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Stochastic optical reconstruction microscopy (STORM) is a promising method for the visualization of ultra-fine
mitochondrial structures. However, this approach is limited to monitoring dynamic intracellular events owing to
its low temporal resolution. We developed a new strategy to capture mitochondrial dynamics using a compressed
sensing STORM algorithm following raw data pre-treatments by a noise-corrected principal component analysis
and K-factor image factorization. Using STORM microscopy with a vicinal-dithiol-proteins targeting probe, vi-
sualizing mitochondrial dynamics was attainable with spatial and temporal resolutions of 45 nm and 0.8 s,

notably, dynamic mitochondrial tubulation retraction of ~746 nm in 1.2 s was monitored. The labeled conjugate
was observed as clusters (radii, ~90 nm) distributed on the outer mitochondrial membranes, not yet reported as
far as we know. This strategy is promising for the quantitative analysis of intracellular behaviors below the

optical diffraction limit.

1. Introduction

Mitochondria are characterized by highly interconnected networks
and dynamic changes [1]. The formation and maintenance of mi-
tochondrial networks are mediated by the fusion of individual mi-
tochondria and junctions between tubules [2]. Dynamic changes in the
fusion-fission balance and mitochondrial tubular network formation
determine the overall morphology and biological behaviors of mi-
tochondria. Furthermore, in a process referred to as dynamic tubula-
tion, tubules stretch to fuse with the membranes of other mitochondria
[3]. These dynamic events facilitate the maintenance of normal mi-
tochondrial functions, such as the interchange of mitochondrial mate-
rials, DNA integrity, respiratory capacity, response to cellular stress,
and apoptosis [4]. However, disruptions in mitochondrial dynamics
lead to abnormal development and human diseases, including neuro-
degenerative disorders and cancers [5]. Therefore, investigations of
mitochondrial dynamics are critical to enable a deeper understanding
of diseases related to mitochondrial dysfunctions.

Fluorescence microscopy is widely used to investigate single
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mitochondria in live cells [6]. However, imaging mitochondrial sub-
structures using conventional optical microscopy is limited by the op-
tical diffraction limit. Since the emergence of super-resolution imaging,
it has become feasible to visualize ultra-fine structures [7]. Stochastic
optical reconstruction microscopy (STORM) has an outstanding ima-
ging ability for biological objects below 200 nm in size [8]. Fluorescent
probes composed of fluorophores (e.g., Alexa647) and antibodies are
favored for STORM imaging in fixed cells [9,10]. However, live cell
imaging by STORM remains challenging owing to the lack of appro-
priate probes and low temporal resolution. In particular, direct STORM
has rarely been used to evaluate mitochondrial dynamics.

Smart fluorescent probes that selectively target mitochondrial
membrane-bound proteins would facilitate the imaging of mitochon-
drial membrane structures using STORM. Mitochondria possess abun-
dant vicinal dithiol proteins (VDPs) with two proximal cysteine residues
in their primary structures; they play essential roles in maintaining
mitochondrial redox homeostasis, antioxidant defense, and redox sig-
naling. Fluorescent arsenicals contain a 1, 3, 2-dithiarsenolane moiety
capable of selectively binding to VDPs by forming covalent bonds [11].
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They can label mitochondrial VDPs in situ, providing a basis for the
application of STORM to mitochondria in live cells [12]. However,
STORM involves sparse lighting and dilute labeling with fluorescent
probes during sample preparation, and thousands of frames are needed
to reconstruct a super-resolution image, resulting in poor temporal re-
solution [13,14]. Temporal resolution can be improved by reducing the
number of frames. Compressed sensing STORM (CSSTORM) is an 1;-
norm minimization-based multi-molecule localization algorithm and is
more suitable for dense fluorescence than single-molecule fitting. It can
substantially shorten the time required for signal acquisition by cutting
the number of required frames, and the temporal resolution can be
further improved by increasing the acquisition frame rate of the elec-
tron multiplying charge coupled device (EMCCD) [15]. However, the
rapid signal acquisition will increase background noise, thereby in-
creasing interference in image reconstruction. For the application of
STORM to live cell mitochondrial dynamics, the development of smart
probes targeting mitochondrial membrane VDPs with an improved re-
construction algorithm for noise suppression is a promising strategy.

