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ABSTRACT: Point localization super-resolution imaging
(SR) requires dyes that can cycle between fluorescent and
dark states, in order for their molecular positions to be
localized and create a reconstructed image. Dyes should also
densely decorate biological features of interest to fully reveal
structures being imaged. We tested site-specific dyes in several
live-cell compatible imaging media and evaluated their
performance in situ. We identify a number of new dyes and
imaging medium-dye combinations for live staining, that densely highlight intracellular structures with excellent photophysical
performance for SR.

Fluorescence microscopy of living cells reveals dynamic
processes of specific protein-enriched structures and

organelles. This was extended to the nanoscale by several
optical nanoscopy methods, including imaging with photo-
switching and localization super-resolution microscopy (SR), as
in photoactivated localization microscopy (PALM)1 or
stochastic optical reconstruction microscopy (STORM).2,3 A
common feature of live-cell SR is overexpression of protein
fusions, either to fluorescent proteins or chemical targets such
as the SNAP-tag or Halo-tag for synthetic dyes. The achievable
resolution depends on the density and brightness of
fluorophores, since the density of dyes must be high enough
to sample the structure at the desired resolution and the
localization precision depends to first order on the brightness as
the inverse square root of the number of photons. Thus,
expression levels should be high, and synthetic dyes are
preferred to fluorescent proteins. Among the drawbacks of this
approach, few chemically targeted cell-permeable dyes exist for
intracellular imaging.2−4 Furthermore, multicolor imaging is
needed to provide cellular context5 but can be difficult to
achieve consistently with transfection.
A complementary labeling strategy for live intracellular SR

uses site-specific stains, which do not require transfection, to
label cells with high efficiency. These dyes are easily targeted
and cell permeable. This strategy was recently demonstrated in
SR imaging of DNA,6 the plasma membrane, and several
intracellular compartments.7 However, this method has not
been optimized for live-cell compatibility. Moreover, many
other intracellular targets and dyes exist, which have not been
examined for live-cell SR. To expand this complementary
labeling strategy and enable multicolor imaging, additional site-
specific stains should be identified. Lastly, a relationship
between chemical structures and intracellular environments
that support photoswitching has not been established; this
would allow for intelligent design of further site-specific dyes
for SR.

In this study, we investigate photoswitching under imaging
media and light exposure conditions chosen to reduce toxicity
and expand the palette of dyes and target organelles that can be
used for intracellular SR imaging. This also allows us to
examine correlations between chemical structure and intra-
cellular photoswitching of these high-density labels for live-cell
SR.
Early developments in SR with standard organic dyes relied

on oxygen depletion and the use of millimolar concentrations
of toxic reducing agents, such as betamercaptoethanol, to
induce photoswitching.8−10 Oxygen depletion poses a major
constraint on live-cell experiments, since it diminishes ATP
production.11 This is especially a setback when studying
mitochondria structure and dynamics,12 but also disrupts
other cellular functions. Another cytotoxic effect that arises
from imaging with an oxygen depletion or scavenging system is
buffer acidification.13 Accordingly, this method was exclusively
used with fixed cells until the need for an oxygen depletion
system was eliminated14 and lower concentrations of toxic, and
even nontoxic,14,15 reducing agents were used. Conveniently,
the endogenous environment of a cell has also proven to be
efficient in making a limited number of cell permeable dyes
photoswitch in a few cellular compartments.2,4,16−18 Despite
such developments, it is still common to introduce exogenous
reducing agents and oxygen depletion systems in performing
live cell experiments3,6,7 for SR imaging of additional targets
and dyes.
We screened site-specific stains whose photoswitching in

living cells was not previously reported, using several low-
toxicity imaging media. These were Leibovitz CO2-independent
medium,4 and the supplemented buffers Leibovitz with ascorbic
acid (AA) as a reducing agent,19 and Leibovitz with AA and the
glucose−oxidase/catalase oxygen removal system (Glox).6 We

