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ABSTRACT: Several super-resolution techniques exist, yet
most require multiple lasers, use either large or weakly emitting
fluorophores, or involve chemical manipulation. Here we show
a simple technique that exceeds the standard diffraction limit by
5—15x on fixed samples, yet allows the user to localize
individual fluorophores from among groups of crowded fluoro-
phores. It relies only on bright, organic fluorophores and a
sensitive camera, both of which are commercially available.
Super-resolution is achieved by subtracting sequential images
to find the fluorophores that photobleach (temporarily or
permanently), photoactivate, or bind to the structure of interest

in transitioning from one frame to the next. These fluorophores can then be localized via Gaussian fitting with selective frame
averaging to achieve accuracies much better than the diffraction limit. The signal-to-noise ratio decreases with the square root of the
number of nearby fluorophores, producing average single-molecule localization errors that are typically <30 nm. Surprisingly, one
can often extract signal when there are approximately 20 fluorophores surrounding the fluorophore of interest. Examples shown
include microtubules (in vitro and in fixed cells) and chromosomal DNA.
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uper-resolution fluorescence techniques, ie., those that
Sachieve resolution below the diffraction limit (~250 nm)
have the potential to revolutionize microscopy, enabling one to
see fine details in cell imaging. Two general classes of techniques
exist. First are those that are fundamentally single-molecule
localization techniques, such as (fluorescence) photoactivation
localization microscopy ([f]JPALM)"? and stochastic optical re-
construction microscopy (STORM).> These rely on photactiva-
table fluorophores where a laser at one wavelength renders a
fluorophore “activated” and a second laser is then used to excite
fluorescence. The photoactivatable fluorophores can be expressed
at high density, but less than one molecule per diffraction-limited
area is usually active. The fluorophore’s center can be localized to
<50 nm using fitting methods. Many fluorophores are localized to
produce a composite super-resolution image. Another single-
molecule technique, points accumulation for imaging in nanoscale
topography (PAINT)), relies on the stochastic binding of diffusing
fluorophores that, once bound, can be localized.*® Second are
techniques like stimulated emission depletion (STED)® and
structured illumination microscopy (SIM)” which do not rely on
detecting single molecules but, rather, excite the sample using
special illumination techniques. These techniques typically achieve
<100 nm resolution (for review, see ref 8). An in-between
technique, super-resolution optical fluctuation imaging (SOFI),
relies on the blinking of single fluorophores, but the analysis
involves calculating the statistical moments of the pixels rather
than localizing single fluorophores.”
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Despite their importance, these methods often include re-
quirements that make it somewhat complex for the typical
laboratory to apply. For example, STORM and PALM require
photoactivatable fluorophores and laser cycling equipment. SIM
requires very specialized optics, while STED requires sensitive
alignment of optics and high laser excitation powers. More recent
techniques have overcome some of these problems. For example,
ground-state depletion followed by individual molecule return
(GSDIM) uses relatively high excitation intensities to force the
majority of molecules into metastable dark states. This not only
achieves low densities of actively fluorescing molecules but also is
compatible with many conventional fluorophores.'” dSTORM"*
and other similar blinking microscopies'* use additional chemi-
cals to cause fluorophores to blink with long-lived dark states and
remove the necessity of laser cycling. SOFI in fact does an
excellent job of producing super-resolution images from ensem-
bles of simultaneously active fluorophores that blink significantly
for rather long periods of time (like quantum dots). In general,
however, these techniques require special optics or special
chemicals or have limitations in terms of what can be labeled.

We desired to create super-resolution images using standard
fluorophores and normal imaging techniques. To do this, it was
necessary to develop an analysis approach that would allow us to
localize single fluorophores, even within a bright, complex
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[ The gSHRImMP algorithm

Simple example:

new frame 7', 7 from 6 to get new €', etc.:

Average of 1-4 Average of 5-6

5. The center of the Gaussian fit is the location (within fit error) of the fluorophore. Repeat for
the second fluorophore but subtract the average of frames 7-8 from the average of 5-6.

