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ABSTRACT: Here we present a far-red, silicon-rhod-
amine-based fluorophore (SiR700) for live-cell multicolor
imaging. SiR700 has excitation and emission maxima at
690 and 715 nm, respectively. SiR700-based probes for F-
actin, microtubules, lysosomes, and SNAP-tag are
fluorogenic, cell-permeable, and compatible with super-
resolution microscopy. In conjunction with probes based
on the previously introduced carboxy-SiR650, SiR700-
based probes permit multicolor live-cell superresolution
microscopy in the far-red, thus significantly expanding our
capacity for imaging living cells.

Fluorescence microscopy is a powerful approach for live-cell
imaging. While important advances are continuously made

to acquire and analyze data, the development of appropriate
fluorescent probes lags behind.1 A fluorescent probe suitable for
applications inside living cells needs to be membrane
permeable but must not display unspecific interactions with
the sample. Furthermore, such a probe should be bright and
photostable and, ideally, excitable at far-red or near-infrared
wavelengths in order to decrease phototoxicity and background.
Before now, only a small fraction of existing fluorophores
fulfilled these conditions.2 Among them, carboxylated silicon-
rhodamines (carboxy-SiR, Figure 1A) appear particularly well
suited for imaging living cells.3−8 Carboxy-SiRs display far-red
emission and excitation wavelengths, are suitable for super-
resolution microscopy and carboxy-SiR-based probes tend to be
cell permeable and fluorogenic. The 2′-carboxyl group mediates
the latter two properties: carboxy-SiRs show a much higher
tendency than conventional rhodamines or carbopyronines to
exist in their nonfluorescent spirocyclic form (Figure 1A).
While this may look disadvantageous, it can render carboxy-
SiR-based probes fluorogenic: we have previously shown that
binding of carboxy-SiR-based probes to their respective targets
shifts the equilibrium back toward the fluorescent zwitterion.
This has allowed the generation of fluorogenic carboxy-SiR-
based probes for live-cell imaging of self-labeling protein tags,
cytoskeletal proteins, receptor proteins, unnatural amino acids,
lipids as well as DNA.3−5,9−11 However, a carboxy-SiR
derivative with further red-shifted excitation and emission
wavelengths for multicolor live cell imaging is still lacking. Here
we introduce SiR700, a new carboxy-SiR fluorophore, which in

combination with carboxy-SiR650, permits live-cell dual-color
superresolution microscopy in the far-red.
Our design of a carboxy-SiR derivative with further red-

shifted excitation wavelength was based on previous work in
which it was shown that introduction of an indoline into the
SiR scaffold results in a 50 nm red-shift of its emission and
excitation maxima.12 However, this compound did not bear the
2′-carboxyl group that confers the fluorogenic properties. We
therefore prepared and characterized carboxy-SiR700 (Figure
1B) via a route analogous to carboxy-SiR6503 (Supplementary
Figure 1). The excitation and emission maxima of carboxy-
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Figure 1. Carboxy-SiR-based probes. (A) Spirolactone−zwitterion
equilibrium of carboxy-SiR650. (B) Chemical structures of carboxy-
SiR700 based probes. The ligands used for the F-actin, microtubules,
SNAP-tag, and lysosome probes were jasplakinolide, docetaxel,
benzylguanine, and pepstatin A, respectively.
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SiR700 were determined to be 687 and 716 nm, respectively.
The emission is therefore approximately 50 nm red-shifted
when compared to SiR650 (Figure 2A). Its extinction

coefficient (εmax) is 100 000 M−1·cm−1, and its quantum yield
(Φfl) is 0.13 in water (Supplementary Table 1).12 While these
spectroscopic properties are nearly identical to the values
reported for the SiR700 analogue having a 2′-methyl group,12

