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GRAPHICAL ABSTRACT

High-fidelity, super-resolution SIM Real-time reconstruction, display and storage

PUBLIC SUMMARY

= Super-resolution structured illumination microscopy is limited by artifacts and postprocessing procedures.

= JSFR-AR-SIM is developed to reconstruct high-quality, super-resolution images with minimal artifacts and increasing efficiency.

= A real-time reconstruction, display, and storage of high-fidelity, super-resolved images of the samples is achieved.
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Super-resolution structured illumination microscopy (SR-SIM) is finding
increasing application in biomedical research due to its superior ability
to visualize subcellular dynamics in living cells. However, during image
reconstruction artifacts can be introduced and when coupled with
time-consuming postprocessing procedures, limits this technique from
becoming a routine imaging tool for biologists. To address these issues,
an accelerated, artifact-reduced reconstruction algorithm termed joint
space frequency reconstruction-based artifact reduction algorithm
(JSFR-AR-SIM) was developed by integrating a high-speed reconstruc-
tion framework with a high-fidelity optimization approach designed
to suppress the sidelobe artifact. Consequently, JSFR-AR-SIM produces
high-quality, super-resolution images with minimal artifacts, and
the reconstruction speed is increased. We anticipate this algorithm
to facilitate SR-SIM becoming a routine tool in biomedical laboratories.

INTRODUCTION

Far-field super-resolution fluorescence microscopy has drawn consider-
able interest among biologists as it enables them to visualize the fine
details of intracellular structures. * Consequently, super-resolution
structured illumination microscopy (SR-SIM) is finding increasing applica-
tion in the study of living cells as it enables high-speed imaging while
minimizing photodamage.® ® Various techniques, devices, and algorithms
have been introduced to SR-SIM to further enhance its spatial-temporal
resolution and imaging depth, which are in high demand in living-cell
imaging.” '® Despite these developments over the past several years,
SR-SIM has two drawbacks that limit widespread use as an imaging
modality.

First, reconstruction artifacts can appear in SR-SIM images thereby
decreasing the fidelity of the fine structures, resulting in impaired quantita-
tive analysis.'” During the past decade, image reconstruction algorithms of
SR-SIM have undergone great development. Most of these improvements
are based on Wiener-SIM developed by Gustafsson and co-workers,'®'°
which has been widely used in commercial SIM systems and open-source
toolboxes for its high resolution and flexibility.?° 2> However, the equiva-
lent optical transfer function (OTF) of the Wiener-SIM protocol exhibits
residual peaks and downward kinks at the middle frequency, which is in
essence different from the ideal OTF with doubled resolution.” After being
transformed into real space, the non-smooth distribution of the synthetic
OTF for SR-SIM results in sidelobe artifacts in the SR images. To minimize
these artifacts, dedicated practical guidelines for SR-SIM have been estab-
lished for microscopists, including instrument refinement, data acquisition,
sample preparation, and parameter settings.”* ?® In addition, reconstruc-
tion algorithms have been developed to further suppress the random arti-
facts induced by low signal levels.'"?” Also, to address the intrinsic issue
of the mismatch between the synthetic OTF of SR-SIM and the ideal OTF
with the doubled resolution, Wen et al. engineered the effective point
spread function (PSF) into an ideal form, resulting in greatly improved im-
age fidelity.?® This high-fidelity reconstruction algorithm was termed
HiFi-SIM.

The second issue that has plagued SR-SIM since its inception, is an inefficient
imaging process resulting from a disjointed workflow and slow, complex, recon-
struction algorithms.”® Currently, in SIM imaging, the image acquisition and
reconstruction process are separate, so that the high-resolution image only be-
comes available after a dedicated postprocessing step in the workflow. If the fea-
tures that biologists are interested in are too small to resolve in wide-field imag-
ing, they cannot tell whether the area they are imaging contains these fine
structures before performing offline reconstruction. Consequently, it can be chal-
lenging to locate useful data.

