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Abstract

can be obtained in just tens of seconds.

Recent development of FRET-PAINT microscopy significantly improved the imaging speed of DNA-PAINT, the
previously reported super-resolution fluorescence microscopy with no photobleaching problem. Here we try to
achieve the ultimate speed limit of FRET-PAINT by optimizing the camera speed, dissociation rate of DNA probes,
and bleed-through of the donor signal to the acceptor channel, and further increase the imaging speed of FRET-
PAINT by 8-fold. Super-resolution imaging of COS-7 microtubules shows that high-quality 40-nm resolution images
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Introduction

Different types of super-resolution fluorescence micros-
copy techniques have been developed to overcome the dif-
fraction limit of optical microscopy [1-7]. The
achievement, however, was obtained by sacrificing imaging
speed and total observation time; with increased optical
resolution, the imaging speed is generally slowed-down
and the photobleaching problem of fluorophores becomes
exacerbated resulting in the limited total imaging time.
DNA-PAINT (Point Accumulation for Imaging in Nano-
scale Topography [8]) technique has overcome the photo-
bleaching problem by using transient binding of a
fluorescently labeled short DNA strand (imager strand) to
a docking DNA strand conjugated to target molecules [9].
The binding rates of DNA probes, however, are notori-
ously slow, and as a result, DNA-PAINT has an extremely
slow imaging speed (1-3 frames per hour), impeding
widespread usage of DNA-PAINT in biological imaging.
To solve this problem of DNA-PAINT, FRET-PAINT mi-
croscopy has been introduced independently by two
groups [10, 11]. In this technique, two short DNA strands
labeled with donor and acceptor are used as fluorescence
probes. Because only the acceptor signal is used for
single-molecule localization, more concentrated DNA
probes could be used, resulting in a 30-fold increase in im-
aging speed compared to DNA-PAINT [10].
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The ultimate speed limit of FRET-PAINT has not
been characterized yet. The imaging speed of
FRET-PAINT is influenced by the camera speed, dis-
sociation rate of DNA probes, and maximum concen-
tration of DNA probes. In this paper, we optimize the
three factors to reach the speed limit of FRET-PAINT
imaging, and as a result, report a super-resolution
fluorescence microscopy that can provide 40-nm
resolution images in tens of seconds. In this process,
we recognized the previously uncharacterized
photo-induced damage of DNA probes, which cur-
rently limits both the imaging speed and the observa-
tion time of FRET-PAINT.

Results

Accelerated dissociation of donor strands

The experimental scheme of FRET-PAINT and instru-
mental setup are briefly presented in Fig. la. In the
previous work, we used an EMCCD (iXon Ultra
DU-897 U-CS0-#BV, Andor) with a maximum frame
rate of 56Hz and 512 x512 imaging area. Due to
slow dissociation of DNA probes, however, actual
frame rate used was 10 Hz. In this work, we replaced
the EMCCD with an sCMOS camera (ORCA-Flash
4.0 V2, Hamamatsu) with a maximum frame rate of
400 Hz for the same size of an imaging area. Due to
the photo-induced damage of DNA probes that will
be explained later in more detail, however, the max-
imum frame rate used was 200Hz. To compensate
for short exposure time, illumination intensity should
be increased proportionally to frame rate. For the
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Fig. 1 | Accelerated dissociation of donor strands. (a) A scheme of FRET-PAINT microscopy. Acceptor fluoresces only via FRET and its signal is
collected by a high-speed sCMOS camera. Donor signal is rejected by a band-pass filter. (b) DNA strands used for the experiments: docking
(black), donor (blue), and acceptor (red) strands. A length of donor strand was controlled by truncating the 5-end of the donor strand. Acceptor
and donor fluorophores are labeled at the designated positions. (c-f) Dissociation time of donor strands with the length of 9nt (c), 8 nt (d), 7 nt
(e), and 6 nt (f). Left panels show representative FRET time traces, in which high and low FRET states correspond to the bound and unbound
states, respectively. Right panels show histograms of dissociation times. The dissociation times were obtained by fitting the histograms with an
exponential decay function: 670 ms (9 nt), 63 ms (8 nt), 4.8 ms (7 nt), and 3.7 ms (6 nt)

same reason of photo-induced DNA damage, we used
an illumination power of 1.5kW/cm? just 3.3-fold
increase from 460 W/cm? that was used in the previ-
ous work.

