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Imaging membranes in live cells with nanometer-scale resolution
promises to reveal ultrastructural dynamics of organelles that
are essential for cellular functions. In this work, we identified
photoswitchable membrane probes and obtained super-resolution
fluorescence images of cellular membranes. We demonstrated the
photoswitching capabilities of eight commonly used membrane
probes, each specific to the plasma membrane, mitochondria, the
endoplasmic recticulum (ER) or lysosomes. These small-molecule
probes readily label live cells with high probe densities. Using these
probes, we achieved dynamic imaging of specific membrane struc-
tures in living cells with 30-60 nm spatial resolution at temporal
resolutions down to 1-2 s. Moreover, by using spectrally distin-
guishable probes, we obtained two-color super-resolution images
of mitochondria and the ER. We observed previously obscured
details of morphological dynamics of mitochondrial fusion/fission
and ER remodeling, as well as heterogeneous membrane diffusivity
on neuronal processes.

nanoscopy | diffraction limit | photoswitchable dye | stochastic optical
reconstruction microscopy | photoactivation localization microscopy

Membrane structures, such as the plasma membrane,
endosomes, lysosomes, mitochondria, the Golgi, and the
endoplasmic recticulum (ER), perform a variety of functions in
eukaryotic cells. To accommodate these functions, cellular mem-
branes fold into various shapes, often with highly curved morp-
hologies and nanometer-scale dimensions (1, 2). Examples
include the filopodia protruding from the plasma membrane, the
cristae of mitochondria, the cisternae of the Golgi, and the mesh-
work of the ER (1, 2). These intricate membrane structures often
undergo rapid remodeling. Filopodia extend from and retract
into the cell via cytoskeletal assembly and disassembly (1). ER
tubules are pulled out of membrane sheets by molecular motors or
polymerizing cytoskeletal filaments (2). Mitochondria constantly
fuse and divide while moving along microtubules (3). Such dy-
namic processes play essential roles for maintaining the morphol-
ogy and functions of these subcellular structures and organelles.

Ultrastructural characterization of membrane organelles has
mainly relied on electron microscopy (EM), which provides both
membrane contrast and nanometer-scale resolution. However,
EM cannot be used to image live specimens and hence does not
provide dynamic information directly. This difficulty may be over-
come by the recently developed super-resolution fluorescence
microscopy methods (4-7). Among these methods, stochastic op-
tical reconstruction microscopy (STORM) (8) and (fluorescence)
photoactivation localization microscopy [(F)PALM] (9, 10) take
advantage of the use of photoswitchable probes and high-
precision localization of single molecules to surpass the diffrac-
tion limit. During the imaging process, only a sparse subset of the
probes are switched on at any time such that their positions
can be determined with high precision by finding the centroids of
their images. After the coordinates of a sufficient number of
probe molecules are accumulated, a super-resolution image can
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be constructed from these molecular coordinates. It has been
further demonstrated that many conventional dyes can be used
for super-resolution imaging based on photoswitching/bleaching
and localization of single molecules (11-20). Using single-mole-
cule-based super-resolution methods, 3D resolutions down to
approximately 10 nm have been demonstrated for fixed samples
(21-26), and live-cell imaging has also been achieved with spatial
resolutions of 20-60 nm at time resolutions ranging from 0.5 s
to 1 min (27-32).

To date, super-resolution imaging has been demonstrated
mostly on protein-based fluorescent labels such as proteins
tagged with dyes or genetically encoded fluorescent proteins.
However, membrane proteins are often not distributed uniformly
on the membrane, but instead form localized domains nonideal
for general membrane imaging. Moreover, since probe density
is a key determinant of the image resolution (27, 31), protein
labels need to be expressed at high levels to achieve high resolu-
tions, which can cause overexpression artifacts. An alternative
to protein labels is small-molecule probes that directly bind to
membrane structures, which have been widely used for specific
labeling of membrane organelles (33). The cell permeability,
small size, and high affinity of these probes for specific membrane
organelles facilitate high-density labeling of live cells. Moreover,
these small-molecule probes are commercially available and easy
to use. However, it is unknown whether these probes are photo-
switchable and suitable for super-resolution imaging.