This is no longer an issue as demonstrated in our recent work where we
presented the joint spatial frequency reconstruction method (JSFR-SIM).?
This simplified protocol, executed in the GPU environment, is 80-fold faster
than conventional Wiener-SIM and does not compromise spatial resolution
orimage quality. The significance of this improved reconstruction protocol is
that microscopists no longer need to constantly switch between wide-field
and SR imaging modes before settling on a satisfactory field of view.
Instead, when JSFR-SIM is used, all imaging is performed in SR-SIM
mode, with SR images being generated in real time. As this is comparable
to using a conventional wide-field microscope, it greatly improves working
efficiency. However, JSFR-SIM can still produce SR images with unwanted
artifacts. To address this issue, and to produce high-fidelity SR images at
high speed, we have combined the JSFR algorithm with HiFi-SIM to form
the joint space frequency reconstruction-based artifact reduction algorithm
for SR-SIM (JSFR-AR-SIM). In this novel algorithm, the outstanding features
of JSFR- and HiFi-SIM are not compromised.

We first demonstrate the performance of JSFR-AR-SIM on images of standard
samples of representative structures and biological samples. Next, we evaluated
the ability of JSFR-AR-SIM to produce exquisite images of the microtubules in
Hela cells. As anticipated, the algorithm enabled the rapid acquisition of exqui-
site super-resolution images with no visible artifacts. Consequently, we predict
that JSFR-AR-SIM will facilitate the widespread application of SR-SIM in biomed-
ical laboratories, as a realtime, artifact-reduced, super-resolution imaging
modality.

RESULTS
Principle of JSFR-AR-SIM

Here, we introduce a high-speed, artifact-reduced, reconstruction method
(JSFR-AR-SIM) by combining the merits of HiFi- and JSFR-SIM. That is, we suc-
cessfully combine the rapid reconstruction speed of our previous JSFR-SIM with
the high fidelity of HiFi-SIM. The reconstruction workflow is modified from the
previous JSFR-SIM framework in the following ways.

First, considering that the difference between the HiFi- and Wiener-SIM is
mainly in the preprocessing procedure and final two-step optimization and
that JSFR-SIM is equivalent to the Wiener-SIM protocol, we migrate the initial pre-
processing procedures and the final spectrum optimization procedures of HiFi-
SIM directly into the JSFR-SIM framework. In other words, the image fidelity of
JSFR-SIM is improved by appending a preprocessing step before the reconstruc-
tion and replacing the final Wiener deconvolution with a two-step spectrum opti-
mization (see details in supplemental information). The resulting workflow

uoljbAoOuU| BY |

@ CelPress Partner Journal

The Innovation 4(3): 100425, May 15, 2023 1



mailto:ming.lei@mail.xjtu.edu.cn
https://doi.org/10.1016/j.xinn.2023.100425
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xinn.2023.100425&domain=pdf

www.the-innovation.org

ARTICLE

Raw data

Main reconstruction procedures

Raw SIM images

for d=1,2,3;i=1,2,3;

Raw image

Filtered raw image

Intermediate image

Results

®  High fidelity SR image

OTF of the microscope

Preparation procedures

Illumination parameters

Cross

@ Composite filter

©

® Coefficient functions

%
2
gV///I/////

Optimization function

correlation

max

1 =

lf /WW\

6(k)

\\\\\\w Cdi(r)

Figure 1. Flowchart of JSFR-AR-SIM The workflow of JSFR-AR-SIM is divided into three main reconstruction procedures and one preparation procedure. In the preparation step, the
parameters of the illumination field are obtained by estimation methods, with which the coefficient functions and the optimization functions are calculated for later reconstruction.
The main reconstruction is composed of the following three steps: @ First, each raw image is filtered by the composite filter in Equation 2. @ Afterward, an intermediate image is
obtained by multiplying the filtered raw images with the corresponding coefficient functions and summing the results up. ® Eventually, the final image is reconstructed by trans-
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forming the product of the spectrum of the intermediate image and the optimization function.

releases the computing burden of HiFi-SIM to some extent because some of the
basic procedures in the original algorithm, including the Fourier transform; band
separation, shifting, and superposition are simplified to point multiplication and
summation in real space. However, the bulk of the computing time required
for the preprocessing step and the spectrum optimization remains unchanged
(Figure ST).