6. Plot the locations of the fluorophores in the new, super-resolution image.

~

. Start with a two-fluorophore image sequence with photobleaching (frames 4 and 6):

2. Create the backwards-subtracted image sequence by subtracting frame 8 from 7 to get

+
f 3 3’ 4’ 5 7

3. Locate spots in the backwards-subtracted image sequence. These show when and where
photobleaching occurred (here, frames 4 & 6):

--
3' 4’ =

4. Localize the first photobleaching fluorophore by subtracting the average of frames 5-6 from
the average of frames 1-4, then fitting to a weighted 2-dimensional Gaussian:

D

Image for
Gaussian fitting

-

Gaussian Fit

Figure 1. Example of the gSHRImP algorithm applied to a simple, two-fluorophore movie. In a completely analogous way, fluorophores going from a
dark state to a fluorescent state (as occurs with blinking fluorophores, photoactivation, or fluorophore binding events) are also localized.

fluorescent background." The approach is similar to single mole-
cule high-resolution imaging with photobleaching (SHRImP),
which handles two ﬂuorophores with overlapping, diffraction-
limited spot images," or the equivalent technique, nanometer-
localized multiple single-molecule fluorescence microscopy
(NALMS), which handles up to approximately five fluorophores.'*
Our approach, which we call generalized SHRImP (gSHRImP),
generalizes the approach to handle thousands of fluorophores with
up to about 20 fluorophores per diffraction-limit area. We find a
5—20X increase in resolution by relying on natural photobleach-
ing and photoactivating. Surprisingly, one can avoid getting “lost in
the noise” despite the presence of surrounding fluorophores.
gSHRIMP Analysis. (An overview of gSHRImP analysis as it is
applied to a simple two-fluorophore system is shown in Figure 1.)
A fluorescent movie is taken, during which time the fluorophores
naturally undergo photobleaching (permanent or temporary) and
possibly photoactivation. A frame with (n — 1) fluorescing
molecules is subtracted from a preceding image that contains n
fluorescing molecules to produce the “subtracted” image. A spot
will then be present in the resulting image that corresponds to the
photobleaching event. The spot is automatically detected and
localized to pixel accuracy by finding the local maxima of the
intensity. (See Supporting Information.) The spot is then further

localized to subpixel accuracy using a two-dimensional Gaussian fit.
This is repeated with the (n — 2) image subtracted from the (n —
1) image, etc,, until all the molecules are photobleached.

Overcoming the photon noise is of course critical. The
situation here is much like an absorption measurement that is
inherently noisier than a fluorescence measurement because one
is measuring “down” from a high-level, instead of “up” from a
near-dark background. Averaging frames both before and after
the photobleaching event reduces the localization error. In
particular, the noise due to photon statistics is reduced by a
factor of /F where F is the number of frames averaged. The
specific number of frames to be averaged is found by searching
for nearby photobleaching or photobleaching events in time and
space, where the averaging is not necessarily the same for each
event. The number of consecutive frames averaged before a
photobleaching/activation event is the number of intervening
frames between the event of interest and the preceding event that
is located within a radius of five to six pixels; the frames averaged
after an event are similarly chosen (see Figure 1 for an example).
For the data presented here, the maximum allowable number
of frames to average was set to 20. Choosing a value larger than
this is feasible, but then microscope stage drift may need to be
considered.
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Figure 2. Application of gSHRImP to photobleaching TMR-labeled microtubules. (a) Selected frames from the total acquired movie (3178 total
frames, 0.2 s per frame) demonstrating photobleaching and blinking. (b) Standard, diffraction-limited image. Scale bar =1 um. (c) Corresponding super-
resolution image constructed using gSHRImP. Pixel length =10 nm. (d) Comparison of the microtubule fwhm's. In the normal image the microtubule

fwhm is about 300 nm, while in the gSHRImP image the microtubule fwhm is about 60 nm. In part

« »

¢” the image was constructed using maximum

likelihood fitting (see Supporting Information on fitting; average estimated spot localization error =27 nm), while in “d” the data were analyzed using
least-squares fitting (average estimated localization error =20 nm), although actual outcomes were very similar. See Supporting Information for more

details.