In this work, we demonstrate super-resolution fluorescence
imaging of membranes in live cells by using photoswitchable
membrane probes. We identified the photoswitching capabilities
of eight small-molecule probes, commonly used for labeling the
plasma membrane, mitochondria, the ER, or lysosomes. Using
these probes, we achieved 30-60 nm spatial resolution with tem-
poral resolution down to 1-2 sec, and tens of independent snap-
shots when imaging live cells. The different spectral properties of
these probes also allowed two-color super-resolution imaging of
mitochondria and the ER. Utilizing these imaging capabilities,
we captured ultrastructural dynamics of the plasma membrane,
mitochondria, and the ER.

Author contributions: S.-H.S., J.C.V,, B.H., G.-Q.B., and X.Z. designed research; S.-H.S. and
C. Xia performed research; S.-H.S., C. Xia, G.Z., H.P.B., B.H., X.\W., and C. Xu contributed
new reagents/analytic tools; S.-H.S. and C. Xia analyzed data; and S.-H.S., G.-Q.B., and
X.Z. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. S.W.H. is a guest editor invited by the Editorial
Board.

Freely available online through the PNAS open access option.
'S.-H.S. and C. Xia contributed equally to this work.

2Present address: Department of Pharmaceutical Chemistry, University of California,
San Francisco, CA 94158.

*To whom correspondence may be addressed. Email: ggbi@ustc.edu.cn or zhuang@
chemistry.harvard.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1201882109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1201882109


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201882109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201882109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201882109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201882109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201882109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1201882109/-/DCSupplemental

Results

Imaging the Plasma Membrane with Lipophilic Cyanine Dyes. Carbo-
cyanine dyes with long alkyl chains such as Dil, DiD, and DiR
have been widely used as labels for the plasma membrane (see
Fig. S14 for chemical structures). Due to their lipophilic nature,
incubating live cells with dye solutions for a few minutes is
sufficient to label the plasma membrane with high probe density
(33). Interestingly, we found that Dil, DiD, and DiR exhibited
photoswitching behaviors without an exogenous switching agent.
Under 561-nm (for Dil), 657-nm (for DiD), or 752-nm (for DiR)
illumination, these probes fluoresced and rapidly switched off
to a dark state; the dark-state molecules could then be reactivated
to the fluorescent state by 405-nm illumination (Fig. 14). Similar
laser excitation schemes have been used for switching other dyes
(13, 17). This reversible photoswitching behavior were suitable
for STORM imaging of the plasma membrane (Fig. 24 and
Fig. S2 A and B).

We performed STORM imaging of the plasma membrane on
live hippocampal neurons using Dil (Fig. 24). Dil-labeled neu-
rons were imaged with 561-nm illumination at a 500-Hz camera
frame rate. A roughly constant number of activated Dil mole-
cules per camera frame were maintained with ramping 405-nm
illumination. The fast switching rates of Dil allowed us to collect
a super-resolution image in 15 sec or less. Compared to the raw
and deconvolved conventional images, substantial resolution
improvement was observed in the STORM image (Fig. 24 and
Fig. S34). The enhanced resolution allowed us to measure the
widths of the dendritic spine necks in live neurons (Fig. 24).

During STORM imaging, individual Dil molecules were
switched off in approximately two camera frames, emitting 720
photons per frame on average. By measuring the spread of the
localization distributions of individual fixable Dil molecules in
fixed cells, we determined the localization precision to be 17 nm,
measured in SD, corresponding to an image resolution of 40 nm
measured in full width at half maximum (Table S1). Another key
factor affecting the final image resolution is the label or localiza-
tion density within the structure. Because Dil molecules diffuse
on the plasma membrane in live cells, a single probe molecule is

Weak
561 nm

Strong
561 nm

405 nm>

Weak
561 nm

Fig. 1. Photoswitching behavior of small-molecule probes for four mem-
brane structures in live cells. BS-C-1 cells were labeled with (A) Dil for the
plasma membrane, (B) MitoTracker Red for mitochondria, (C) ER-Tracker
Red for the ER, (D) LysoTracker Red for lysosomes. Top row: Images taken
with weak 561-nm illumination to excite fluorescence from these probes
without switching them off appreciably. Middle row: Images taken after
strong 561-nm illumination (approximately 10 kW/cm?), which turned the
probes off efficiently. Bottom row: Images taken with weak 561-nm light
after 405-nm light was used to turn the probes on again. Image contrasts
in the middle and bottom rows were either the same as the images in the
top row or increased by 6 times, as indicated. The incomplete recovery of
ER- and LysoTrackers immediately after switching-off did not substantially
degrade the STORM images due to the high labeling density. The recovery of
ER- and LysoTrackers slowly increased and reached about 100% after 15 min
of 405-nm illumination. Scale bars, 1 pm.