Secondly, deconvolution in the preprocessing step is an important way to in-
crease the intensity of the high-frequency component, which can reduce the
out-of-focus signal-related artifacts and enhancing detection of reconstruction
parameters. It is especially important in low-fluorescence signal samples.* How-
ever, as this has a heavy computing burden (Figure S1), it is crucial to find an
equivalent, alternative method to reduce the computation of the preprocessing.
Although the iteration number for the RL algorithm used in the HiFi-SIM in the
preprocessing postprocessing is limited to 5, it spends much more time than
non-iterative deconvolution methods.

Table 1. The JSFR-AR-SIM provides a significantly improved reconstruction speed

As a maximal likelihood estimation of the sample,'®*' >* RL deconvolution
generally reveals a larger expansion in the recovered spectrum than the conven-
tional Wiener deconvolution, as shown in Figures S2E and S2F. However, both
HiFi- and JSFR-SIM employed the OTF compensation and attenuation to
enhance the spatial resolution and suppress the background fluorescence.
This is equivalent to applying a bandpass filter a(k)I:/* (k) on all the preprocessed
raw images.” As such, the extra spectrum information gained by RL deconvolu-
tion will be suppressed by the bandpass filter, for which the RL deconvolution
does not provide any extra spectrum information of the sample than a Wiener-
type filter, as illustrated by Figure S2. Therefore, it makes sense to replace the
RL deconvolution in the preprocessing procedure'®*° with a Wiener-type filter
to accelerate the reconstruction speed.

/ —1 A ":I* k .
Dy(r) = F {DdJ(k) |,‘:/(k)|2(+)vvp2} (Equation 1)

Execution time of JSFR-AR-SIM (ms)

Execution time of HiFi-SIM (ms)

Acquisition
Input image size Output image size time (ms)® cPU® GPU° CPU GPU
2,048 x 2,048 4,096 x 4,096 95.0 5,940.1 + 776.1 (9.9)d 88.7 +12.3 (13.7) 58,806.2 + 1,290.8 1,205.6 + 13.5
1,024 x 1,024 2,048 x 2,048 45.0 1,340.9 + 70.8 (1 0.2)‘:I 21.5+6.1(16.4) 13,720.8 + 616.0 352.2 + 6.3
512 x 512 1,024 x 1,024 22.5 2749 + 7.3 (12.4) 57+45(17.3) 3,412.6 + 186.6 98.5 +3.7
256 x 256 512 x 512 11.3 68.1 £1.7 (12.7) 3.1 £0.1(10.0) 866.2 + 14.3 31.1 £ 0.6

2The maximal acquisition time to achieve the frame rate under the corresponding frame size, which adopts the theoretical maximum of the sSCMOS camera as described in the
materials and methods. As each SR image requires nine raw frames, the acquisition time is calculated by multiplying the raw acquisition time by nine.

The execution time with indicated image dimensions was evaluated using CPU processing as described in the materials and methods. Before reconstruction, the raw images are
up-sampled by a factor of 2 to improve the sampling frequency. The values shown are from 2,000 separate processing events of each image, with the times averaged.

°The comparison of the reconstruction speed was done using MATLAB (R2022a, The MathWorks). The reconstruction codes for HiFi-SIM and JSFR-AR-SIM (both CPU and the
GPU versions) were executed on a personal computer (Intel Core i7-9700K@3.6GHz, DRR4 3200MHz 32GB, NVIDIA GeForce RTX 3080ti 12GB, Samsung 860 EVO 500GB SSD)

running Windows 10.

9The values in parentheses are the fold increase in processing speed of the JSFR-AR-SIM algorithm relative to HiFi-SIM in the same environment.
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Figure 2. Analysis of Argo-SIM slide images demon-
strates the high fidelity of JSFR-AR-SIM (A) Wide-field
image of the central part of the star pattern in Argo-
SIM slide, and the corresponding SR images recov-
ered with JSFR- and JSFR-AR-SIM (FWHM o = 1.1,
wy = 0.6, w, = 1). (B) Close-up view of the yellow box
region in the SR images in (A). The ground truth (GT)
image was obtained by Wiener-SIM reconstruction of
raw data acquired with a 200 ms exposure. (C) In-
tensity profiles along the blue line in (B). Green arrows,
artifacts introduced by image reconstruction. (D)
Wide-field and SR images of the resolution test target.
The numbers above each line set indicate the dis-
tance between two middle lines. (E) Zoomed-in im-
ages corresponding to the yellow box in (D). SSIM,
structural similarity index measure. (F and G) Intensity
profiles corresponding to the blue and yellow lines in
(E). Green arrows indicate artifacts introduced by

JSFR-AR-SIM

SSIM:0.977]

GT — JSFR-SIM
— HiFi-SIM — JSFR-AR-SIM

] 0.0
i JSFR-AR-SIM 05

D
0 30 60 90 120 150 180 210 240 270 300 330 360 390nm

Distance (um)

JSFR-SIM reconstruction. Scale bars, 2 um (A),

1.0
500 nm (B), um (D), and 1 pm (E).