To fully utilize the increased frame rate of an sCMOS
camera, the switching rate of DNA probes should be in-
creased as well; if the dissociation of DNA probe is slow,
single-molecule spots start to overlap at lower probe
concentrations, limiting the overall imaging speed. We
determined the dissociation times of donor strands with
various lengths. Four different donor strands were tested
(Fig. 1b, blue). Figure lc-f show representative time
traces (left) and histograms of dissociation time of the
donor strands (right). The dissociation times obtained
were 670 ms (9 nt), 63 ms (8 nt), 4.8 ms (7 nt), and 3.7 ms
(6 nt). The dissociation times of 7nt and 6 nt donor
strands were measured to be shorter than the camera
exposure time (5 ms), and should be considered inaccur-
ate. We selected 7 nt donor strands for the frame rate of
100 or 200 Hz used in this work. Auer et al. previously
used 7 nt donor strands [11], but the dissociation time of
the strand was much longer (88 ms) than ours (4.8 ms).

Improved signal-to-noise ratio (SNR)

Background noise coming from floating donor and ac-
ceptor strands limits the maximum probe concentration
that can be used. To reduce the background noise, and
as a result to increase the maximum probe concentra-
tions to give reasonable signal-to-noise ratio (SNR), we
first tried different donor-acceptor pairs other than the
Alexa Fluor 488 (AF488, Invitrogen)-Cy5 (GE Health-
care) pair used in the previous work. In terms of back-
ground noise, the more the spectral separation of donor
and acceptor emissions, the better SNR. Absorption and
excitation spectra of Alexa dyes [12], Atto dyes [13, 14],
CF dyes [15], and Cy dyes [12] were compared, and
CF488A (Biotium) and CF660R (Biotium) were selected
as candidates to replace AF488 and Cy5, respectively.
Figure 2a compares excitation (dashed lines) and emis-
sion (solid lines) spectra of AF488 (black), CF488A (red),
Cy5 (magenta), and CF660R (violet). The absorption and
emission spectra of CF488A is blue-shifted to those of
AF488 whereas their extinction coefficients are similar
at the peaks. On the other hand, the emission spectrum
of CF660R is red-shifted to that of Cy5. As an additional
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Fig. 2 | Improved signal-to-noise ratio (SNR). (a) Excitation (dashed lines) and emission spectra (solid lines) of donor (AF488, black; CF488A, red)
and acceptor (Cy5, magenta; CF660R, violet) fluorophores. The vertical blue dashed line indicates 473 nm excitation wavelength, the vertical green
dashed line indicates cut-on wavelength of a 640 nm long-pass filter, and the green solid line indicates the transmission curve of a 700/75 m
band-pass filter. (b) Acceptor signal of the AF488-Cy5 (black) and CF488A-Cy5 (red) pairs at 1.5 kW/cm? excitation power recorded with an sCMOS
camera and a band-pass filter. Acceptor signal of the AF488-Cy5 (blue) pair at 460 W/cm? excitation power recorded with an EMCCD camera and
a long-pass filter. The signal is defined as the amplitude of a 2D Gaussian function of each single-molecule spot. Open squares indicate measured
values and solid lines indicate fitted curves with Gaussian function. The CF488A-Cy5 pair yields the higher intensity. (c) Background noise of the
AF488-Cy5 (black) and CF488A-Cy5 (red) pairs at 1.5 kW/cm? excitation power with an sCMOS camera and a band-pass filter. Background noise of
the AF488-Cy5 (blue) pair at 460 W/cm? excitation power with an EMCCD camera and a long-pass filter. The background noise is defined as the
FWHM of a Gaussian function of the background signal. Open squares indicate measured values and solid lines indicate fitted curves with a
square root of donor strand concentration. A band-pass filter reduces background noise significantly and CF488A-Cy5 pair yields lower
background noise than AF488-Cy5 pair. Horizontal green dashed line indicates background noise without donor and acceptor strands, which is
mainly caused by autofluorescence coming from a coverslip. (d) SNR of the AF488-Cy5 (black) and CF488A-Cy5 (red) pairs at 1.5 KW/cm?
excitation power recorded with an sCMOS camera and a band-pass filter and that of the AF488-Cy5 pair (blue) at 460 W/cm? excitation power
recorded with an EMCCD camera and a long-pass filter. SNR is defined as the ratio of the signal to the background noise. Open squares indicate
calculated values and solid lines indicate fitted curves with an inverse square root function of donor strand concentration. The CF488A-Cy5 pair
with an sCMOS camera and a band-pass filter yields the highest SNR at high donor strand concentration