Spots that are not fit well by Gaussian functions (i.e., localiza-
tion error is too large, spots are too narrow, spots are too wide,
ellipticity >1.5, etc.) are rejected. (See the Supporting Informa-
tion for example parameters used for spot rejection.) The
accepted localizations are then used to plot a composite super-
resolution image. The spot localizations are plotted as two-
dimensional Gaussian functions with widths corresponding to
the localization errors of the individual fits. (For more details of
the analysis, see the Supporting Information.)

An estimate of the localization error, 0, along a single axis in
the x—y imaging plane is given by Thompson et al."®

\/sz + a?/12  8ms*h?
0,‘ - +
N a*N?

where s equals approximately half the width of a Gaussian fit to
the PSF, a = 100 nm (the pixel size), N = total number of photons
collected from a fluorophore, and b = background noise. Under
reasonable assumptions (see Supporting Information)

av/mN

2s

b =

where m = number of fluorophores in a diffraction-limited area
and N is the average number of total photons per fluorophore. If

F = number of frames that can be averaged before and after the
photobleaching event, then the Thompson equation can be
modified to (see Supporting Information)

\/sz + a*/12  4ms?(m—1)
Oi - +
N FN

Thus, if s; = 143 nm, a = 106.67 nm, N = 1800 photons, m = 10,
and F = 1, then 0; = 36 nm. Increasing to F = 2 gives 0; = 25 nm
(these values are typical of fluorophores localized in Figure 2).
For m =25 and F = 2, 0; = 41 nm. Of course, the resolution will
depend on when each molecule photobleaches and the emission
intensity. In fact, Thompson et al. assumed a flat background,
whereas we do not, and instead of using the equation above, we
use the localization error calculated using a two-dimensional
Gaussian fit (for more on the Gaussian fitting and error value
estimate, see Supporting Information). Of course, the photo-
bleaching and blinking rates also determine the maximum
density of fluorophores for a given frame rate allowed since
photobleaching and/or photoactivation events should not occur
simultaneously in time and space. Expressions for maximum
fluorophore densities based on photobleaching and blinking
rates are derived in the Supporting Information.

Another approach for producing gSHRImP-compatible data is
using diffusion-based labeling, as in PAINT.* (In fact, gSHRImP
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Figure 3. Application of gSHRImP to photobleaching microtubules labeled with CF633 secondary antibodies in fixed COS-7 cells. (a) Normal
fluorescence image. (b) gSHRImP image (maximum-likelihood 2-d Gaussian fitting; average localization error = 17 nm). Pixel length = 10 nm.
(c) Comparison of the microtubule fwhm's (least-squares elliptical Gaussian fitting; average spot localization error = 21 nm). In the normal image,
microtubule width at fwhm of the intensity = 500 nm; gSHRImP image, fwhm = 100 nm. Scale bar = 1 um.

works equally well with photoactivation, blinking, fluorophore
binding, etc.—all that matters is that single fluorophores appear
to transition between dark and bright states or between bright
and dark states.) A low density of bound and fluorescing
molecules can be achieved by imaging a sparsely labeled object
where the object is in a solution containing fluorescently labeled
molecules. The fluorophores are designed to be able to bind to
the object of interest, either transiently or permanently. The
single frame acquisition time is chosen to be slow compared to
the time required for a fluorophore to diffuse through the length
of an image pixel. Thus, fluorophores in solution contribute a
diffuse fluorescent background, while immobilized fluorophores
contribute a strong, localized fluorescent signal. Total internal
reflection fluorescence (TIRF) microscopy can be used to
further reduce background fluorescence from diffusing fluoro-
phores. The bound fluorophores eventually photobleach or
unbind, which helps to maintain a low density of bound, active
fluorophores. If the labels bind irreversibly, the target should be
initially unlabeled to maximize fluorophore localizations and
accuracy. Combining PAINT with gSHRImP allows imaging
with higher fluorophore densities (because fluorophore PSFs can
overlap; this can also quicken the speed at which a given number
of fluorophores can be localized) and thus requires less optimiza-
tion of fluorophore concentrations than for PAINT alone.