the 2′-carboxy group permits the dye to form the non-
fluorescent spirolactone. This is evident from water-dioxane
titrations in which SiR700 transitions from a zwitterionic state
to the dark spirolactone at decreasing dielectric constant, as
measured by the decrease of absorbance between 500 and 750
nm (Figure 2B, Supplementary Figure 3C). The propensity of
carboxy-SiR700 to form the spirolactone is slightly lower than
carboxy-SiR650 but much higher than TMR: The D50 value,
defined as the dielectric constant at which absorbance of
fluorophore solution is decreased by half compared to the
highest recorded absorbance, of carboxy-SiR700 was measured
to be 43, whereas those of carboxy-SiR650 and TMR were
measured to be 59 and 6.4, respectively. These data indicate
that carboxy-SiR700 is a suitable starting point for the creation
of fluorogenic and far-red probes. Therefore, we coupled
carboxy-SiR700 to the following targeting ligands as previously
applied for carboxy-SiR650: jasplakinolide for binding to F-
actin (SiR700-actin); docetaxel for binding to microtubules
(SiR700-tubulin); benzylguanine for reacting with SNAP-tag
(SiR700-BG) (Figure 1B).13 We also attempted to create new
SiR-based probes for imaging lysosomes. Lysosomes are
membrane-bound cell organelles dedicated to the degradation
of biomolecules in an acidic environment of pH 4.5. Although
they vary in shape and size, lysosomes can be approximated as
spherical vesicles of 0.1−1 μm diameter. As targeting ligand we
chose pepstatin A, which is a potent inhibitor of the lysosome-
resident protease cathepsin D and which has previously been
used for the design of fluorescent probes.14 Pepstatin A was
coupled to both carboxy-SiR650 and carboxy-SiR700, yielding
SiR-lysosome and SiR700-lysosome, respectively (Figure 1B,
Supplementary Scheme 6).
We then characterized all new probes for target binding in

vitro. SiR700-BG reacted with SNAP-tag with a second-order
rate constant of 1.8 × 104 M−1·s−1, which is close to the value of
3.5 × 104 M−1·s−1 of the corresponding carboxy-SiR650
analogue SiR-SNAP (Supplementary Table 4). As judged by
actin and tubulin polymerization assays, SiR700-actin and
SiR700-tubulin were both found to interact with their
respective targets to the same extent as the previously reported

carboxy-SiR650-based probes SiR-actin and SiR-tubulin. SiR-
lysosome and SiR700-lysosome both inhibited pepsin efficiently
(Supplementary Figure 2). We then investigated the
fluorogenicity of the new probes by measuring the increase of
fluorescence either upon interaction with their target or upon
addition of the surfactant SDS (Supplementary Tables 2 and
3). The fluorescence increase upon target binding for the
carboxy-SiR700-based probes ranked between 4- and 21-fold,
depending on the ligand. The hydrophobicity (calculated
LogD) of the probes strongly correlates with their fluoroge-
nicity (Supplementary Figure 3, Supplementary Table 5).This
supports our hypothesis that target binding shifts the
equilibrium to the fluorescent zwitterion. The fluorogenicity
observed for carboxy-SiR700-based probes is smaller than those
observed for carboxy-SiR650-based probes but much higher
than those observed for TMR-based probes, which is in
agreement with the data from the water−dioxane titrations. To
further investigate the mechanism of fluorogenicity of SiR-
based probes, we measured the fluorescence lifetimes of
carboxy-SiR700-, carboxy-SiR650-, and SiR-based probes
(Supplementary Table 6). The measured lifetimes of carboxy-
SiR650 and carboxy-SiR700 of 2.7 and 1.4 ns increased by up to
1.1 ns after their conjugation to either BG or pepstatin A. We
were able to measure the fluorescence lifetime of the BG and
lysosome probes bound to their corresponding targets. In the
case of the lysosome probes and SiR-SNAP, the lifetime did not
change significantly compared to unbound probe. The SiR700-
BG derivative showed a slight increase of lifetime. These data
also support a mechanism in which fluorogenicity is based on a
shift of the zwitterion−spirolactone equilibrium upon target
binding.
We then investigated the performance of the new probes in