In this work, we performed STORM imaging of mitochondrial dy-
namics in live cells, and carried out the quantitative analysis of the
target under STORM super-resolution microscopy. A new fluorescent
marker suitable for STORM imaging was developed to selectively label
VDPs on the outer mitochondrial membrane by simple co-culturing
with cells. Meanwhile, we employed a moderate illuminating laser
power to obtain as much single-frame emitter localiztion as possible
and to reduce photobleaching and phototoxicity. The temporal resolu-
tion of STORM imaging can be achieved by reducing the laser power
and increasing the CCD frame rate. To avoid interference from back-
ground noises, a combination of noise-corrected principal component
analysis (NC-PCA) and K-factor image factorization were developed to
treat the raw data prior to reconstruction using the CSSTORM algo-
rithm. The principle and implementation of the algorithms were further
described in the Supplemental Information (Figs. S14-S17). Using this
strategy, we achieved STORM imaging of mitochondrial dynamics in-
cluding fusion, fission, and mitochondrial tubulation. Furthermore, the
VDP distribution on the outer mitochondrial membrane was quantita-
tively evaluated by hierarchical clustering analysis under STORM
imaging.

2. Results and discussion

Cy5 fluorescent dye is an ideal photoblinking candidate for STORM
microscopy and 1, 3, 2-dithiarsenolane is a useful unit for the covalent
binding of VDPs. A piperazine spacer was used as the linker (Fig. 1A).
Fluorescent probe 1 was prepared according to previously described
protocols [16] (see Supporting Inforamtion for details). Prior to its
application in cell imaging, the spectral properties of 1 were studied.
First, probe 1 in ethanol showed absorption maxima at 649 nm with a
molar extinction coefficient of 2.1 + 0.3 x 10° and emission maxima
at 670 nm, respectively (Fig. 1B). The same parameters have also been
tested in aqueous solution and similar results were obtained (Table S1
in Supplemental Information). A fluorescence quantum yield of 0.28 in
ethanol and 0.18 in aqueous solution was obtained compared to Rho-
damine B. Additionally, the photoblinking behavior of a single mole-
cule of 1 was investigated using the home-built dSTORM system. In the
absence of an imaging buffer and thiols [7,17], a specimen of 1 was
directly illuminated by a laser beam (656 nm, 0.8 kW cm™?) to show
marked photoblinking fluorescence with a high photon number (ca.
3000 photons per pixel at each frame of the fluorescent state in the “on”
cycle) and a low on-off duty cycle (ca. 0.0013). The mechanism of
photoblinking under laser illumination was further discussed in the
Supplemental Information (Supplementary Scheme 2). The duration of
photoblinking lasts for more than 900 s with a suitable switching fre-
quency, while the average photoblinking cycle of “on” state was ap-
proximately 88.2 ms (Fig. 1C-F and Fig. S1).

To evaluate the analytical results of the CSSTORM reconstruction

Biomaterials 243 (2020) 119938

after NC-PCA de-noising and K-factor sharpening, a fluorescent probe
was placed on a coverslip to produce photoblinking under laser illu-
mination at 656 nm. The blinking dataset was analyzed by NC-PCA
using different major principal components, as shown in Fig. S17.
Comparisons of 1-3 to 1-6 major principal components showed that the
fewer principal components chosen for signal reconstruction, the more
evident the noise reduction and the higher the potential for signal
distortion. 1-6 major principal components were empirically employed
to balance noise reduction and the fidelity of the signal in the NC-PCA
de-noising process for super-resolution image reconstruction, based on
the validation experiments of the NC-PCA algorithm by using simula-
tion data (Figs. S15-S16). When implementing the K-factor algorithm,
the parameters M = 54 (number of factors) and h = 9 (number of
harmonics) were set manually, and the k value was set automatically,
gradually reducing according to the number of factors. The detailed
workflow is presented in Fig. S14.

