently allowing for the reconstruction
of a super-resolved image'”.

Besides the blinking technique itself and the optical instrument, which is
necessary to perform super-resolution imaging, the camera is a key component.
The sensor records the PSF, which is used to reconstruct the super-resolved
image. Currently there are two leading camera technologies on the market,
which are suitable for super-resolution imaging. In general, both offer a very
low readout noise characteristic. The widespread electron multiplying charge
coupled device (EM-CCD) cameras multiply the number of electrons on-chip
before digitalization. New scientific complementary metal oxide semiconductor
(sCMOS) cameras show comparable low-light sensitivities. In general, they are
governed by an order of magnitude higher read noise (~1 ) but do not suffer
from electron multiplication noise compared to EM-CCDs.

The goal of this white paper is to envision the capability of Hamamatsu's
cameras for super-resolution imaging using both EM-CCD and sCMOQS
technologies with the help of GATTAquant’s standardized nanorulers.

3. Imaging technologies

Currently, there are two leading technologies in the field of ultra-low light
camera detectors. Super-resolution imaging is clearly considered for ultra-low
light applications since typical light levels are less than 1000 photons per pixel
per frame. On the one hand there is the Electron Multiplying Charge Coupled
Device (EMCCD) sensor which multiplies the photoelectrons in an electron
multiplying register on the chip and on the other hand the scientific grade
Complementary Metal Oxide Semiconductor (sCMOS) sensor which amplifies
the photoelectrons on the pixel directly. Typically, these different signal
processes introduce different readout noise levels and characteristics?® 2.
The electron multiplication in EMCCD enables the detection of weak light and
lowers the readout noise to less than Te" (rms) but introduces additional noise
(excess noise) which lowers the superior quantum efficiency of more than 90 %
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by a factor of 2. In contrast SCMOS cameras do not suffer from excess noise
but show a higher readout noise of 1.4e" (rms). With the help of the following
equation the signal to noise ratio can be calculated theoretically

QES

SNR =
VEZ QE (S + 1) + (N,/M)

In the equation QE is the quantum efficiency which is the ratio of incident
photons to converted electrons. For the sSCMOS camera the peak quantum
efficiency is 72 % (at 560 nm) and for the EM-CCD 92 % (at 560 nm). Further,
S is the digital signal value in analogue digital units (ADU). |, is the signal
intensity of the background in the experiments. N, is the readout noise and
is a statistical expression of the variability within the electronics that convert
the charge of the photoelectrons in each pixel to a digital number. EM gain
occurs in a voltage dependent, stepwise manner and the total amount is a
combination of the voltage applied and number of steps in the EM register.
EM gain has a statistical distribution and an associated variance, which is
accounted for by Fn. At typical EMCCD gains up to 1200 F = =1.4. Since
CCD and CMOS do not have EM gain F = 1 in these cameras. Please note
that in this calculation the dark current is neglected because exposure times in
localization experiments are typically less than 1's.

In Figure 1 the signal to noise ratio in absolute values versus input signal
photons in number of photons per pixel is plotted. Values are taken from the
data sheets of the cameras. The blue line corresponds to the sSCMOS camera
and the green line to the EM-CCD camera. Additionally the effect of excess
noise in EM-CCD cameras is plotted and expressed by the purple line. As
sCMOS technology has a six times smaller pixel area, the corrected plot for
sCMOS is also shown and denoted as the red line. The graph suggests small
advantages for sCMOS technology in terms of sensitivity of more than 10

photons per individual pixel (intersection of blue and green line). If excess
noise is accounted for with the EM-CCD, this intersection shifts to 4 photons
per individual pixel. However, the corrected pixel sizes for the sSCMOS camera
reveals a 30 % better SNR.

In some super resolution applications the acquisition speed may be another
interesting sensor parameter that makes your application demanding. The EM-
CCD camera allows 70 fps at full resolution whereas the rolling shutter in the
sCMOS camera allows for an operation at 100 fps at full resolution.