live-cell microscopy. SiR700-actin and SiR700-tubulin proved
to be cell-permeable and fluorogenic, as observed by confocal
imaging (Figure 3). Imaging was possible directly after addition
of the probes without additional washing steps (Supplementary
Figure 4A,B, E,F). Confocal microscopy revealed that the
photostability of SiR700-tubulin and SiR700-actin in live cells
was comparable to the corresponding SiR-analogues which
were previously shown to be highly photostable (Supplemen-
tary Figure 11).3 The SNAP-tag substrate SiR700-BG
permitted labeling of live cells expressing a nuclear localized
SNAP-tag (Supplementary Figure 4G). Application of either
SiR700-lysosome or SiR-lysosome to human fibroblasts
resulted in a dotted distribution of fluorescence in the cytosol,
which is characteristic for lysosomes (Figure 3 and Supple-
mentary Figure 4D,H). The high fluorogenicity of these two
probes permitted imaging without any washing steps. We
evaluated the specificity of SiR- and SiR700-lysosome by
colocalizing them with CellLight Lysosomes-RFP, a highly
selective genetically encoded lysosome marker (Lamp1-tagRFP
fusion). The observed high Pearson coefficient confirmed the
specificity of the two probes (Supplementary Figure 5).
We next investigated the possibility to perform dual-color

live cell imaging experiments with carboxy-SiR650 and carboxy-
SiR700. Analysis of the excitation and emission spectra of
carboxy-SiR650 and carboxy-SiR700 suggested that they can be
excited by a single line between 630−640 nm and distinguished
through their emission spectra (Supplementary Figure 6A).
Simultaneous acquisition also allows correcting for cross-talk
between SiR650 and SiR700 by a simple image subtraction
procedure (Supplementary Figure 6C). As an example of the
utility of this fluorophore pair for dual color imaging, we

Figure 2. Properties of fluorophores. (A) Fluorescence excitation
(solid lines) and emission (dashed lines) spectra of carboxy-SiR650
(blue) and carboxy-SiR700 (red). (B) Sensitivity of zwitterion−
spirolactone equilibrium of TMR (green), carboxy-SiR650 (blue), and
carboxy-SiR700 (red) to the dielectric constant of solvent.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.6b04782
J. Am. Chem. Soc. 2016, 138, 9365−9368

9366

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b04782/suppl_file/ja6b04782_si_002.pdf
http://dx.doi.org/10.1021/jacs.6b04782


imaged F-actin and microtubules in live human fibroblasts using
SiR700-actin and SiR-tubulin (Figure 3). Next, we imaged
lysosome movement along microtubules in live human primary
fibroblasts using SiR700-tubulin and SiR-lysosome. Lysosomes
move along microtubules at about 1 μm/s. Precise colocaliza-
tion of such fast moving objects requires simultaneous
acquisition. In addition to SiR700-tubulin and SiR-lysosome,
we also included the nuclear stain Hoechst 33342 in these
experiments. All three fluorophores can be imaged simulta-
neously using confocal microscopy, and we were able to image
lysosome movements along microtubules with a >1 Hz frame
rate (Supplementary Video 1). A noteworthy aspect of this
experiment is that imaging of endogenous targets was possible
through the simultaneous addition of three synthetic probes
without any washing steps, which to our knowledge has not
been previously reported and which underscores the power of
fluorogenic probes.
The utility of any fluorescent probe is greatly enhanced when

it is compatible with superresolution techniques. Therefore, we
investigated the compatibility of SiR700 probes with structured
illumination (SIM)15 and stimulated emission depletion
(STED) microscopy.16 Microtubules are popular structures
for benchmarking since their diameter of ∼25 nm is well below
the diffraction limit of conventional light microscopy. Using
SiR700-tubulin in live primary human fibroblasts, we obtained
∼140 and ∼60 nm apparent microtubule diameter in SIM and
STED images, respectively (Figure 4A, Supplementary Figure
7). The performance of SiR700-tubulin in both types of
superresolution microscopy was comparable to that of SiR-
tubulin measured with these set-ups (Supplementary Figure
7E). It should be noted that, while a 775 nm STED beam for
inhibiting the fluorescence of carboxy-SiR700 yielded a good
resolution enhancement, a STED beam of 800 nm wavelength
is better suited, as it entails much reduced re-excitation. In

contrast, the optimal STED beam wavelength for carboxy-
SiR650 is 775 nm.
Next, we evaluated the performance of SiR700-actin. We

used SiR700-actin to image the periodical arrangement of actin
cytoskeleton in the axon and dendrites of neurons, a striking
and recent discovery.4,17,18 We previously reported periodic
actin patterns in the axons of live neurons stained with SiR-
actin. The spacing of the actin lattice measured in the axons of
live neurons stained with SiR700-actin was ∼190 nm, which
coincides with what we measured previously with SiR-actin
(Figure 4B, Supplementary Figure 8). The two new probes for
lysosome imaging of were also compatible with STED and SIM.
When used in live-cell STED microscopy, SiR-lysosome yielded
a higher resolution as compared to its confocal counterpart
(Supplementary Figure 9).
Finally, we performed dual-color superresolution microscopy