To further verify de-noising by NC-PCA + K-factor treatment prior
to CSSTORM localization, we compared the reconstruction results ob-
tained by CSSTORM with those of the single-molecule fitting (insight3
software) algorithm, as shown in Fig. 2, using tubulin with high-density
labeling STORM data obtained from an openly available EPFL website
[18]. The dataset was first de-noised using the NC-PCA algorithm and
then sharpened using the K-factor algorithm. Similar structures of tu-
bulins were obtained by CSSTORM (Fig. 2A (a-c) and single-molecule
fitting (Fig. 2A (d)), and CSSTORM exhibited greater structural con-
tinuity using only 500 camera frames, and even as few as 200 frames;
however, poor continuity was observed when using 100 frames, in a
comparison between CSSTORM (Fig. 2A (e-g, i-k, m-0)) and the insight3
algorithm (Fig. 2A (h, L, p)). The magnified view in Fig. 2A (a-d) shows
markedly sharpened structures upon de-noising using the NC-PCA + K-
factor algorithm (Fig. 2A (g)), which maintained the most structural
consistency with the insight3 results (Fig. 2A (h)). Seven microtubules
were distinguishable after NC-PCA + K-factor treatment, and ambig-
uous noisy peaks inevitably appeared between adjacent microtubules in
CSSTORM treatment of raw data or for K-factor treatment only, as
shown by the dashed circles in Fig. 2B (a-b). Fourier ring correlation
(FRQ) is a quantitative imaging-resolution measuring tool that has been
used to further evaluate improvements in image resolution [19]. Image
resolution (R) was determined by the inverse of the spatial frequency
indicated by the intersection of the FRC curve with a given threshold,
which was empirically set to 1/7 (Fig. S18). NC-PCA + K-factor
treatment resulted in the highest imaging resolution of 39 nm, which
was comparable to those obtained by CSSTORM for raw data (66 nm)
and K-factor only (62 nm).

The biological behavior of probe 1, including colocalization, cova-
lent binding identification, and cytotoxicity, was studied. The results
demonstrated that probe 1 preferentially targeted mitochondria, de-
monstrated through the optimal merging imaging with Mito-tracker
over Lyso-, ER-trackers (Figs. S2A, S3 and S4). Moreover, mitochondrial
VDPs were covalently labeled by the probe, which was identified by
SDS-PAGE and washing-out experiments. The probe cannot be removed
from mitochondria after washing with PBS, PBS-ethanol, or ethanol
solvents, (Figs. S2B, S2C, S2D, S5 and S6). Furthermore, the probe
showed no cellular toxicity under our experimental conditions (Fig. S7),
which is favorable for live cell super-resolution imaging (Fig. 3 and S8).