Shim et al.

Fig. 2. STORM images of four membrane organelles/structures in live cells.
Conventional (i) and STORM (ii) images of (A) the plasma membrane labeled
with Dil in a hippocampal neuron, (B) mitochondria labeled with MitoTracker
Red in a BS-C-1 cell, (C) the ER labeled with ER-Tracker Red in a BS-C-1 cell,
and (D) lysosomes labeled with LysoTracker Red in a BS-C-1 cell. The conven-
tional fluorescence images were taken immediately before STORM imaging
with a low excitation intensity to avoid switching off the dyes appreciably.
The STORM images were acquired in 15 sec (A), 10 sec (B and C) and 1 sec (D).
Arrowheads in A indicate spine necks along with their measured widths.
Scale bars, 1 pm.

able to sample different locations on the membrane and contri-
bute multiple independent localizations for mapping out the
underlying structure. Based on the Nyquist sampling criterion,
which equates the resolution limit to twice the average distance
between neighboring localizations, a Nyquist resolution limit can
be defined as 2/(localization density)'/? for 2D images (27). For
the live neuron images, we found the Nyquist resolution limit to
be approximately 40 nm for the 15-sec STORM snapshots (eight
independent snapshots) and approximately 70 nm for 5-sec snap-
shots (24 independent snapshots).

Time-resolved STORM images of Dil captured extension and
retraction of filopodia or dendritic spines (Fig. 34). In addition to
the morphological dynamics of the plasma membrane, molecular
motion within the membrane can also be monitored by tracking
individual probe molecules. The use of photoswitchable probes
allows a high density of molecular trajectories to be accumulated
over time (34). In Fig. 3B, we present a subset of the Dil trajec-
tories that lasted for 15 frames or more, from which we calculated
the local diffusion coefficients (See Fig. S4 for the full distribu-
tion of the trace length). Diffusion of Dil was slower in thin den-
dritic structures such as filopodia or spines, in comparison to the
mobility measured in the shaft (Fig. 3C), consistent with previous
results (35). Moreover, the high density of molecular traces
allowed us to determine the local distribution of diffusivity within
filopodia or spines (Fig. 3D). The mobility of Dil decreased as
the molecules approached the tips of filopodia or spines (Fig. 3E),
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Fig. 3. Plasma membrane dynamics in dendrites of a live hippocampal neuron at 37 °C. (A) Morphological changes of dendritic structures captured by a series
of 10-sec STORM snapshots. Green arrowhead: A growing spine or filopodium. Blue arrowhead: An extending filopodium. Purple arrowhead: A retracting
filopodium. (B-E) High-density single-particle-tracking of Dil. (B) Molecular trajectories lasting at least 15 camera frames (2 ms per frame) colored by their
diffusion coefficients, D, according to the color map on the Right. (C) Diffusion coefficients in different dendritic structures. Error bars indicate standard errors:
N = 613 traces for shaft; N = 90 traces for spine/filopodia. (D) A zoom-in of the boxed region in B. (E) Local distribution of diffusion coefficients within the

filopodium in the dashed box in D. Error bars indicate standard errors (N = 7-18). Scale bars, 1 um.

possibly due to the higher local membrane curvature (36) and the
different composition of membrane proteins at these locations.

Imaging Mitochondria with Cationic Rosamine and Carbocyanine
Fluorophores. Mitochondria consist of two layers of membranes:
the outer membrane forms a smooth tubular outline of the orga-
nelle; the inner membrane forms deeply invaginated tubules and
lamellae called cristae. Many mitochondrial probes are cell-per-
meant cations that accumulate on the inner membrane of mito-
chondria via electrostatic interactions (33). We identified three
photoswitchable mitochondrial probes that can be classified into
two groups: (i) MitoTracker Orange and MitoTracker Red are
cationic rosamine dyes; (ii) MitoTracker Deep Red is a cationic
carbocyanine (Fig. S1B). Similar to Dil, cells could be labeled
with these probes simply by incubating with dye solutions for a
few minutes. They could be excited to fluoresce and turned off
by 561-nm (for MitoTracker Orange/Red) or 657-nm (for Mito-
Tracker Deep Red) illumination, and reactivated by 405-nm illu-
mination (Fig. 1B). All three dyes could be used for STORM
imaging of mitochondria (Fig. 2B and Fig. S2 C and D).