J

effort to improve SNR, we also replaced a 640nm  ratio were also improved with the CF488A-Cy5 pair than
long-pass filter (green dashed line) with a 700/75 band--  the AF488-Cy5 pair (Fig. 2c, d). It is noticeable that the
pass filter (green solid line). Since the band-pass filter has  optimization process mentioned above removed the donor
a red-shifted cut-on wavelength than the long-pass filter,  bleed-through almost completely, and as a result, the de-
some portion of acceptor signal is lost by the replacement,  pendence of SNR on donor concentration was very weak
but we expected the reduction of donor bleed-through  (Fig. 2d). Contrary to our expectation, we found that re-
would increase SNR at high donor strand concentrations.  placement of Cy5 with CF660R did not improve SNR be-
As expected from the fact that CF488A has larger extinc-  cause CF660R has higher direct excitation than Cy5 at
tion coefficient than AF488 at 473 nm, the CF488A-Cy5 473 nm (Additional file 1: Figure S1). Since CF660R has
pair gave more photons than the AF488-Cy5 pair at the lower direct excitation than Cy5 at 488 nm, we expect that
same excitation power (Fig. 2b). The background noise, ~CF660R may provide better performance if we use a
and thus the signal to noise ratio, were improved dramat-  488-nm excitation laser instead of the 473-nm laser in a
ically by using a band-pass filter instead of a long-pass fil-  future work. In this work, we exclusively used the
ter. And the background noise and the signal to noise = CF488A-Cy5 pair at 473 nm excitation.
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Characterization of the imaging speed of a new microscope
To characterize the improved imaging speed of the new
microscope, we compared the imaging speed of the new
FRET-PAINT microscope with the previous one. As a
model system, microtubules of COS-7 cells were imaged.
7nt donor strands and 1.5kW/cm® excitation power
were used for the new microscope whereas 9 nt donor
strands and 460 W/cm? excitation power were used for
the old one. Figure 3a shows a super-resolution image
obtained with the old microscope using a 10 Hz frame
rate and 1 min acquisition time. For the imaging, 30 nM
AF488-labeled donor strands and 20 nM Cy5-labeled ac-
ceptor strands were used. Figure 3b and c¢ show
super-resolution images obtained with the new micro-
scope using 100 Hz frame rate for Fig. 3b or 200 Hz for
Fig. 3c. For the imaging, the total data acquisition time
was 1min, and 300 nM CF488A-labeled donor strands
and 300 nM Cy5-labeled acceptor strands were used. As
clear from the figures, the new microscope provided
higher quality images than the previous FRET-PAINT
setup in a shorter time. The cross-sectional width of mi-
crotubules was similar to the previously reported value
(Additional file 1: Figure S2) [11]. To show the improved
image qualities in more detail, time-lapse images of the
boxed regions of Fig. 3a-c are also shown in Fig. 3d-f, re-
spectively. To quantitatively compare image qualities of
Fig. 3a-c, we compared the image resolutions as a func-
tion of image acquisition time (Fig. 3g). The resolutions
were obtained using the Fourier ring correlation method
[16, 17]. It is noticeable that the resolution arrived at the
limit (42 nm for 100 Hz, 46 nm for 200 Hz) after 20-30s
with the new FRET-PAINT setup whereas the resolution
still decreases even after 60s with the previous
FRET-PAINT setup. In principle, the resolution defined
by Fourier ring correlation method is affected by both
the localization precision and the localization density
[16-19]. The localization density is linearly proportional
to the imaging time (Fig. 3h) whereas the localization pre-
cision is time-independent. Therefore we can conclude
that for tens of seconds imaging time the image resolution
is determined by the localization precision in a new micro-
scope. For the same image acquisition time, on the other
hand, the image resolution is determined by the
localization density in the old microscope. Localization
density as a function of imaging time in Fig. 3h provides
another way to compare the imaging speed of the micro-
scopes. The localization rate was increased by 5.4 times for
the 100 Hz imaging, and 8 times for the 200 Hz imaging.

