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Precise multicolor single molecule localization-based mi-
croscopy (SMLM) requires bright probes with compatible
photo-chemical and spectral properties to resolve distinct
molecular species at the nanoscale. The accuracy of multi-
color SMLM is further challenged by color channel cross-
talk and chromatic alignment errors. These constrains
limit the applicability of known reversibly switchable or-
ganic dyes for optimized multicolor SMLM. Here, we
tested 28 commercially available dyes for their suitability
to super-resolve a known cellular nanostructure. We iden-
tified eight novel dyes in different spectral regimes that
enable high quality dSTORM imaging. Among those, the
spectrally close dyes CF647 and CF680 comprise an opti-
mal dye pair for spectral demixing-based, registration free
multicolor dSTORM with low crosstalk. Combining this
dye pair with the separately excited CF568 we performed
3-color dSTORM to image the relative nanoscale distribu-
tion of components of the endocytic machinery and the
cytoskeleton.

A major limitation of multicolor single molecule localiza-
tion based super-resolution microscopy (SMLM) is the
availability of suitable photo-switchable fluorescent dyes.
By screening 28 commercially available dyes, novel dyes
in different spectral regimes were identified that are well
suited for dual and triple color SMLM with low crosstalk.
These novel dyes are employed to image the relative na-
noscale distribution of sub-cellular components.

J. Biophotonics 1–10 (2015) / DOI 10.1002/jbio.201500119

© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



1. Introduction

Multicolor localization-based super-resolution micro-
scopy (SMLM) methods, including (d)STORM,
(f)PALM and GSDIM, have been employed for sev-
eral years to image cellular structures well below the
diffraction barrier [1–4]. It has become increasingly
clear that the quality of super-resolved images criti-
cally depends on the photo-switching properties of
the fluorophores [5, 6]. Among the available photo-
switchable probes for SMLM, reversibly switchable
organic dyes, such as Alexa Fluor 647 (AF647), have
become widely used due to their brightness, com-
mercial availability and excellent photo-chemically
switching properties. However, multicolor SMLM
applications are challenged by the requirement for
photo-chemical (i.e. switching buffer) and spectral
(i.e. excitation/emission) compatibility of the dyes.
In addition, errors in color channel assignment and
registration often compromise the image precision
[7–9]. These constraints pose a limitation to multico-
lor applications despite the extended list of currently
available fluorescent dyes that have good to excellent
switching properties [5, 6].

To expand the applicability of current multicolor
SMLM approaches we tested 28 commercially avail-
able dyes, 20 of those were novel candidates, for
their performance in multicolor dSTORM. By em-
pirical evaluation of the image quality under condi-
tions that are well-suited for the so far best perform-
ing dye (AF647) we identified eight novel dyes in
different spectral regimes that yield good to excel-
lent image qualities. Among those is a novel dye
pair (CF647, CF680) that is spectrally suited for re-
gistration-free dual color SD-dSTORM with minimal
color crosstalk. Using this dye pair in combination
with the spectrally separate dye CF568 we per-
formed 3-color dSTORM to resolve nanostructures
of the cytoskeleton and the membrane trafficking
machinery.

2. Methods

2.1 Cell culture

NIH 3T3 fibroblasts (American Type Tissue Cul-
ture) and COS-7 were incubated in Dulbecco’s
Modified Eagle Medium (DMEM, 4.5 g/L glucose,
with L-glutamine, without sodium pyruvate) supple-
mented with 10%-v/v bovine calf serum (BCS for
NIH 3T3) or fetal bovine serum (FBS for COS-7)
and antibiotics (100 U/ml penicillin, 0,1 mg/ml
streptavidin, PAN Biotech GmbH) at 37 °C and 5%
CO2. For preparation of dSTORM samples cells
were seeded at 50,000 cells/ml in 6-well plates on

acid cleaned coverslips (high precision 22 × 22 mm
170 ± 5 μm, Carl Roth GmbH). One day after seed-
ing NIH 3T3 cells were serum starved for 1–2 days
by washing the cells with phosphate-buffered saline
(PBS) and adding warm DMEM without BCS.

2.2 Fixation

For immunolabeling of microtubules (MT, single col-
or) and clathrin (dual color), cells on coverslips were
washed two times with PBS and then fixed in –20 °C
100% methanol for 5 min. Coverslips were washed
with PBS three times and stored in 2 ml PBS with
2 mM sodium azide at 4 °C. For the 3-color experi-
ments (actin, MT, clathrin) NIH 3T3 and COS-7
cells were pre-extracted in cytoskeletal buffer (CB:
10 mM MES, 138 mM KCl, 3 mM MgCl, 2 mM
EGTA, 10% succrose (w/v) and 0.2% saponin) for
1 min prior to fixation with 3% paraformaldehyde
(PFA) and 0.1% glutaraldehyde in CB. For 3-color
experiments (MTs, APPL1, clathrin) COS-7 cells
were fixed for 20 minutes with a 4% paraformalde-
hyde and 4% Sucrose in PBS at room temperature.
Fixed cells were stored in PBS with 2 mM sodium
azide at 4 °C for up to 4 weeks. Prior to immunola-
beling PFA fixed samples were quenched for 10 min-
utes with 0.1 M glycine followed by washing with
PBS.