We obtained STORM images of mitochondria in live BS-C-1
cells using MitoTracker Red with a procedure similar to that used
in Dil imaging at a 500-Hz frame rate (Fig. 2B). Per imaging
frame, each dye molecule emitted on average 790 photons and
was localized with 13-nm localization precision, corresponding
to 30-nm resolution (Table S1). Images acquired in 10 sec exhib-
ited localization densities that correspond to a Nyquist resolution
limit of approximately 30 nm with <15% variation among differ-
ent cells and experiments. Such resolutions could be achieved
for up to 30 independent snapshots per movie. Compared to the
raw and deconvolved conventional images, the STORM images
showed substantially improved resolution (Fig. 2B and Fig. S3B).

Because mitochondria tend to move fast in cells, we further
improved the time resolution by increasing the camera frame rate
to 900 Hz and by activating a higher density of probes per frame
such that their images partially overlap. We analyzed the overlap-
ping images of individual molecules by a multiemitter fitting
algorithm (37). Under these imaging conditions, we obtained a
Nyquist-based resolution of approximately 40 nm in 2 sec. The
improved temporal resolution allowed us to capture mitochon-
drial fission and fusion intermediates (Fig. 4).

Time-lapse STORM images revealed thin, extended tubular
intermediates connecting neighboring mitochondria both prior
to fission and after fusion (Fig. 44 and Movie S1). The average
width of these tubular structures was 104 & 15 nm (SD, N = 35)
(Fig. 4B). Notably, such tubules tend to have uniform widths over
an extended length of several hundred nanometers. Multiple
fission and fusion events (Fig. 4C) were captured in the movie.
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The tubular intermediates for the fusion and fission events
had similar widths [Fig. 4B, 102 &+ 16 nm (SD, N = 24) prior
to fission; 108 + 12 nm (SD, N = 11) after fusion]. These thin
tubular structures could persist for more than 10 sec. While

= All
= Fission
= Fusion

60 80 100 120140
Width (nm)

Fig. 4. Mitochondrial dynamics in a live BS-C-1 cell. (A) A 6-sec STORM snap-
shot shows thin tubes connecting neighboring mitochondria (indicated by
yellow arrowheads). (B) Width distribution of inter-mitochondria tubules
taken from multiple cells. Black bars: All tubules. Green bars: Tubules prior
to fission. Red bars: Tubules after fusion. (C) Fission (green arrowheads) and
fusion (red arrowheads) events captured by a time-series of 2-sec STORM
snapshots (i) and corresponding conventional images (ii). While the images
were acquired continuously (Movie S1), only every other 2-sec snapshot is dis-
played here to save space. Scale bars, 500 nm.

Shim et al.
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fission and fusion events could also be observed in the conven-
tional fluorescence movies, the tubular intermediates were not
clearly resolved in the diffraction-limited images (Fig. 4C, ii).
Given the extended length of the tubular intermediate with
a relatively constant width, such membrane tube is likely con-
stricted by a protein tubular structure. A potential candidate pro-
tein is Drp1, a dynamin-family protein required for mitochondrial
division in mammalian cells (3, 38). Indeed, in the in vitro assem-
blies of liposome and Dnm1, the Drpl-homolog in yeast, Dnm1
was found to assemble outside membrane tubes and constrict them
to a lumenal diameter of approximately 90 nm (39), similar to the
widths of the fusion and fission intermediates measured here.

Imaging the ER and Lysosomes with BODIPY Dye-Conjugates. BOD-
IPY dyes are neutral and nonpolar. Therefore, BODIPY conju-
gates tend to be more cell permeant than charged or polar dyes,
and are often used to label intracellular structures (33). We tested
two BODIPY-conjugated probes: (i) ER-Tracker Red, a BODIPY
TR conjugate of glibenclamide which binds to potassium chan-
nels enriched in the ER; (ii) LysoTracker Red, a BODIPY 564/
570 linked to a weak base that is highly selective for the acidic
membrane of lysosomes (Fig. S1 C and D) (33). Again, labeling
procedures for these probes are similar to that of Dil. We found
both BODIPY TR and BODIPY 564/570 to photoswitch in live
cells; they could be imaged and switched off by 561-nm illumina-
tion and reactivated by 405-nm light (Fig. 1 C and D).