4. Materials and methods
Super-resolution standards (GATTA-PAINT 80R nanoruler) were provided as
ready-to-use slides from GATTAquant GmbH, Braunschweig, Germany.

High sensitivity cameras (ImagEM X2 and ORCA-Flash4.0 VV2) were provided
by Hamamatsu Photonics Deutschland GmbH, Herrsching, Germany.

Super-resolution imaging was performed on a custom-built total internal
reflection fluorescence (TIRF) microscope, based on an inverted microscope
body (IX71, Olympus). For excitation, a 150 mW, 644 nm diode laser was used
(iBeam smart, Toptica Photonics) which was spectrally filtered using a clean-up
filter (Brightline HC 650/13, Semrock) and coupled into the microscope with a
beamsplitter (zt 647 rdc, Chroma). The laser beam was focused to the backfocal
plane of an oil-immersion objective (100x, NA = 1.4, UPlanSApo, Olympus)
and aligned for TIRF illumination. In addition, a 1.6x optical magnification was
applied resulting in an effective pixel size of 100 nm (EM-CCD) or 40.6 nm
(sSCMOS). The fluorescence light was spectrally filtered by an emission filter (ET
700/75, Chroma). For imaging, an electron multiplying charge coupled device
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Figure 1: Theoretical Signal to Noise Ratios for EM-CCD (red) and sCMOS (green)
in dependency of input photons per individual pixel at 688 nm. The dark red line
is the excess noise corrected SNR-plot for the EM-CCD and the dark green line
compensates the different pixel sizes of the two sensors.
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Figure 2: Illustration of the DNA-PAINT imaging technique: The transient binding
and unbinding of fluorescently labeled oligonucleotides to specifically designed
binding sites, mimics a signal of blinking dye molecules which can be processed
in the same way as standard localization based SR microscopy.
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(EM-CCD, ImagEM X2, Hamamatsu) or a scientific complementary metal oxide
semiconductor (sCMOS, ORCA-Flash4.0, Hamamatsu) camera was used. To
minimize setup and sample drift, the microscope was mounted on an actively
stabilized optical table (TS-300, JRS Scientific Instruments). Additionally, the
objective was mounted via a nosepiece (IX2-NPS, Olympus).

Typical acquisition parameters were: laser power: ~9 kW/cm?, integration
time: 30 ms, number of frames: 10000, EM gain (for EM-CCD camera): 150.
Acquisition was controlled by open source microscopy software Micro-Manager,
followed by analysis using custom-built spot finding and 2D-Gaussian fitting
algorithms based on MATLAB and LabVIEW. Reconstructed images with
resolved nanorulers were finally analyzed using the GATTAnalysis software
from GATTAquant GmbH.

5. Results and discussion

The GATTA-PAINT 80R nanorulers are straight rods based on DNA origami
structures, featuring three marks for DNA-PAINT imaging designed with a
distance of 80 nm between two adjacent marks (and consequently 160 nm
between the two exterior marks). The fluorescence signal is based on the
transient binding of ATTO 655 labeled imager oligonucleotides to the
complementary target marks on the nanoruler (Figure 2). The data presented
originates from the identical probe, whereas the cameras were exchanged
during this study.

For both camera types — the EM-CCD and the sSCMOS — hundreds of nanorulers
could be resolved, confirming the qualitative capability for super-resolution
imaging and subsequent image reconstruction. The reconstructed image, given
as a 2D heat map of the single events, clearly shows the three in-line marks
of the nanoruler (Figure 3a and d). Using the GATTAnalysis software both
the distances between adjacent marks and the full width at half maximum
(FWHM) of every individual mark is determined for each ruler, respectively. The
results are binned in a histogram and fitted accordingly with a Gaussian. The
EM-CCD camera shows an average distance of (77 + 14) nm for the GATTA-
PAINT 80R nanoruler (Figure 3b) with a FWHM of (25 = 6) nm (Figure 3c).
Using the same acquisition parameters for the sSCMOS camera, the distance
values of (79 + 18) nm tend to be very similar in comparison to the EM-CCD
camera (Figure 3e), nevertheless the FWHM is clearly shifted to (19 =+ 8) nm,
resulting in an improved FWHM by 24 % (Figure 3f).