Received: June 26, 2013
Accepted: September 30, 2013

Letters

pubs.acs.org/acschemicalbiology

© XXXX American Chemical Society A dx.doi.org/10.1021/cb400467x | ACS Chem. Biol. XXXX, XXX, XXX−XXX

pubs.acs.org/acschemicalbiology


reduced the toxicity of the Glox mixture by using lower levels of
Glox: concentrations of catalase and glucose oxidase were
approximately 4 and 16 times more dilute than previously
reported with such dyes.7 Accordingly, we measured no drop in
pH over the course of the experiments, which lasted up to 20
min. A more in depth look at the toxicity of these dyes and
buffers is presented in Supporting Information (SI), Table 1
and Figure 1. Our results, summarized in Table 1, show that
numerous new site-specific dyes in different intracellular
compartments can be made to photoswitch under one or
more of these conditions. Conveniently, we noticed that some
of the dyes photoswitch well in living cells imaged in pure
Leibovitz buffer; this medium is the least toxic of the three,
since it is designed to support cell growth in a CO2-free
atmosphere,20 and thus represents a preferred imaging
environment. To our knowledge, this is the first instance of
site-specific dyes being used for SR (PALM/STORM) imaging
in the absence of an oxygen scavenging system and without any
exogenous reducing agent. We also found that several site-
specific stains recently used for live-cell SR in the presence of
Glox can perform well in Leibovitz without Glox (SI Table 2).
Intriguingly, we noted that the addition of AA or Glox+AA
sometimes appeared to be perturbative, not because it
disrupted photoswitching but because it resulted in a
nonuniform or aggregated staining pattern on the structure of
interest (see Table 1 and SI Figure 2 for details); we deem such
conditions unsuitable for live-cell imaging. This effect was not
consistently observed upon addition of Glox+AA for any
specific organelle (Table 1 and SI Table 3); therefore, it is likely
due to dye−medium interactions rather than cell perturbations.
Several dyes tested entirely failed to produce SR images in any
of the tested media (SI Table 3, SI Figures 2−3 for
representative wide field images and SI Figure 4 for a
quantitative description of these poor photoswitching con-
ditions). We note that although the imaging media clearly has
an impact on dye photoswitching, it is always an indirect effect,
since the primary determinant is the local internal cellular
environment.
Another unfavorable condition for live-cell SR imaging as

regards cell health is the use of near UV illumination. Since it is
commonly reported to be necessary for recovery from the dark
state,3,7,16,21 irradiation with 405 nm light is often used in

photoswitching of synthetic dyes. Conceivably, this illumination
could cause less photodamage that that of the imaging laser,
which is typically used at higher intensities.21,22 Still, 405 nm
illumination is commonly increased over the course of
acquisition to maintain the number of localizations and can
significantly induce phototoxicity,21 photosensitize dyes, and
cause cellular damage.23 Several of the dyes we tested did not
require 405 nm illumination to photoswitch and adding 405 nm
illumination did not improve image quality (SI Figure 5). We
also observed that several site-specific dyes previously reported
to perform well with 405 nm illumination (SI Table 2), also did
so without. Similarly, the high intensity laser illumination
required to achieve single-molecule photoswitching10 in SR
techniques can cause cellular damage. Importantly, we noted
that many of the site-specific dyes tested could photoswitch
with illumination powers down to 10-fold lower than previously
used7 (SI Figure 6).
Sites targeted by the dyes we screened include the

mitochondrial inner membrane/matrix, lipids in the endoplas-
mic reticulum, the lysosomal interior, and the Golgi apparatus,
an organelle never before imaged using live SR techniques.
Targeting mechanisms vary with each dye (Table 1). Once
suitable imaging conditions were identified, we used these dyes
to create live cell SR images of organelles (Figure 1a−e and SI
Figures 7−8), which showed improvement over diffraction-
limited images (SI Figures 7−8). Note the dense labeling of
mitochondria with JC9 (Figure 1a), Rhodamine 123 (Figure
1b), and TMRE (Figure 1c). Due to the high laser intensities,
long acquisition times, and toxic imaging media commonly
used in live-cell SR, images of mitochondria commonly capture
their rounded phenotype. Thus, of particular note here are the
elongated morphologies of mitochondria, suggestive of the live-
cell compatibility of this method. Additionally, the areas of
lower labeling density with TMRE (Figure 1c) are of interest
since they allow us to infer the presence of the cristae; such
features are not visible in the corresponding diffraction limited
image (SI Figure 8). Curiously, however, the cristae are not
discernible in SR images from other dyes that label the
mitochondrial inner membrane (Figure 1a−b). One possible
reason for this lack of resolved substructure could be due to the
dyes’ photoswitching performance under the tested conditions.
For instance, several overlapping molecules could remain in a