STORM imaging of the ER and lysosomes were conducted
using a procedure similar to that used for Dil or MitoTracker
Red (Fig. 2 C and D). At a 500-Hz frame rate, ER-Tracker Red
and LysoTracker Red emitted an average of 820 photons per
frame, providing a localization precision of 13-15 nm, corre-
sponding to a resolution of 30-35 nm (Table S1). We obtained
STORM images within 10 sec for the ER and 1 sec for lysosomes
with localization densities that correspond to a Nyquist resolution
limit of 3040 nm for 30-80 snapshots. STORM images of the ER
showed an intricate meshwork of tubules and sheets (Fig. 2C).
While these structures were largely resolvable in conventional
images, the width of the ER tubules were often below the diffrac-
tion limit, but could be determined from STORM images
(Fig. 2C). Likewise, lysosomes were often resolvable from each
other in conventional images, but their sizes and shapes were bet-
ter determined in STORM images (Fig. 2D).

Dynamics of ER-remodeling were observed using ER-Tracker
Red (Fig. 5). In a time-series of 10-sec snapshots (Fig. 54
and Movie S2), we observed extending ER tubules (Fig. 54).
When multiple snapshots were collapsed into a single image with
each localization colored by the time of appearance (Fig. 5B),

Fig. 5.

extending tubules could be easily identified by color. The newly
extended tubules appeared thinner than older tubules (Fig. 5C);
the average widths were 84 + 15 nm (SD, N = 22) for the newly
extended tubes and 127 4+ 32 nm (SD, N = 34) for tubules that
existed for at least 2 min. When we increased the dye activation
rate as in the case of mitochondrial imaging, we were able to in-
crease the imaging speed to 2 sec per image without compromis-
ing the spatial resolution (Fig. 5 D and E and Movie S3).

Two-Color Imaging of Mitochondria and the ER. The different spec-
tral properties of the probes described above allow for multicolor
imaging. For instance, the emission maxima of MitoTracker Red
and ER-Tracker Red differ by 16 nm. They can be distinguished
using a ratiometric method by splitting their emission into a short-
and a long-wavelength channel; the probe identity can then be
determined from the intensity ratio of these two channels (30,
32, 40).

Using this approach, we obtained two-color STORM images
of mitochondria and the ER in live cells (Fig. 6 and Movie S4).
Although we achieved a comparable Nyquist resolution (25—
35 nm) to that of the single-color images, the image quality was
somewhat degraded from single-color images due to the color
cross-talk (16% from ER to mitochondria, 28% from mitochon-
dria to ER with the color assignment defined in Fig. S5).

Correlative dynamics of the two structures were observed from
these images. ER tubules were often present at the sites of
mitochondrial contraction and fission (Fig. 6), suggesting that ER
tubules are involved in constriction of mitochondria. This obser-
vation is consistent with the previous hypothesis that ER-induced
mitochondrial constriction facilitates the recruitment of Drpl at
the mitochondrial fission site (41).

Discussion

Cell membranes often exhibit nanometer-scale morphologies and
undergo dynamic remodeling. Super-resolution fluorescence
imaging can reveal previously unknown ultrastructural dynamics
of these structures. Here, we identified several photoswitchable,
small-molecule membrane probes and demonstrated their utility
in super-resolution STORM imaging of the plasma membrane,
mitochondria, the ER, and lysosomes in living cells. The images
revealed nanometer-scale morphological dynamics of neuronal
processes, mitochondria, and the ER, as well as nonuniform
membrane diffusivity in neurons.