To identify the exact location of 1 in mitochondria of live cells,
STORM super-resolution imaging was performed to determine the ultra-
fine structure of mitochondria labeled by 1. Probe 1 (1 uM) was in-
cubated with HeLa cells for 1 h without further treatment and im-
portantly this procedure was simpler than that using Alexa647.
Subsequently, the cell samples were fixed with glutaraldehyde before
imaging or used for live cell imaging by the STORM system. As shown
in Fig. 3A (a), unlike the wide-field image, which cannot provide the
fine structure of mitochondria, the super-resolution images showed
detailed structures, which were reconstructed using 200 frames by
CSSTORM (Fig. 3A (b)) and de-noised CSSTORM in live HeLa cells
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(Fig. 3A (c)) or in fixed cells (Fig. 3B). From the magnified image of the
region of interest, indicated by dashed square in Fig. 3A (c), the de-
noised CSSTORM resolution was evidently higher than that of
CSSTORM (Fig. 3A (d)), and the discrete granule distribution on the
mitochondrial membrane was clearly observed in Fig. 3A (e), indicating
that probe 1 selectively labeled VDPs on the mitochondrial membrane.
The imaging resolutions of CSSTORM and de-noised CSSTORM were
calculated by Gaussian fitting, showing full widths at half maximum
(FWHM) of 108.7 and 45.7 nm, respectively, as shown in Fig. 3A (f, g).
The covalent binding of 1 to VDPs on mitochondrial membranes was
further supported by STORM using fixed HeLa cells. When HeLa cells
were incubated with 1, fixed with glutaraldehyde and washed with
PBS, similar super-resolution images of mitochondria were obtained by
the de-noised CSSTORM algorithm (Fig. 3B (a, c, d)), and the high
imaging resolution (30.2 nm in Fig. 3B (e) enabled the study of the
distribution of VDPs on the outer mitochondrial membrane as well as
their dynamics (Fig. S8).

STORM was further applied to evaluate dynamic mitochondrial

changes, including mitochondrial fusion, fission, and tubulation. Videos
demonstrating the dynamics were obtained by the CSSTORM or de-
noised CSSTORM algorithm using 200 camera frames for reconstruc-
tions with a step length of 20 frames to obtain a temporal resolution of
0.8 s. The video results clearly revealed a markedly better resolution of
the de-noised CSSTORM images compared with those of wide-field
images (Fig. 4A) and CSSTORM images (Fig. 4B). After pre-treatment
by the NC-PCA + K-factor method, the de-noised CSSTORM analysis
demonstrated obvious noise suppression (Video S2), and the ultra-fine
imaging of VDPs on mitochondrial membranes was achieved (Fig. 4C,
Fig. S8, and Videos S2-S6). Moreover, typical dynamics of mitochon-
dria can be observed to quantify speeds of mitochondrial fusion, fission,
and tubulation, which probably reflects the mitochondrial status in
biological activities [20,21], Single mitochondrial tubulation and mi-
crotubule stretching were captured (dashed square in Fig. 4C), and
different time points are shown in Fig. 4D (1-6). The distance during
the tubulation retraction was ~746 nm, and finished in 1.2 s (Fig. 4E).
The hollow tube diameter (magnified dashed circle in Fig. 4F), as
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Fig. 2. Validation of the NC-PCA de-noising algorithm using an experimental dataset of tubulins with high-density labeling (from EPFL). (A) Comparison of
CSSTORM results for raw data (column 1), K-factor (column 2), and NC-PCA + K-factor pre-treatment (column 3) and single-molecule fitting results (column 4). Row
2-4, magnified view of row 1, reconstructed using 500, 200 and 100 frames, respectively. Scale bar, 2 pm in (d) and 500 nm in (h, 1, p); (B) Profiles along the yellow

dashed lines shown in (e-g).

calculated by Gaussian fitting, was 51.8 nm, and FWHM values for
membrane widths were 46.9 nm and 43.5 nm (Fig. 4G), comparable to
previously reported results [22]. Mitochondrial fusion and fission dy-
namics are shown in Fig. S9 and Videos S3-S8, which have never been
achieved by traditional optical microscopy.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2020.119938.