In the following the intensity signals of the blinking events are identified in
detail for both the EM-CCD and sCMOS. Therefore, 10 intensity levels from the
blinking spots from 10 different frames are measured. The EM-CCD showed
average intensity values of (29,098 + 8,590) ADU and the SCMOS (768 + 266)
ADU. Both camera sensors allow 16 bit ADU values so that the EM-CCD is
saturated by 44 % and the sSCMOS to only 1.2 % on average. However to
calculate the signal to noise ratio the background signal also has to be taken
into account. To identify the average background signals the mean value of a
square is measured (see Figure 4). The EM-CCD has background intensities
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Figure 3: a) DNA-PAINT images of GATTA-PAINT 80R nanorulers acquired with an EM-CCD camera. b) Gained distance histogram showing an average distance of
(77 = 14) nm. ¢) Gained histogram of the individual mark FWHMs showing an average FWHM of (25 + 6) nm. d) DNA-PAINT images of GATTA-PAINT 80R nanorulers
acquired with an sSCMOS camera. e) Gained distance histogram showing an average distance of (79 + 18) nm. f) Gained histogram of the individual mark FWHMs showing

an average FWHM of (19 + 8) nm.
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of (15,224 + 564) ADU and the sCMOS (282 + 21) ADU. Now these values
can be used to calculate the signal to noise ratios as previously explained (see
equation 1). The EM-CCD shows a SNR of 93 per pixel and the sSCMOS 20 per
pixel. Considering the six times smaller pixel area (256 pm2/42.25 ym? = 6) of
the SCMOS this value increases to 120. In other words the SCMOS sensor has
an improved SNR of 30 %. This fact validates the theoretical SNR consideration
discussed before (see Imaging Technologies).

Nevertheless the intensities are highly sufficient for threshold-based spot
finding and subsequent 2D Gaussian fitting. The calculated distance values
of the reconstructed nanorulers only slightly deviate for each camera type.
Further they strongly agree with the designed distance of 80 nm within the
given standard error. The FWHM for the EM-CCD is found to be around 25 nm,
a value comparable to previous DNA-PAINT measurements'”'*. Nevertheless,
our finding that the FWHM for the sSCMOS is around 19 nm opens the potential
use of these camera types for single molecule measurements.

Figure 4: a) sCMOS raw image (480 x 360 pxIs) b) EM-CCD raw image (192 x 144 pxls). The images are 8bit LUT corrected. A red square identifies the area where the
background intensity was identified in the SNR calculation. The red circle measures a PSF of a fluorophore. The color scales indicate the intensity values in ADU.

6. Conclusions

The utilization of GATTAquant’s standardized nanostructures for super-reso-
lution microscopy offers a variety of advantages compared to previous test
samples like microtubules or fluorescent beads. It is the first time that a large
amount of identical patterns, with defined distances, is available and these
nanorulers allow for the parallel analysis and statistical validation of the
resolution of the set-up. In addition, their fluorescent properties are — due
to the selected type and number of dyes — comparable to real samples, for
instance mimicking classically stained cell samples in a more comparable way
to setup parameters and settings.

Now, the utilization of these standard probes enables the verification of the
performance of different camera types under uniform (or stable) conditions. The
statistical data evaluation allows a direct comparison of Hamamatsu’s EM-CCD
and sCMOS cameras and confirms their benefit for super-resolution imaging.

The SNR measurement showed small advantages for sCMOS technology.
Recently, Hamamatsu launched a new sCMOS camera with 10 % increase of
quantum efficiency over the visible spectra. This makes sCMOS technology
even more suitable for super-resolution imaging.
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