STORM imaging of these probes was performed in buffered
medium supplemented with an oxygen scavenger system, but no
exogenous chemical additives such as thiol reagents was added.
Without the oxygen scavenger, the probes photoswitched simi-
larly but bleached substantially faster, and therefore the overall

= New
m Old (>2min)

ER dynamics in live BS-C-1 cells. (A) A time-series of 10-sec STORM snapshots. Blue arrowheads: Tips of extending tubules. (B) A composite image

containing all snapshots in A with each localization colored by its time of appearance according to the color map on the Right. (C) Distribution of the widths
of ER tubules. Green bars: Newly extended tubules. Red bars: Old tubules that had already existed for at least 2 min. (D) A time-series of 2-sec STORM snapshots.
Blue arrowheads: Extending tubules. Purple arrowheads: Retracting tubules. Yellow arrowheads: Extending sheets. (E) A composite image containing all
snapshots in D with each localization colored by the time of its appearance. Scale bars, 500 nm.
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Fig. 6. Two-color STORM images of mitochondria (green) and the ER
(magenta) in a live BS-C-1 cell. The snapshots are 10 sec long. The ER tubules
at the mitochondrial fission site are indicated by green arrowheads. Scale
bars, 500 nm.

observation time was reduced by 10-20 fold. Although these
membrane probes all photoswitched under the same buffer con-
ditions, their switching mechanisms could potentially be differ-
ent. The carbocyanine dyes (Dil, DiD, DiR, and MitoTracker
Deep Red) were possibly switched to a dark state by forming a
thiol adduct with endogenous thiols (e.g. Glutathione exists in
animal cells at approximately 5 mM), as shown for Cy5 (42).
The rosamine dyes (MitoTracker Orange/Red) may be switched
to long-lived radical species, similar to the structurally related
rhodamine dyes (43). The switching mechanism of the BODIPY
dyes (ER/LysoTracker Red) is difficult to speculate on, as no
dyes in this class have been previously shown to photoswitch.
Further work is needed to characterize the dark states of these
fluorophores.

When performing super-resolution imaging of live cells using
these probes, one has to be cautious about potential artifacts
arising from phototoxicity and motion blurring. We performed
STORM imaging using an excitation intensity of <10 kW /cm?
at 561, 657, or 752 nm, and weak 405-nm activation intensities
(typically 0-3 W/cm?), in standard culture medium supplemen-
ted with the oxygen scavenger system. Previously, under similar
illumination and buffer conditions, we found that the cell mor-
phology and dynamics remain unperturbed for up to 20 min (31).
However, mitochondria are known to be relatively sensitive to
the oxidative and phototoxic stress (44). So we further examined
whether the imaging conditions exert adverse effects on mito-
chondrial morphology. Under our strongest illumination condi-
tions, mitochondrial morphology appeared normal for about
1 min. After 1 min, the shape of mitochondria began to change
appreciably, evolving from an elongated, tubular shape into a
more spherical shape, which is often observed for mitochondria
under stress (Movie S5) (44). Hence, under these illumination
conditions, we can only observe mitochondria for about 1 min
before phototoxicity substantially perturbs the mitochondrial
morphology. Fortunately, entire time courses of mitochondrial
fusion and fission events can often be observed within 1 min,
allowing studies of fusion and fission dynamics. For studying dy-
namics over a longer time, we can strobe the illumination at the
cost of the time resolution. For example, when turning on illumi-
nation for one-fourth of the time with an excitation sequence of
two frames of illumination followed by six dark frames, we were
able to elongate the observation time to approximately 10 min
without substantially perturbing the mitochondrial morphology
(Movie S6). The plasma membrane and ER were less sensitive
to illumination. We did not observe appreciable perturbation
to the morphologies of these structures for the entire imaging
time of up to 7 min even with the strongest continuous illumina-
tion that we used.

Another potential artifact to consider is motion blurring. In
single-molecule-based super-resolution imaging, two types of
motion can affect the image quality. The first type is the diffusion
of the probe molecules on the membrane structure. On the plus
side, diffusion allows each probe molecule to sample different
locations of the membrane structure in different camera frames
and to contribute multiple independent localizations, thereby
increasing the localization density. On the flip side, a membrane
probe can diffuse a substantial distance even within a single cam-
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era frame, and the measured localization represents the average
position of the probe. Consequently, the detected probe position
tends to converge to the center of the confining membrane struc-
ture, which could artificially shrink the apparent size of the struc-
ture (Fig. S64). The extent of shrinkage depends on the diffusion
coefficient of the probe, the size of the confining structure, and
the camera frame rate (Fig. S6 B and C). For example, the diffu-
sion coefficient of MitoTracker Red, measured to be 0.3 pm? /s,
resulted in minimal artifacts at the frame rates used here
(500 and 900 Hz), but reducing the frame rate to 100 Hz would
lead to an appreciable shrinkage (Fig. S6B). The diffusion coeffi-
cient of the plasma membrane probe Dil, 1.1 pm? /s, resulted in
more noticeable effects even at 500 Hz; a 100-nm wide tube was
shrunken by approximately 20% (Fig. S6C). Probe diffusion
could also blur sharp features of the membrane structure because
the average probe position within a frame could lie outside the
structure when the structure exhibits sharp bending. To illustrate
this effect, we simulated how probe diffusion blurs a mesh struc-
ture with various grid sizes (Fig. S6 D and E). At 500 Hz, the
diffusivity of MitoTracker Red made a meshwork with 10-nm
grids unresolvable, while the faster diffusion of Dil increased the
unresolvable grid size to approximately 20 nm. These numbers
are relatively small compared to the image resolution reported
in this work, indicating that probe diffusion did not substantially
blur structures in our images.