2.3 Antibodies and immunolabeling

For immunolabeling cells we used the following pri-
mary antibodies: mouse-anti-tubulin (T9026, Sigma),
rabbit-anti-clathrin heavy chain (ab21679, Abcam),
rabbit-anti-APPL1 (3276, Cell Signaling). Filamen-
tous actin (f-actin) was labeled using CF647-phalloi-
din (Biotium). The Alexa Fluor (AF) and CF dye
labeled secondary antibodies were purchased from
Invitrogen and Biotium, respectively. Succinimidyl-
esters (NHS-ester) of Cy3b (GE Healthcare), Dyo-
mics (Dy) dyes (Dianova) and Atto dyes (Atto Tec)
were conjugated to unlabeled donkey anti-mouse
antibodies (Jackson Imm. Research) according to
the manufacturer’s protocol. All antibodies had a
degree of labelling (DOL) between 3 and 6.

2.4 Immunolabeling and dSTORM sample
preparation

Fixed samples were washed three times with PBS
followed by blocking and permeabilization in PBS
containing 30%-v/v normal goat serum and 0.25%

M. Lehmann et al.: Novel dyes for multicolor super-resolution microscopy2

© 2015 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.biophotonics-journal.org



(v/v) Triton X-100. Sequential incubation with pri-
mary antibodies (1 : 50 to 1 : 200) and secondary anti-
bodies (5 μg/ml) in blocking buffer was carried out
at room temperature. The samples were washed 3
times with PBS and mounted in the imaging buffer
(50 mM Tris/HCl, 10 mM NaCl, pH 8) with 10 mM
β-mercaptoethylamine (MEA, Sigma 30070) and an
oxygen scavenging system consisting of 0.5 mg/ml
glucose oxidase (Sigma G2133), 40 μg/ml catalase
(Sigma C100) and 10% (w/v) glucose. Stained sam-
ples were mounted on slides providing a 100 μl sphe-
rical void (Carl Roth, H884.1) with imaging buffers,
sealed with picodent twinsil® and imaged within 8 h.

2.5 SD-dSTORM setup

The custom-built SD-dSTORM system based on a
custom laser combiner and TIRF illuminator system,
a Nikon Eclipse Ti research microscope, an emission
splitter (OptoSplit II, Cairn Optics) and an EMCCD
(DU-897E, 512 × 512, Andor Instruments) was pre-
viously described [7]. For activation or excitation we
used lasers lines at 405 nm (50 mW, Qioptiq),
488 nm (150 mW, Coherent Sapphire 488), 568 nm
(150 mW, Coherent Sapphire 568) and 643 nm
(150 mW, Toptica). Sample illumination occurred in
wide-field mode with excitation intensities of
1.14 kW/cm2 at 488 nm, 1.7 kW/cm2 at 568 nm and
0.36 kW/cm2 at 643 nm. The laser beams were re-
flected off a quadband dichroic (Di01-R405/488/561/
635). We collected the emission of dyes excited with
488 nm using a bandpass filter (FF03-525/50), with
568 nm using a bandpass filter (FF01-600/37) and
with 643 nm using a longpass filter (BLP01-635R).

To optimize the separation of CF647/CF680 we
inserted a longpass 700 nm dichroic mirror (DCXR
700) into the emission splitter. In this way, the single
molecule signals of CF680, that emits overall less
photons than CF647, were detectable in the short
wavelength side of the split view. Other emission di-
chroics (i.e. 690 nm) were tested but resulted in
weaker and less localizations in the short wavelength
channel, resulting in fewer CF680 specific localiza-
tion pairs (data not shown). To maximize the signal
collected from CF647/CF680 we used a longpass fil-
ter (BLP01-635R) that rejected the scattered laser
light and left out any emission bandpass filters pre-
viously used (i.e. HC 687/40 (short) and ET 794/160
(long) [7]). All filters were from AHF Analysetech-
nik. The combination of a 100 × 1.49 NA objective
and a 1.5× optovar (Nikon) and the EMCCD with a
pixel size of 16 × 16 μm2 resulted in pixel sizes of
105 × 105 nm2 in the image.