Discussion

In summary, we developed a high-speed FRET-PAINT
microscope that can provide localization-precision
limited super-resolution images in tens of seconds. For
the achievement, we optimized several experimental
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parameters such as the camera speed, dissociation time
of donor strands, and bleed-through of donor signals to
the acceptor channel.

Compared to the work of Auer et al. who claimed that
super-resolution images of microtubules could be ob-
tained in a few tens of seconds [11], our work has sev-
eral improvements in the following respects. First, they
used a docking strand permanently-labeled with an ac-
ceptor for cell imaging, and as a result the total imaging
time of their approach was still limited by photobleach-
ing of the acceptor. Second, they used 9 nt donor strand
whose dissociation time is estimated to be around 1s.
Even though they used high donor concentration (500
nM), and short integration time (14 ms), single-molecule
spots seriously overlap with 9 nt donor strand, and as a
result, overall imaging speed of their approach is deter-
mined by the donor dissociation time as fully demon-
strated in our previous paper [10]. It is not possible to
directly compare imaging speed of their approach with
ours because Auer et al. characterized the localization
precision only using a nearest neighbor analysis [20]
without information about the localization density for
image reconstruction; they provided potentially achiev-
able spatial resolution only, but not the experimentally
achieved actual resolution. However, we think that their
imaging speed was similar to that of our previous version
of a FRET-PAINT microscope where we used 9 nt donor
strand. The resolution of super-resolution fluorescence
microscopy based on single-molecule localization is not
solely determined by the localization precision of
single-molecules but the localization density of
single-molecules for image reconstruction should be also
considered. Therefore, the increased imaging speed in the
work compared to the previous works [10, 11] means im-
proved resolution for the same imaging time (Fig. 3g).