Widefield
— HiFi-SIM

— JSFR-SIM
— JSFR-AR-SIM

F
E)
3
2.
‘@
c
2
c
% 0.5
JSFR-SIM [
©
£
200
SSIM:0.6553
G
HiFi-SIM [
2
8.
2
SSIM:0.9716 g
Eos
JSFR-AR-SIM [
8
£
50.0
=z

0.5

1.0 15 2.0
Distance (um)
Widefield — JSFR-SIM
— HiFi-SIM — JSFR-AR-SIM

SSIM:0.9635

where Dy, (k) denotes the spectrum of the acquired raw images, H(k) indicates
the OTF of the microscope, and w, is the empirical parameter for Wiener decon-
volution in the preprocessing procedure. As demonstrated by experimental data-
sets, no significant change is found in image quality after replacing the RL decon-
volution in HiFi-SIM with a Wiener-type filter (Figure S3).

Furthermore, the Wiener-type filter is easily combined with the above band-
pass filter a(k)H" (k), becoming a composite filter

cn  H (k) .

Ak -a(k)H (k) (Equation 2)

2
+Wp

where a(k) is the empirical function to attenuate the periodic honeycomb arti-
facts caused by strong background (see details in supplemental information).
In other words, the time-consuming preprocessing procedure in HiFi-SIM is opti-
mized into a single image filter and combined into the initial filtering process in
JSFR-SIM. It is worth noting that the composite filter is relevant only to the
OTF of the system and the empirical attenuation function, which is static for
all successive reconstructions. As such, the computing time of the composite fil-
ter can also be decreased by moving it into the preparation procedure. Then, the
extra computing burden brought by the RL deconvolution can be eliminated.

In addition, the two optimization functions W1 (k) and W (k) in HiFi-SIM do not
vary with the sample distribution, and can therefore be combined into a single
optimization function W(k) as

(Equation 3)

1.5 2.0

1.0
Distance (um)

The final super-resolution image is recovered by completing the spectrum
optimization (see details in supplemental information).

/JSFR—AR—SIM (I') — ]_-—1 {f |: Z Z //gfermed/ate(r):| . W(k)}

d=11i=
(Equation 4)

By pre-computing this combined optimization function in the preparation
procedure and reusing it for successive reconstructions, the computing time
of the optimization functions could be further saved for continuous image
reconstructions.

As a result, the modified protocol can be summarized in the following steps
(Figure 1). As a preparation procedure, the parameters of the illumination field
are estimated in advance for later use. This includes the wave vectors, initial
phases, and modulation depth. Simultaneously, the coefficient functions cy,(r),
the composite filter G(k), and the combined optimization function W (k) for arti-
fact-reduced reconstruction are also pre-computed (see supplemental informa-
tion). The main reconstruction consists of three steps. First, the raw images
are filtered by the composite filter in Equation 2. Second, an intermediate SR im-
age is obtained by superimposing the dot products of the filtered raw images and
the pre-calculated coefficient functions. Finally, the artifact-reduced SR image is
recovered by multiplying the frequency spectrum of the intermediate SR image
with the combined optimization function W(k) and transferring the optimized
spectrum back to real space.
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Figure 3. JSFR-AR-SIM enables high-speed, artifact-
reduced SR imaging Microtubules were stained with
Cy3B and imaged as described in the materials and
methods. (A) Pseudo-wide-field image and SR-SIM
images reconstructed with JSFR-SIM. (B and C) Arti-
fact-reduced images reconstructed with HiFi- and
JSFR-AR-SIM, respectively (FWHMapo = 1, wy = 0.9,
w, = 0.7). RT, reconstruction time for each SR image.
(D and E) Close-up views of the wide-field, JSFR-SIM,
HiFi-SIM, and JSFR-AR-SIM images corresponding to
the yellow and blue boxes in (A), respectively. Yellow
arrows in (D), artificial filament produced by JSFR-
SIM. White arrows in (E), the sidelobe of the micro-
tubule recovered by JSFR-SIM. (F and G) Intensity
profiles of the yellow and white lines in (D) and (E),
respectively. Arrows are artifacts introduced during
image reconstruction. Scale bars, 5 um (A-C) and