We applied gSHRImP to several fluorophore-labeling systems
and dynamics (photobleaching, blinking, and binding/unbinding
fluorophores) on a variety of systems(microtubules, axonemes,
and DNA) outlined below.

gSHRIMP Applied to Photobleaching Microtubules in
Vitro. In vitro microtubules labeled with tetramethylrhodamine
(TMR) were photobleached under TIRF microscopy. In a
normal, diffraction-limited image, the microtubules’ full width
at half-maximum (fwhm) is 300 nm (Figure 2b,d), even though
the true microtubule diameter is 24 nm. The super-resolution
image found using gSHRImP analysis produced a fwhm of 60 nm
(Figure 2¢,d, see also Figure S1 in the Supporting Information).
Given that the diameter of the microtubule is 24 nm and the
average localization error of single spots (i.e., the average error
associated with localizing the center of an individual
fluorophore) is ~20 nm, 60 nm corresponds well within the
expected value. Fluorophore blinking played an important role in
creating the super-resolution image (see Table S1, Supporting
Information).

gSHRIMP Applied to Photobleaching Microtubules in
Fixed Cells. We also imaged microtubules in fixed COS-7 cells,
labeled with primary antibodies and secondary antibodies con-
jugated to TMR, Alexa Fluor 647, or CF633. The regular TIRF
images gave microtubule widths near 500 nm. (Note that anti-
body-labeling increases the width, and microtubules were not fit
as well to straight lines in this case as in the in vitro case). With all
three dyes, we found significant improvement in resolving
microtubules using gSHRImP. We found our best results using
CF633 (see Figure 3), followed by TMR. This is likely due to the
excellent photostability and brightness of the CF633 dye. Again,
we found a significant portion of the fluorophore localization was
due to blinking (see Table S2, Supporting Information). The
average localization error of plotted spots was 17 nm, and the fwhm
of microtubule images was 100 nm. We also imaged microtubules
in cells by transfecting with e GFP-tubulin. Unfortunately, eGFP
was not bright enough, or stable enough, to use in gSHRImP.

gSHRImMP Applied to Photobleaching Axonemes. Isolated
axonemes are expected to have a diameter between 160 and
200 nm, depending on the presence of Mg®" in the surrounding
buffer.' Because of the large diameter and the short penetration
depth of excitation light into samples using TIRF microscopy, it was
necessary to image axonemes using non-TIRF illumination. We
labeled the axonemes by directly conjugating them to TMR. For
regular microscopy, the fwhm was 400 nm (Figure S2, Supporting
Information). The fwhm using gSHRImP was 180 nm (Figure S2,
Supporting Information). This is 2.2 times smaller than that of
regular microscopy. Also, the width in the gSHRImP image is close
to the expected value of the axoneme diameter.

gSHRIMP with Fluorescent Paclitaxel. Microtubules were
imaged in a 7 nM solution of fluorescent Oregon Green 488
paclitaxel (Invitrogen, catalog no. P22310). Paclitaxel, also known
by the trade name Taxol, is an anticancer drug that binds to
microtubules to inhibit cell division. At low concentrations in TIRF
microscopy, background fluorescence is relatively low. The average
localization accuracy of a single dye was 31 nm, as determined by
gSHRImP (see Figure 4a,b). Unfortunately, it was found that as the
experiment continued for only a few minutes, the dyes rather
suddenly became dim. Bright fluorescence was restored after flowing
in fresh imaging solution. Further imaging experiments suggested
that the problem involved the PCA—PCD deoxygenation system,
which was used for prolonging the photobleaching lifetime of
the dyes.
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Figure 4. Diffusive and transient labeling of microtubules on glass. (a, b) Labeling using Oregon Green 488 paclitaxel in solution: (a) normal
fluorescence image (frame #1 of image sequence); (b) gSHRImMP image. Individual spots were localized with an average 33 nm localization error. Pixel
length = 10 nm. (c—e) Transient labeling using streptavidin S4SA: (c) image sequence with frames selected at intervals of 499 frames; (d) average of all
frames in the image stack, very bright spots are fluorescent 40 nm dark-red beads (Invitrogen, catalog no. F-8789), which were used as fiduciary markers;
(e) gSHRImP image. Average spot localization error = 9 nm. Frame acquisition time was 0.5 s. 2000 frames were analyzed. Pixel length = 10 nm. Scale

bar = 1 um.