The second type of motion to consider is the movement of the
membrane structure itself. As for any live-cell imaging, the image
acquisition time should be sufficiently short that the displacement
of the structure during this time is small compared to the resolu-
tion. Neuronal processes and ER tubules typically move slowly
enough for our image resolutions. For example, the widths of
ER tubules measured from 15-sec STORM images of live cells
(108 £ 31 nm, SD, N = 111) were essentially identical to those
determined from fixed-cell images (109 &+ 22 nm, SD, N = 246).
Mitochondria are more dynamic, moving with speeds of approxi-
mately 20 nm/s during fusion and approximately 50 nm/s at
other times (45). For a spatial resolution of 30-60 nm and a time
resolution of 2 sec, movement speeds up to 15-30 nm/s are
tolerable and allowed us to capture mitochondria fission/fusion
dynamics without substantial motion blur. Indeed, STORM
images of mitochondria revealed fission/fusion intermediate
structures previously unobserved in cells. The widths of the
tubular fission/fusion intermediates measured in live cells
(104 £ 15 nm, SD, N = 35) is similar to the width of the tubular
structure of mitochondrial dynamin assembled in vitro (39),
suggesting a molecular underpinning of the fission/fusion inter-
mediates. We also observed intermitochondria tubes in fixed cells
with a nearly identical width (102 + 28 nm, SD, N = 44), sug-
gesting that the tubular structures were not substantially blurred
by motion. On the other hand, the cristae structure was partially
blurred. Only the cristae with relatively large spacing appeared to
be resolved in the live-cell STORM images (Fig. 4), as in previous
live-cell images by structured illumination microscopy (46). The
more tightly packed cristae with smaller spacing, observed in EM
and fixed-cell STORM images (Fig. S7), were not well resolved in
the live-cell images.

Finally, since biological structures are typically three-
dimensional, extending the high image resolution into the third
dimension could help resolve these structures better. Indeed, the
cristae of mitochondria in fixed cells were better resolved in the
3D STORM images than in the corresponding 2D projection
images (Fig. S7). The z coordinates of the molecules can be ob-
tained by a variety of means for 3D super-resolution imaging
(21-26), and indeed 3D STORM has been demonstrated in live
cells (31). However, the use of diffusing membrane probes pre-
sents an additional challenge, especially when the shapes of the
single-molecule images are used to determine their z-positions.
Further increasing the camera frame rate or strobing the excita-
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tion laser should help overcome this problem and allow 3D super-
resolution imaging of membrane organelles in living cells.

Materials and Methods

Sample Preparation. Immediately before imaging, BS-C-1 cells and hippocam-
pal neurons were labeled by incubating live cells with culture medium
containing one of the membrane probes for 0.5-3 min. For two-color
imaging, cells were labeled sequentially with MitoTracker Red and then
ER-Tracker Red.

Image Acquisition and Analysis. Labeled cells were imaged with continuous
illumination at 561, 657, or 752 nm for imaging and 405 nm for probe activa-
tion in an oblique-incidence geometry on an Olympus IX-71 inverted micro-
scope. The single-molecule images were recorded at 500-900 Hz frame rates
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on an EMCCD camera (iXon 860; Andor). For ratiometric two-color imaging,
the fluorescence was split by a 624-nm longpass dichroic mirror into two
channels and imaged on two halves of the same camera. The movies were
analyzed by custom-written STORM analysis software as we previously de-
scribed (31), or using the DAOSTORM (37) or a similar multiemitter fitting
software (47). See SI Materials and Methods for details.
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