JSFR-AR-SIM accelerates the artifact-reduced reconstruction with a
significantly simplified workflow

To demonstrate speed improvement, we evaluated the execution time of
JSFR-AR-SIM as a function of image size and compared it with HiFi-SIM
(Table 7). In this test, the HiFi-SIM algorithm was rearranged to provide a fair
comparison, that is, the preparation procedures such as parameter estimation
and the calculation of optimization functions are excluded in the measurement
of computing time. Even so, the HiFi-SIM algorithm requires much heavier
computing burden than JSFR-AR-SIM (10-fold or more), as demonstrated by
the semi-quantitative analysis in Figure S1.

As expected, for each image size in the CPU environment, JSFR-AR-SIM re-
covers an SR image 10.2- to 12.7-fold faster than HiFi-SIM (Table 1). Further-
more, when executed in the GPU environment, JSFR-AR-SIM gains a 62-fold in-
crease in processing speed for the reconstruction of a 1,024 x 1,024 image,
while the HiFi-SIM method achieves only a 39-fold increase. Consequently,
JSFR-AR-SIM yields a 600-fold increase over HiFi-SIM in reconstruction speed.
Critically, JSFR-AR-SIM reconstructs SR images 2- to 4-fold more rapidly than it
takes to acquire them (compare acquisition vs. execution time columns;
Table 1). In contrast, the reconstruction speed of the rearranged HiFi-SIM is
2.8-to 7.8-fold slower than the acquisition speed, even when GPU acceleration
is used in optimizing the Lucy-Richardson deconvolution and image reconstruc-
tion process. Therefore, the significant enhancement inimage formation (acqui-
sition plus reconstruction) by JSFR-AR-SIM is much more suitable for real-time
SR imaging than HiFi-SIM.

JSFR-AR-SIM produces artifact-reduced SR images of test objects

To validate the artifact reduction capabilities of JSFR-AR-SIM in image
reconstruction, we imaged the star and the resolution test target patterns
in an Argo-SIM slide (Figures 2 and S4). As the dimension of the parallel
line structures is close to the distance of the PSF's sidelobes, the sidelobes
of the parallel line structures recovered with JSFR-SIM get incorporated in-
side parallel lines and, at the periphery, become obvious artificial features
(Figures 2A and 2B). These artifacts are visible in the line profiles (Figure 2C,
indicated by green arrows). In contrast, both HiFi- and JSFR-AR-SIM sup-
press these artifacts, yielding clean parallel lines (Figure 2B). This is easily

F 1 um (D and E).
- Widefield — JSFR-SIM
z — HiFi-SIM — JSFR-AR-SIM
51.0
g Artificial
€ structure
505
= v visualized in the intensity profiles, which are
E almost identical to the ground truth line profile
200 02 04 06 08 10 (Figure2C).

Distance (um) Similarly, the sidelobes of line structures in
S Widefield ~ — JSFR-SIM Figures 2D and 2E are also superimposed as ar-
310 o H"F"VS'M T ISFRARSIME T tifacts near the real structures, In the results of
z Artificial JSFR-AR-SIM and HiFi-SIM, no artificial struc-
[Z} .
g tures are detected (Figures 2F and 2G). By treat-
£05 ing the Wiener-SIM result of raw data acquired
2 with long exposure (200 ms) as the ground truth,
© N . . .
oo we quantitatively measure the structural similar-
2 05 1.0 15 ity index measure of JSFR-SIM, HiFi-SIM, and

“Distance (um)

JSFR-AR-SIM to be 65.53%, 97.16%, and

96.35% (Figure 2E). This is almost a 50%

improvement in the fidelity of JSFR-AR- over
JSFR-SIM. Therefore, the speed increase of JSFR-AR-SIM does not come at
the expense of the image quality, fidelity, or spatial resolution.