gSHRIMP with Mutant Streptavidin. We also investigated
streptavidin as a general-use protein for transient labeling.
Transient labeling is desirable because photobleached fluoro-
phores can in principle be replaced indefinitely by new fluoro-
phores, allowing imaging ad infinitum. To reduce biotin-binding
affinity (native binding is nearly irreversible), we used streptavidin
that was mutated at a single amino acid (S45A, compliments of
Stayton'”). This mutation increases the dissociation constant by
1700-fold, leading to a bound state lifetime of 14 s at 37° C.'” By
using streptavidin S45A, it is then possible to transiently bind
biotinylated fluorophores to any biotinylated target.

As an example, biotinylated microtubules were attached to
kinesin-coated glass. Forty nanometer dark-red fluorescent beads
were added to the sample to serve as fiduciary markers. The
microtubules were imaged in 52 nM streptavidin S4SA and
13 nM double-stranded DNA oligomers conjugated to biotin at one
end and Atto647N at the other (see Supporting Information).
Panels c—e of Figure 4 show the result after gSHRImP analysis.

The average fluorophore localization error was 9 nm (note that in
this case, background tended to be quite low). Despite this
success, the on-rate of the fluorophores to the microtubules
gradually decreased over tens of minutes and could not be
attributed to depletion of active fluorophores in solution. Tran-
siently binding DNA oligomers could possibly be used as an
alternative approach to achieve transient labeling."®

gSHRIMP Applied to DNA. Finally, we applied the PAINT —
gSHRIMP method to image DNA. -DNA was flowed over a
poly-L-lysine coated coverslip and imaged. DNA appeared as
lines on the surface. We used a weak (~10 nM) solution of
SYTO 16 in 3 mg/mL BSA and phosphate buffered saline (PBS)
while imaging. Adding BSA appeared to slow the diffusion rate of
the dyes so that binding events were more distributed in time. We
started imaging the DNA shortly after the dye was added so that
many of the binding sites were not yet occupied at the beginning
of data acquisition. Resulting average fluorophore localization
error was 36 nm (Figure S3, Supporting Information).
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Figure 5. Chromosomal DNA imaging in HeLa cells. The cells were imaged in S0 nM POPO-3. RNase was added to reduce POPO-3 binding to RNA.
The objective’s focus was adjusted once during acquisition. Frames were taken at 10 Hz for 30000 frames. The center cell shown is identified as being in
prophase. (a) Bright field image. (b) gSHRImP image. Average plotted fluorophore localization error = 33 nm. Pixel size = 10 nm. Very bright spots near
periphery are due to quantum dots, which were added for estimating stage drift. (c) Zoomed in portion of (b). Scale bar = 1 um.

We also applied the technique to DNA in cells. HEK 293 and
HeLa cells were seeded on glass-bottom Petri dishes, fixed with
20 °C methanol for 10 min, and imaged in dilute solutions of DNA
dye (Figure S). In this case, we used POPO-3, SYTO 16, and
YOYO-1 dyes at nanomolar concentrations and 3 mg/mL BSA in
PBS (see Figure S and Figure S4 in the Supporting Information).
The average localization error of single POPO-3 fluorophores in
Figure Sc was 33 nm. This represents a new method for super-
resolution imaging of chromosomal DNA in a cell.

Discussion. Using bright fluorophores and a sensitive camera,
biologists are no longer limited by the diffraction limit of light.
The gSHRImP analysis approach enables super-resolution ima-
ging with an ensemble of molecules within a diffraction-limited
area. This includes densely labeled structures undergoing simple
photobleaching, blinking fluorophores with overlapping spot
images, fast transient labeling with diffusing fluorophores, etc.,
as demonstrated in Figures 2—35. Because spots can overlap, the
technique requires less concentration optimization to produce
super-resolution images. The technique is also compatible with
any fluorophore that is sufficiently stable and bright. We found
commercial DNA dyes of particular interest, which, as we have
shown, allowed us to perform chromosomal DNA super-resolu-
tion imaging in cells using transient-labeling gSHRImP.