Then, have we arrived at the ultimate speed limit of
FRET-PAINT microscopy? We believe that there still is
a room for improvements. Figure 2d shows that we
could use much higher donor strand concentrations
than 300nM without compromising SNR. The
localization precision could be also improved by collect-
ing more photons. By using 6 nt donor stand, the donor
strand switching rate could be also increased. Incorpor-
ation of all these change into the microscope to increase
the imaging speed, however, requires higher excitation
intensity to compensate for the decreased photon num-
ber caused by the reduced binding lifetime of the probes.
Unfortunately, we found that this simple scheme did not
work; we found that the number of single-molecule
spots decreased in a laser-power dependent fashion as
imaging went on (Additional file 1: Figure S3a). There-
fore, we concluded that DNA probes used in
FRET-PAINT were damaged by the high-intensity exci-
tation laser. This kind of photo-induced damage was not
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Fig. 3 | Characterization of the imaging speed of a new microscope. Super-resolution microtubule images of fixed COS-7 cells were used as a
model system. (@) The image was reconstructed from 600 frames recorded at a frame rate of 10 Hz with a previous microscope (an EMCCD
camerg, a long-pass filter, 460 W/cm? excitation power, 30 nM 9 nt AF488 donor strands, 20 nM 10 nt Cy5 acceptor strands). (b, €) The images
were reconstructed from 6000 frames recorded at a frame rate of 100 Hz (b) or 12,000 frames recorded at a frame rate of 200 Hz (c) with a new
microscope (an sCMOS camera, a band-pass filter, 460 W/cm? excitation power, 300 nM 7 nt CF488A donor strands, 300 nM 9 nt Cy5 acceptor
strands). An imaging buffer (10 mM Tris-HCl, pH 8.0, 500 mM NaCl, T mg/ml glucose oxidase, 5 mg/ml glucose, 0.04 mg/ml catalase, and 1 mM
Trolox) was used for all imaging. All images were reconstructed using ThunderSTORM [23] with maximum likelihood fitting method. Total
imaging time is 60 s for all images. (d-f) Time-lapse images of the boxed regions in a-c at the specified imaging time. (g) Image resolutions of
a-c using Fourier ring correlation method as a function of the imaging time. Open squares indicate measured value and solid lines indicate fitted
curves with an exponential decay function. (h) A localization density as a function of the imaging time (100 Hz, black; 200 Hz, red; 10 Hz, blue).
The localization density is defined as the number of localization events per um? To minimize the influence of the region of interest selected for
data analysis, the localization density was calculated from 10 different regions of 5 different cells. Squared boxes indicate the average and error
bars indicate the standard deviation. The increase rates of the localization density were 21 (10 Hz), 114 (100 Hz), and 168 (200 Hz) localizations/
um?/s. We obtained 5.4 times increase for 100 Hz imaging, and 8 times increase for 200 Hz imaging compared to the old microscope. Scale bars:
5um (a-c), 1 um (d-f)
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recognized in the previous works where relatively weak
excitation power was used [10, 11]. To pin down what
kind of damage occurred, we performed additional ex-
periments. The injection of fresh DNA probes did not
solve the problem (Additional file 1: Figure S3b). The
background noise of fluorophores did not decrease dur-
ing imaging (Additional file 1: Figure S3c). Therefore,
the damage is not simple photobleaching of fluorophores
but seems to be the loss of base-pairing capability of
the docking strand. Interestingly, we found that the
photo-induced damage exhibited sample-to-sample
variation (Additional file 1: Figure S3d). Finding of a
way to systematically solve the photo-induced problem
will enable us to realize sub-millisecond image acquisi-
tion for super-resolution imaging. When combined
with a recently-developed real-time confocal micros-
copy [21, 22], our accelerated FRET-PAINT microscopy
will provide a way to reconstruct three-dimensional
structures of thick neural tissue samples with both high
speed and high resolution.

Methods

Materials

Modified DNA oligonucleotides were purchased from
Bioneer (Daejeon, Republic of Korea). AF488 (Alexa
Fluor 488 NHS Ester, catalog number: A20000) and
Nunc Lab-Tek chambered coverglass (catalog number:
155383PK) were purchased from Thermo Fisher Scien-
tific. CF488A (CF°488A Succinimidyl Ester, catalog num-
ber: 92120) and CF660R (CF°660R Succinimidyl Ester,
catalog number: 92134) were purchased from Biotium.
Cy5 (Cy5 NHS Ester, catalog number: PA15101) was
purchased from GE Healthcare Life Sciences. COS-7
cells were purchased from Korean Cell Line Bank. Anti--
tubulin antibody (catalog number: ab6160) was purchased
from Abcam. Donkey anti-rat IgG antibody (catalog num-
ber: 712-005-153) was purchased from Jackson Immu-
noResearch Laboratories, Inc. The docking strands were
conjugated to the secondary antibodies using
Antibody-Oligonucleotide All-in-One Conjugation Kit
(catalog number: A-9202-001) purchased from Solulink.
Glutaraldehyde (catalog number: G5882), Triton X-100
(catalog number: T9284), Sodium Borohydride (catalog
number: 452882-5@G), and Bovine Serum Albumin (catalog
number: A4919) were purchased from Sigma-Aldrich.