Table 1. Site-Specific Stains and the Imaging Medium Conditions under Which SR Imaging Was Achieveda

site targeted dye

necessary
405

illumination Leib

100
μM
AA

Glox +
100 μM
AA description of poor (−) conditions comments

mitochondrial
inner
membrane/
matrix

rhodamine 123 no − + -- dye aggregation with Glox,
unsuitable without AA (see Case
2 in caption).

cationic dye, stains matrix due to negative potential

JC-9 no − − + unsuitable without Glox (see Case 2
in caption)

carbocyanine dye, same properties as JC1. Aggregated
red form in polarized mitochondria34

TMRE no + + + rhodamine derivative, labels inner and outer sides of
inner membrane based on potential35

Golgi dye D yes + -- -- dye aggregation with AA or Glox Benzophenoxazine dye, derivative of Nile Red
observed to accumulate in golgi,36 targeting
mechanism not identified

ER/mitochondrial
membranes

Nile red no + + -- dye aggregation and mislocalization
with Glox

lipophilic dye

lysosomal interior LysoTracker
Green

yes − − + unsuitable without Glox (see case 1
in caption)

redox-active organelle, H+ ATPases on membranes,
contains hydrolytic enzymes37

aGood conditions for photoswitching and imaging are denoted by ‘+’ and poor conditions are denoted by ‘−’. Poor conditions are described by case
1 or case 2. Case 1: once dye bleaches, no single molecule photoswitching begins. Case 2: the number of localizations over time decreases rapidly,
preventing a high enough density of localizations to reconstruct an image, see SI Figure 4 for details. In cases where the buffer conditions perturbed
the dye a ‘--’ is marked, see SI Figure 2. Leibovitz denoted ‘Leib’.
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bright state during a single frame; in such cases, multiemitter
algorithms are more appropriate in image reconstruction, as
recently shown.7 The live-cell SR image of the Golgi apparatus
(Figure 1d) is a clear improvement over its conventional image
(inset Figure 1d), since the membrane folds making up the
cisternal stack are now visible. Lastly, Nile red highlights both
mitochondria and the ER (Figure 1e). Since these two
compartments are morphologically distinct, this stain can
provide cellular context by acting as an SR contrast agent in
studies of the ER or mitochondria. The sizes of ER tubules and
their intersection with mitochondria are readily visible here,
providing a clear improvement over the diffraction-limited
image (SI Figures 7 e−f and 8e) where the ER tubules are
blurred.
To highlight the flexibility of this approach, we performed

dual-color SR imaging by staining mitochondria and lysosomes
with MitoTracker Red CMH2XRos and LysoTracker Green,
respectively. We selected this combination since both dyes
photoswitch under identical buffer conditions (Table 1) and
have minimal spectral overlap. Indeed, we found that both dyes
blinked well in a mixture of Glox + AA, yielding high-contrast
and well-resolved images (Figure 1f). Intriguingly, while
imaging these two organelles, we observed the colocalization

of mitochondrial staining with a subset of lysosomes; this is
evident in the dual-color SR image, where regions of overlap
between the red and green channel image are evident. This may
indicate mitophagy: the degradation of mitochondria in
autolysosomes.24 Finally, the ease of this mix-and-match choice
of labels can be translated to combine site-specific dyes with
fluorescent proteins, or with other synthetic dyes targeted using
chemical tags.
To quantify dye performance, we considered the temporal

resolution achievable with each dye using a procedure recently
outlined.7 Briefly summarizing, the Nyquist criterion, as
previously applied to SR1, dictates that the density of molecules
ρ required to resolve features of size Rmin must be at least (2/
Rmin)