In the case that fluorophores bind transiently to the target,
transient-labeling with gSHRImP provides particular advantages
over other super-resolution techniques. Photobleached fluoro-
phores can dissociate from the binding site and be replaced by
nonphotobleached fluorophores. In other techniques, perma-
nently spent fluorophores cannot be replaced. Another advantage
is that potentially every solvent-exposed binding site can be
localized. This is often not possible using other techniques because
of (1) the finite size of labeling antibodies or fluorescent proteins
that block nearby binding sites, (2) prephotobleaching of labeling
fluorophores that bind but do not release, (3) separation distance
requirements based on fluorophore—fluorophore interactions like
quenching, etc. The diffusion-based labeling scheme is especially
useful if the fluorophore does not fluoresce until it binds to the
target, such as in the case of the DNA-binding fluorophores. Then
background fluorescence that would normally be contributed by
diffusing fluorophores is eliminated. Combining transient labeling
with gSHRImP simplifies the experimental part of the approach
and can make numbers of spots localized per unit time faster than
using transient labeling alone.

gSHRIMP does have limitations. In cases where the fluoro-
phore binds and does not release, the method is limited by a
maximum density of fluorophores. This is particularly important
in the case of simple-photobleaching imaging where the density
of active fluorophores can be very high. First, the dynamic range
of the camera limits the maximum density. All cameras have a
maximum light intensity at which the pixels become saturated.
When gain settings of the camera are lowered, the amount of light
that can be detected without saturating the camera is increased,
but the detection sensitivity is decreased. When the camera gain
is too low, the signal-to-noise ratio for single fluorophores is too
low, rendering the localization of individual fluorophores with
high accuracy impossible. Second, if two (or more) fluorophores
simultaneously photobleach (that is, on the order of the frame
acquisition time of the camera), and if these fluorophores are
close enough in space such that their PSFs overlap, then the two
photobleaching events cannot be used to construct the final
super-resolution image (see also Supporting Information). The
density of fluorophores is therefore limited by the photobleach-
ing rate of the individual fluorophores (or, in the case of
transient-labeling, the concentration and on/off rates of labels
in solution). It should also be noted that the approach is different
from techniques such as DAOSTORM"® and similar deflation
techniques that are aimed at speeding up image processing by
localizing crowded fluorophores in single frames. However,
gSHRImMP does allow nearby fluorophores to be distinguished
and localized that are closer than the minimum separation
distances associated with DAOSTORM. Finally, unlike PALM,
STORM, etc., in which the background noise due to nearby
fluorophores is basically zero, gSHRImP does not require the
background to be zero, and, as a result, the localization error due
to noise will be increased. For these reasons, in simple photo-
bleaching imaging (see Figures 2 and 3), the density of fluoro-
phores localized will usually be lower than that required to meet
the Nyquist criterion, resulting in discontinuous-looking images;
however, the simplicity of the technique, and known geometries
of some structures (e.g, microtubules), make meeting the
Nyquist criterion of lesser importance.

Thus, notwithstanding some limitations, we have introduced a
robust technique that makes super-resolution using many more
experimental methods possible. The technique is robust in the
sense that it can be applied to data taken using a variety of
experimental methods including photoactivation, blinking,
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diffusive and transient labeling, simple photobleaching, etc., or
even a combination of all of the techniques. It is also robust in
that overlapping spot images and background fluorescence (e.g.,
cell autofluorescence) are dealt with such that previously unu-
sable data are now usable. Additionally, we have presented
methods for transient labeling, including methods for labeling
microtubules, biotinylated structures, and chromosomal DNA in
a cell. Given that only recently has DNA been imaged at super-
resolution (see refs 20 and 21), this latter application may be
particularly important. The labeling and analysis methods de-
monstrated are straightforward to perform. These should make it
possible for alarger number of investigators to handle fluorescent
backgrounds and apply super-resolution imaging using techni-
ques, commercial dyes, and equipment that are already found in
many laboratories.
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