with our far-red probes based on carboxy-SiR650 and carboxy-
SiR700. For live-cell SIM we modified a commercial NIKON
N-SIM system by mounting an additional commercial filter
cube optimized for the emission light of SiR700 into the turret.
This simple upgrade allowed a selective detection of SiR650
and SiR700 excited by a single 640 nm laser. Using a single and
standard 640 nm excitation line greatly simplifies the
acquisition of SIM image with SiR700, as the interference
pattern does not have to be calibrated for a new excitation
wavelength. SIM images of live human primary fibroblasts
stained with SiR700-actin and SiR-tubulin allowed the
detection of F-actin and microtubules with minor cross-talk
at sub-diffraction resolution (Figure 4C and Supplementary
Figure 10A,C). We also performed live-cell, dual-color STED
imaging experiments using SiR-tubulin together with SiR700-

Figure 3. Confocal images of human primary fibroblasts stained with
the corresponding probes. The SiR700-probe image is presented in red
and overlaid with Hoechst 33342 nuclear staining in blue or SiR-
tubulin in green. Cells were incubated with 2 μM probe for 1 h at 37
°C in growth medium. No washing was done before imaging. Scale
bars = 10 μm.

Figure 4. Superresolution microscopy with carboxy-SiR probes. (A)
STED nanoscopy images of human primary fibroblasts stained with
SiR700-tubulin probe for 1 h at 37 °C. (B) STED images of primary
rat hippocampal neurons stained with SiR700-actin probes for 1 h at
37 °C. (C) Two-color SIM nanoscopy of human primary fibroblasts
stained with SiR-tubulin (green) and SiR700-actin (red). (D) Two-
color STED nanoscopy of living human primary fibroblasts stained
with SiR-tubulin (green) and SiR700-lysosome (red). Scale bars = 1
μm (A,B) and 5 μm (C,D).
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lysosome or SiR-tubulin together with SiR700-actin. A
commercial Leica TCS SP8 STED 3× microscope equipped
with a 775 nm STED laser was used in these experiments. The
resulting images display microtubules more sharply; the same
holds for actin and lysosome structures (Figure 4D and
Supplementary Figure 10B,D). These experiments demonstrate
how SiR-based probes can be used for far-red, dual-color
superresolution microscopy.
Our new probes based on carboxy-SiR700 for live-cell

imaging of actin, microtubules, lysosomes, and SNAP-tag are
fluorogenic, cell-permeable, and compatible with superresolu-
tion microscopy. They are well suited, in conjunction with our
previously introduced carboxy-SiR650-based probes, for far-red,
dual-color superresolution microscopy. Image recording after
simple addition of the probes to the samples was possible
without additional washing steps, highlighting the importance
of fluorogenicity of synthetic probes for live-cell applications.
Furthermore, the two SiR-based probes utilize a part of the
wavelength spectra that permits simultaneous use with most
genetically encoded fluorescent probes. This compatibility
opens up exciting opportunities for multicolor imaging. As a
result, SiR700-based probes greatly expand the potential of live-
cell microscopy.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.6b04782.

Supplementary Video 1, showing lysosome movements
along microtubules (AVI)
Supplementary figures, tables, and schemes; synthetic
procedures; and characterizations of the compounds
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*grazvydas.lukinavicius@epfl.ch
*luc.reymond@epfl.ch
* kai.johnsson@epfl.ch
Author Contributions
#G.L. and L.R. contributed equally to the present work.
Notes
The authors declare the following competing financial
interest(s): K.J., K.U., and G.L. have filed a patent application
on SiR derivatives. L.R. and K.J. are cofounders of Spirochrome
Ltd, Switzerland, which commercializes SiR derivatives.

■ ACKNOWLEDGMENTS
This work was supported by the Swiss National Science
Foundation (K.J.), the NCCR Chemical Biology (K.J.), and the
Lithuanian-Swiss cooperation program (K.J. and G.L., project
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