2 for two-dimensional imaging. Accordingly, we evaluated
dyes based on the shortest acquisition time (tmin), which fulfils
Nyquist with Rmin = σ, where σ represents the mean localization
precision of single molecules used to construct a given live-cell
SR image (see Rmin discussion in Supporting Information and SI
Figure 9). For this purpose, we defined regions of interest
(ROI) on each structure imaged (Figure 2a), then decreased
the number of acquisition frames until the density within the
ROI was equal to the limiting Nyquist density (i.e ρROI = (2/σ
nm)2). This acquisition time (Figure 2b) ranges from 6 to 17 s,
comparable to previously reported rates for live SR
imaging.1,2,6,7 Once we defined the minimum time required
to achieve a suitable molecular density, we made SR movies
where each frame is an SR image reconstructed using the
Nyquist limiting stack. Over the course of 5 min, we observed
the dynamic motion of a mitochondrial junction along with the
reshaping of this organelle (Figure 2c). Additionally, over the
course of 20 s, we observed the motion of mitochondria
ranging from fusion/fission events to small spatial fluctuations
(see SI Videos 1, 2, 3). We note that although the Nyquist
criteria is commonly used to quantify resolution, and we apply
it here to permit direct comparisons with other published work,
alternative metrics have also been proposed.3,25,26 To compare
the performance of these dyes with ectopically expressed
photoswitchable proteins, we provide estimates of their relative
density and brightness (see the Dyes versus Protein Performance
discussion in the SI).
The data presented here combined with published data on

site-specific dyes indicates that there exists a photoswitching
dependence on the organelle redox state14,27,28 and on
chromophore structure29 as previously proposed. We summa-
rize these observations in SI Table 4.
Photoswitching of fluorophores is commonly attributed to

transient dark states induced by reducing and oxidizing (ROX)
processes.27 We noticed that some dyes required the addition
of an oxygen scavenging system (Glox) and/or a reducing
agent (AA) while others were capable of blinking in a live-cell
compatible buffer (Leibovitz) alone. This is intriguing, since it
supports the idea that some cellular compartments offer certain
dyes a nanoenvironment sufficient for photoswitching.28,30 For
instance, we noticed that additives to the imaging media were
unnecessary for the BODIPY based ER tracker red targeted to
the ER membrane; however, it has been reported that the
BODIPY based dye LysoTracker Red photoswitches in
lysosomes upon addition of Glox.7 Because lysosomal
membranes have been shown to have similar redox potentials
to that of the ER membrane,31 this suggests that even the small
differences in the redox potentials of the ER membrane and
lysosomal membrane or differences between the redox
potentials of these two red BODIPY dyes could impact their

Figure 1. Live SR images of organelles labeled with site-specific stains.
Mitochondria stained with (a) JC-9 in Glox + AA, (b) Rhodamine 123
in AA, and (c) TMRE in AA. (d) Dye D staining the Golgi apparatus
in Leibovitz. Inset highlights convential image. (e) Nile red labeling
the endoplasmic reticulum and mitochondria in Leibovitz. (f)
MitoTracker Red CMH2XRos costained with LysoTracker Green,
imaged in Glox + AA. Inset highlights areas where both organelles are
present. (a−f) acquisition time: 20 s. Integration times of 2 ms were
used to acquire all of the above images. Scale bars: 1 μm.
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ability to photoswitch. Another interesting observation related
to the compartment dependence of photoswitching can be seen
with the red benzophenoxazine dyes Nile red and its derivative
Dye D. Specifically, these red dyes were capable of photo-
switching in three distinct compartments: mitochondria, the ER
membrane, and the Golgi apparatus. Since these compartments
have different redox potentials,31−33 this suggests that
benzophenoxazine dyes can photoswitch over a range of
intracellular redox states. Thus, it seems that some dye
structures such as benzophenoxazine are more amenable than
others such as BODIPY to photoswitching under a range of
chemical microenvironments.
In addition, it has recently been reported that single-

molecule blinking can depend directly on chromophore
structure. For cyanine dyes, red-shifted fluorophores have
longer off-times than blue-shifted ones due to their larger size;
this, in turn yields the more pronounced blinking necessary for
SR imaging.29 Consistent with this, we noticed that dyes of a
homologous chromophore series, which were targeted to the
same organelle, but varied in color did not have identical
photoswitching properties. MitoTracker Green, MitoTracker
Red, and MitoTracker Deep Red are all carbocyanine dyes, yet
only MitoTracker Deep Red was capable of photoswitching
under the tested conditions.7 Similarly, of the BODIPY-based
ER-tracker dyes, the red version proved suitable7 while the
green version did not. Therefore, this trend, which relates
chromophore structure, and specifically size, to photoswitching
is also observed in two distinct homologous series of site-
specific dyes.
We have expanded a labeling strategy based on affinity

targeting which does not require the development of
orthogonal labeling schemes, since specificity comes from the
dyes themselves. We explored the influence of live-cell

compatible imaging media on these dyes and evaluated
performance in vivo. Their performance was found to be
comparable to site-specific dyes previously tested.7 We expect
these dyes to be of great use in live-cell SR studies; in particular,
their live-cell compatibility can allow for easy pairing with
switchable fluorescent proteins. Identification and screening of
more small molecules that specifically label intracellular targets
will expand this approach. Experiments were carried out with a
limited set of media, but further investigation or the discovery
of other noncytotoxic ROX agents could improve imaging.
Furthermore, identifying live-cell compatible chemical mecha-
nisms that do not require high laser power for photoswitching
will extend the applicability of this approach for live
intracellular SR studies.