In addition, by comparing the results with different deconvolution parameters
in preprocessing procedures (HiFi-SIM: RL iteration number ranges from 1 to
125; JSFR-AR-SIM: Wiener parameter ranges from 0.007 to 0.125), we found
that JSFR-AR-SIM is even less sensitive to the deconvolution parameter in
the preprocessing procedure than HiFi-SIM (Figure S3). Therefore, JSFR-AR-
SIM perfectly inherits the insensitivity to the reconstruction parameters of
HiFi-SIM, which therefore avoid frequently adjusting the reconstruction param-
eter in daily use. To further assess the fidelity of the JSFR-AR-SIM, synthetic
and open-access experimental datasets were used (Figures S7—S9). As antic-
ipated, the JSFR-AR-SIM algorithm performs as well as HiFi-SIM. Also, JSFR-
AR-SIM has been extended to reconstruct single-layer 3D-SIM datasets (supple-
mental information), and similar conclusions were achieved (Figures S9 and
S10). All these results demonstrate that JSFR-AR-SIM produces SR images
with better quality than the widely used Wiener-SIM and the previous
JSFR-SIM.

JSFR-AR-SIM produces artifact-reduced SR images of the microtubules
in Hela cells

To demonstrate the ability of JSFR-AR-SIM to rapidly produce super-res-
olution images, we imaged the microtubules in HelLa cells. In the wide-field
image, the extensive network comprising the cytoskeleton is visible but clear
visualization is masked by the high background (Figure 3A). This is particu-
larly evident in the very bright region immediately adjacent to the cell
nucleus. As expected, each of the reconstruction approaches produces
stunning, super-resolution images where the cytoskeleton is clearly visual-
ized (Figure 3A, lower half of the panel; Figures 3B and 3C). To highlight
the speed advantage of JSFR-AR-over Hi-SIM (Table 1), we calculated the
time required to produce each SR image. The results show that JSFR-AR-
SIM is faster (0.0057 vs. 3.418 s).

In addition, the workflow to obtaining an SR image for the two algorithms is
drastically different. HiFi-SIM adopts the disjointed workflow where imaging is
done first in wide-field mode to locate a field-of-view (Figure 3A, top), followed
by switching to SR-SIM mode to acquire the raw images and waiting 3.418 s
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to observe the image (Figure 3B). In contrast, for JSFR-AR-SIM, the simplified im-
aging workflow is done only in SR mode, with a reconstructed image being visu-
alized every 50—100 ms (Figure 3C).>°

In all SR images, the background fluorescence was well suppressed with OTF
attenuation,”® and the honeycomb artifacts?®** induced by strong background in
conventional SR-SIM (not presented here) were also eliminated. To demonstrate
the ability of algorithms to discern true filaments from artificial ones, we compared
two regions of the cytoskeleton image (Figure 3A, yellow and blue boxes).

In the first, the WF image shows an area of high background adjacent to the
microtubule at the edge of the cell. Reconstruction by JSFR-SIM introduces a
sidelobe artifact parallel to the real structure with an intensity of 20%-30% of
the real microtubules (yellow arrows, Figure 3D). In contrast in the HiFi- and
JSFR-AR-SIM images, these artifacts are barely detectable (Figure 3F). Similarly,
in the second region, JSFR-SIM introduces an artifactual filament positioned be-
tween two real filaments (Figure 3E, cyan arrows). This artifact is not present in
the high-fidelity images (Figure 3G).