DNA labeling with fluorophores

Amine-modified DNA oligonucleotides were labeled
with fluorophores which have an NHS ester chemical
group. 5 ul of 1 mM DNA was mixed with 25 ul of 100
mM sodium tetraborate buffer (pH 8.5). And then 5 ul
of 20 mM fluorophore in DMSO was added. After thor-
ough mixing, the mixture was incubated at 4°C over-
night while protected from light. 265 ul of distilled
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water, 900 ul of ethanol, and 30 ul of 3 M sodium acetate
(pH 5.2) were added and mixed thoroughly. The mixture
was incubated at —20°C for an hour and then centri-
fuged for a couple of hours until the DNA pellet is
clearly visible. If the pellet is not visible, the mixture was
incubated at —20°C overnight or several days. The
supernatant was discarded and the pellet was washed
with cold ethanol. After ethanol was evaporated com-
pletely, the pellet was resuspended in 50 ul of MilliQ
water and the labeling efficiency was measured with a
spectrophotometer (Nanodrop 2000, Thermo Fisher
Scientific). If the labeling efficiency is low, the whole
labeling process was repeated. If the labeling efficiency
exceeds 100%, the purification step was repeated.

Cell culture, fixation, and immunostaining

COS-7 cells were grown on Nunc Lab-Tek chambered
coverglass for a day. The cells were briefly washed twice
with 37°C PBS buffer, pre-extracted with 37°C
pre-extraction buffer (0.4% glutaraldehyde, 0.25% Triton
X-100 in PBS buffer) for 20s, fixed with 37 °C fixation
buffer (3% glutaraldehyde in PBS buffer) for 10 min, and
washed with PBS buffer 3 times (5 min each) to remove
unreacted free glutaraldehyde molecules. Unreacted
aldehyde groups were quenched with quenching buffer
(1 mg/ml sodium borohydride in PBS buffer) 3 times (4
min each). And then, the cells were washed with PBS
buffer 3 times (5 min each). Microtubules were immuno-
stained by injecting 1:100 diluted primary anti-tubulin
antibodies in blocking buffer (5% Bovine Serum
Albumin and 0.25% Triton X-100 in PBS buffer) into the
chamber and incubating at room temperature for an hour.
Free anti-tubulin antibodies were washed with blocking
solution 3 times (5 min each). And then, 100 nM second-
ary antibodies conjugated with docking strands were
injected into the chamber and incubated at room
temperature for an hour. Free secondary antibodies were
washed with the PBS buffer 3 times (5 min each).

Single-molecule fluorescence imaging

For FRET-PAINT imaging, we used 7nt
CF488A-labeled donor strand, and 9nt Cy5-labeled
acceptor strand. Excitation power was 1.5kW/cm? at
473 nm. Cyb5 signal was filtered with a band-pass filter
(ET700/75 m, Chroma), and imaged using an inverted
microscope (IX71, Olympus) equipped with an
oil-immersion objective (100 x 1.4 NA, UPlansSApo,
Olympus) and an sCMOS camera (ORCA-Flash 4.0 V2,
Hamamatsu) with 5 or 10 ms integration time. For all
experiments, an identical imaging buffer (10 mM
Tris-HCI, pH 8.0, 500 mM NacCl, 1 mg/ml glucose oxi-
dase, 5 mg/ml glucose, 0.04 mg/ml catalase in saturated
Trolox solution) was used.
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Additional file 1: Accelerated FRET-PAINT Microscopy. Figure S1.
Excitation spectra of Cy5 (black) and CF660R (red). Figure S2. A cross-
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of DNA probes. (DOCX 538 kb)
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