■ METHODS
Cell Culture. U2OS cells were maintained in Dulbecco’s Modified

Eagles’s Medium (DMEM) (Gibco) supplemented with 10% Fetal
Bovine Serum (FBS) (Gibco) in an atmosphere containing 5% CO2 at
37 °C. Cells were cultured and maintained in T-25 flasks and grown to
about 70% confluency (corresponding to 2 days) before they were
passaged. Cells were plated on 25 mm glass coverslips (100 K cells per
coverslip) 24 h before imaging was performed.

Cell Staining and Imaging Buffers. Prior to staining, cells were
washed once with PBS (Sigma). Dilutions of all dyes were made in
Leibovitz (Invitrogen) immediately before labeling cells. Dye
concentrations and incubation times varied (see SI Methods for
details). All incubations took place at 37 °C in a 5% CO2 atmosphere.

Following incubation, the cells were washed twice with PBS and
imaged in a prewarmed buffer. Experiments were performed in three
different buffer conditions: Leibovitz alone, Leibovitz supplemented
ascorbic acid (100 μM) (Invitrogen) and Leibovitz with, glucose (10%
m/v solution), approximately 0.05% HEPES (pH 7.5, 1M) glucose
oxidase (30 μg mL−1) (Invitrogen), catalase (10 μg mL−1)

Figure 2. Evaluating dye performance by temporal resolution. (a) The density of molecules is determined within an ROI, shown for mitochondria
stained with Rhodamine 123 in AA. (b) The mean localization precision and temporal resolution, tmin for the dyes tested. Mean and standard
deviation (SD) values were determined from 3 to 5 cells with 5 ROIs per cell. (c) Still frames of a video of TMRE (in AA) staining the mitochondria
imaged for 5 min total, where each frame is reconstructed with 11 s of imaging, representing the number of Nyquist limiting frames (tmin). From left
to right, the stills were imaged at 0, 140, and 280 s after the start of acquisition. Integration times of 2 ms were used to acquire all of the above images
and determine temporal resolutions in 2b. The red arrow highlights the junction point to guide the eye. Scale bars: 500 nm.
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(Invitrogen) and ascorbic acid (100 μM) at pH 7.2 (otherwise noted
as Glox+AA). To ensure that the Glox buffer did not lead to
physiologically unfavorable conditions over the course of imaging
experiments, we measured the pH immediately after experiments and
found that it did not change.
Live-Cell SR Imaging. Imaging was performed on a custom-built

inverted microscope equipped with an oil-immersion objective
(Nikon, 100×, NA = 1.49). 488 and 561 nm (TOPTICA photonics)
lasers were used. When necessary (for Dye D and LysoTracker
Green), a 405 nm laser (OBIS) was used. All lasers were reflected by a
4-color dichroic (89100bs, Chroma). Fluorescence was directed onto
an electron multiplying CCD camera (Evolve 128, Photometrics) with
a resulting pixel size of 120 nm. For each dye/imaging medium
combination, typically 15 000 frames were collected with a 2 ms
integration time. For rhodamine 123, LysoTracker Green and JC-9 an
ET525/50 (Chroma) emission filter was used; an ET605/70
(Chroma) emission filter was used for MitoTracker Red CMH2XRos;
far red fluorescence corresponding to Nile red was collected after
passing through an ET700/75 (Chroma) emission filter. For dual-
color experiments, sequential imaging was performed with the
MitoTracker Red CMH2XRos imaged first to prevent photobleaching
of the LysoTracker Green. The chromatic shift was corrected using
TetraSpek beads (Invitrogen) imaged in the red and green channels.
See SI Methods for a description of laser intensity measurements,
molecule localization analysis and how SR videos were generated.
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