DISCUSSION

Previously, we developed a high-speed framework for SR-SIM, by replacing
most of the calculations of the conventional reconstruction with time-saving
multiplications and summations in the spatial domain and then executed this
novel algorithm in the GPU environment.?® With this framework, the reconstruc-
tion speed of SR-SIM was dramatically increased. However, JSFR-SIM suffered
from the sidelobe artifacts originating from the intrinsic imperfection of the syn-
thetic OTF. In this paper, we present a rapid, artifact-reduced reconstruction al-
gorithm for SR-SIM, termed JSFR-AR-SIM. This method greatly simplifies the
workflow of the HiFi-SIM by finding an alternative to the time-consuming prepro-
cessing procedure and extending the JSFR concept to high-fidelity image recon-
struction. Owing to avoiding iterative deconvolution, the spatial reconstruction
algorithm, and GPU acceleration, we can recover an artifact-reduced SR image
faster than using HiFi-SIM. Importantly, the image fidelity of the JSFR-AR-SIM
is verified to be the same as that of HiFi-SIM, with both being significantly supe-
rior to conventional Wiener-SIM. Furthermore, by merging the JSFR-AR-SIM
method with the previous real-time observation pipeline,”® we can easily achieve
real-time reconstruction, display, and storage of high-fidelity, super-resolved im-
ages of the samples (Figure S17; Video ST). We anticipate that the JSFR-AR-SIM
will provide a simple and powerful tool for real-time, accurate super-resolution
imaging and analysis of living cells.

As a universal improvement for SR-SIM, this method can be easily extended to
other SR-SIM techniques to increase both reconstruction speed and image fidel-
ity.'>%° Although millisecond-level super-resolution image reconstruction is
achieved in the current system, the step of parameter estimation is placed in
the preparation procedure and is not counted. It would be suitable for combining
with better parameter estimation algorithms to improve the accuracy of recon-
structed images. Qian et al.*° have developed a structured illumination micro-
scopy based on principal-component analysis, which is a novel parameter esti-
mation algorithm with iteration-free reconstruction, robustness to noise, and
limited computational complexity. It is possible that combination of the two algo-
rithms might greatly improve the image fidelity, especially in low signal-to-noise
ratios. Recently, deep learning algorithms have made significant progress in
SIM.?" It is also possible to combine our algorithm and deep learning methods
andimprove the imaging speed and quality. In addition to accelerating the image
reconstruction speed, JSFR-AR-SIM could also be incorporated into other SIM
modalities such as four-frame SR-SIM.%*~“% By reducing the number of frames
required to produce an SR image from nine to four, a further increase in overall
imaging speed is anticipated. Furthermore, the attributes of JSFR-AR-SIM also
provides the potential for SR-SIM to be combined with other imaging modalities
such as fluorescence resonance energy transfer microscopy, where real-time
feedback combined with high fidelity are required.*'*?

MATERIALS AND METHODS

Three kinds of samples are used in the experiment. Fluorescent, 40-nm diameter beads,
and the commercial Argo-SIM slide were employed as standard specimens to evaluate the
performance of JSFR-AR-SIM. The carboxylate-modified fluorophores (yellow-green fluores-
cent 505/515, F8795, Thermo Fisher Scientific) were first diluted 200 times and dispensed
onto the coverslip. The suspension on the coverslip was dried in air for 3 h, and then covered
by a drop (3 pL) of Prolong Gold reagent (no. P36934, Thermo Fisher Scientific). The refrac-
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tive index of Prolong Gold is 1.526, which is close to the refractive index of the mounting me-
dium (1.515) for the oil immersion objective lens, minimizing the spherical aberration caused
by refractive index mismatch.

HeLa cells forimmunostaining were purchased from American Type Culture Collection.
Cells were cultured with high-glucose DMEM with 10% FBS, 1% 100 mM sodium pyruvate
solution (Sigma-Aldrich, S8636, and grown under standard cell culture conditions (5% CO,,
humidified atmosphere at 37°C). Before fixation, cells were plated on DMEM/Ham's F-12
pre-incubated glass coverslips for 24 h. The immunostaining process for microtubules
consisted of following several steps. First, cells were fixed for 10 min with 3% paraformal-
dehyde and 0.1% glutaraldehyde in PBS, washed with PBS, and reduced for 5 min with
0.1% sodium borohydride in PBS to minimize the background fluorescence. Then, they
were washed with PBS, blocked for 30 min with 3% bovine serum albumin and 0.25%
(v/v) Triton X-100 in PBS (blocking buffer 1), stained for 45 min with primary antibody
to tubulin (rat anti-tubulin) diluted in blocking buffer 1 to a concentration of 10 mg/mL,
and washed with PBS. After being incubated for 45 min with secondary antibodies at a
concentration of ~2.5 mg/mL in blocking buffer 1, they were washed with PBS again.
Finally, the cells were fixed after labeling for 10 min with 3% paraformaldehyde and
0.1% glutaraldehyde in PBS, and washed with PBS.
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