Studies of the distribution of VDPs on mitochondrial membranes
labeled by 1 can provide insight into biological functions. We used the
open source software LocAlization Microscopy Analyzer (LAMA) [23]
to analyze morphological clusters of VDPs based on density-based
hierarchical clustering algorithms, i.e., a density-based algorithm for
discovering clusters in large spatial databases with noise (DBSCAN) and
ordering points to identify the clustering structure (OPTICS). Con-
sidering the pixelation of the compressed sensing algorithm without
directly returning a list of molecule coordinates, the CSSTORM results
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mmProfile
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were first converted to a molecule list as input for LAMA by identifying
clusters of nonzero grid points. A region of interest, a 128 x 128 pixels
super-resolution grid image, was chosen for the protein clustering
analysis (Fig. 5A). The observation radius was set to 19 nm, the
minimum cluster size was set to 6 in DBSCAN, and the noise level was
set to 13.1% in OPTICS [24]. In total, 32 and 36 clusters were detected
by DBSCAN and OPTICS, respectively, and are shown as 2D distribu-
tions of cluster populations in Fig. 5 (B, E). A DBSCAN-based hier-
archical cluster analysis was performed using the results of DBSCAN or
OPTICS to extract morphological information for individual clusters by
polygon formation. The morphological cluster analysis results with 16
false colours are summarized in Fig. 5 (C, F). Finally, a cluster popu-
lation distribution with a cluster size of ca. 90 nm was obtained, as
shown in Fig. 5 (D, G), indicating that this is a promising strategy for
analyses of protein distributions in live cells (Figs. S10-513).

Fig. 3. Super-resolution imaging of mitochondrial membranes labeled with probe 1 in live HeLa cells (A) and in fixed HeLa cells (B). (A) Wide-field fluorescent image
(a), and STORM images (b and c) obtained by CSSTORM and de-noised CSSTORM algorithms; (d, e) magnified images of single mitochondria in panel ¢ by CSSTORM
and de-noised CSSTORM, respectively; (f, g in A and e in B) Width analysis of the outer membrane; the blue histogram shows the cross-sectional profile along the lines
in (d, e) in panel A and (d) in panel B; (B) Wide-field imaging (b); (a, ¢, d) STORM images obtained by the CSSTORM using 200 frames, EMCCD worked at a frequency

of 250 Hz for 64 x 128 pixels raw data acquisition.
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Fig. 4. Mitochondrial tubulation analysis based on super-resolution imaging. (A) Wide-field image of mitochondria; (B, C) Super-resolution images of mitochondria
in live HeLa cells analyzed by CSSTORM and de-noised CSSTORM algorithms; (D, E) Mitochondrial tubulation movement, (D1-D6) Different colours represent the
movement status of mitochondria at different time points, (E) Whole tubulation retraction process by merging D1-D6; (F) Magnified single mitochondria and
stretching tubule in (C); (G) Width analysis of mitochondrial tubules; blue histogram shows the cross-sectional profile along the line marked in the dashed circle in (F)

with FWHM values obtained from Gaussian fitting (red and green).
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Fig. 5. Distribution of mitochondrial membrane VDPs determined by a protein clustering analysis-using DBSCAN (B, C, D) and OPTICS (E, F, G). (A) STORM super-
resolution image (scale bar 500 nm); (B, E) 2D distribution of the cluster population; (C, F) Visual representation of the DBSCAN-based morphological cluster

analysis; (D, G) Distribution of cluster radii.

3. Conclusion

In conclusion, a promising strategy for STORM super-resolution
microscopy was developed to carry out mitochondrial dynamics ima-
ging in live cells. In this method, a new STORM probe was applied to
covalently bind to VDPs in the mitochondrial outer membrane, which
achieved STORM super-resolution imaging without the need for an
imaging buffer and thiols. The mitochondrial dynamics analyses were
obtained by CSSTORM imaging using a noise-correction method con-
sisting of a NC-PCA + K-factor pre-treatment. De-noising CSSTORM
enabled ultra-fine structural imaging of mitochondria with a spatial
resolution of up to 30.2 nm in fixed cells and 45.7 in live cells with a

temporal resolution of 0.8 s. The dynamic changes of the 1-VDP com-
plex on the mitochondrial membrane were utilized to demonstrate
mitochondrial dynamics, including fusion, fission, and tubulation, in
particular, dynamic tubulation retraction of ca. 746 nm in 1.2 s. The
distribution of VDPs on the outer mitochondrial membrane was further
analyzed as protein aggregation (ca. 90 nm) to gain a deeper insight
into their biological functions. The newly developed strategy will be
useful for further functional studies of mitochondria.
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