2.6 Image acquisition

Camera and microscope were controlled by a PC
workstation running open source software for acqui-
sition (μManager [10]) and analysis (ImageJ [11]).
Initially, the fluorescent dyes were switched off until
single molecule blinking was detected. Image acqui-
sition was performed at a frame rate of 33 Hz, typi-
cally for 20,000 frames. For multicolor imaging we
first imaged the CF647/CF680 channels and then the
CF568 channel. CF568 was routinely reactivated
with low intensities of UV light (405 nm, 0.05 W/
cm2).

2.7 Single molecule localization
with rapidSTORM

Single molecules were localized with the open source
software rapidSTORM 3.2 [12]. RapidSTORM per-
forms a Gaussian fit (Levenberg–Marquardt param-
eter estimation) to each single molecule signal that
has been identified as a local maximum above a
user-defined threshold. We chose the following ra-
pidSTORM parameters: The Gaussian fit parameter
PSF-FWHM (point spread function’s full width at
half maximum) was fixed to 250 nm for all green
emitters (i.e. Atto488) and to 290 nm for the orange
emitters (i.e. CF568) and 300 nm for far-red emitters
(i.e. CF647). The fitting window radius was set to
600 nm and the minimum spot distance to 5 pixels.
The minimum threshold of signal intensity (i.e. the
total intensity under the 2D Gaussian fit) was set to
1000 ADC (analog/digital counts) for all dSTORM
and SD-dSTORM images. The ‘two-kernel improve-
ment’ was used to prevent the detection of multiple
single molecule localizations appearing in the same
frame within a radius of 600 nm. The rapidSTORM
output is a list of x,y-coordinates with subpixel loca-
lization accuracy, the total intensities (integrated
Gaussian fit) and frame number of each detected
single molecule.

2.8 Correction of stage drift

Drift-correction was performed by a custom-written
program based on Python 2.7™ that uses fluorescent
TetraSpec beads (100 nm, Invitrogen) as fiduciary
markers. Beads were suspended in 0.1 mg/ml PLL
(poly-L-lysine) solution and samples were incubated
with a thin layer of bead suspension after the immu-
nolabeling for 5 min at room temperature followed
by 3× washes with PBS and mounting for dSTORM
imaging. The beads were identified as bright locali-
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zations that appeared through the image sequence
based on their intensity threshold (usually >20000
ADC), minimum number of appearances (usually
1000 frames) and the maximum allowed localization
precision of the bead (usually <8 nm). The positions
of the beads were tracked and the entire image se-
quence was corrected for the bead track. The accu-
racy of this correction was calculated from the stan-
dard deviation σ of the distances of the corrected
bead localizations as 2,3548 ∙ σ. Typically, we
achieved a drift correction accuracy of 4–5 nm.

2.9 Spectral demixing procedure
and crosstalk analysis

Spectral demixing (SD) was performed very similar
to the previously described procedure [7] and is
schematically described in Figure 2. In comparison
to the SD procedure described earlier [7] we here
used different dyes (CF647/CF680 instead of AF647/
AF700), chose a different dichroic emission splitter
(700 nm instead of 710 nm) and grouped localization
pairs to increase color separation. In detail, single
molecule blinking sequences for dual-color SD were
acquired using the described filter sets. Localizations
were identified using rapidSTORM and drift correc-
tion was performed as described above. To identify
corresponding localization pairs in the in short and
long wavelength side of the emission splitter (λ
sides) we used a custom software similar as pre-
viously described [7]. Initially, all single molecule lo-
calizations from both λ sides (mixed emissions) are
identified by rapidSTORM. The SD software then
uses the geometrical offset given by the emission
splitter to search for localization pairs within a small
radial search area at the end of the offset. A locali-
zation pair is scored if it is inside the search radius
of 158 nm in x/y (corresponding to 1.5 camera pix-
els). If none or more than one localization is identi-
fied it remains unpaired and is discarded. Typically
around 80% of all detected localizations in both
sides of the split view (including the localizations oc-
curring in subsequent frames and from fiducial mar-
kers used for drift correction) were assigned to pairs,
while the remaining localizations are either unpaired
noise or weak localizations that only have a compo-
nent in one of the channels. To increase the single
molecule signals and thus improve the separation,
paired localizations that occurred in successive
frames within a 30 × 30 nm2 were grouped together
into one (localization pair) with an intensity
weighted average position and a sum intensities of
all localizations. Note that this step further reduced
the number of paired localizations to about 50%.

Crosstalk analysis: After plotting the intensities in
short and long wavelength channel of all localization

pairs into a 2-dimensional intensity histogram we
designed color assignment filters to minimize color
crosstalk to less than 2% for both colors. Crosstalk
was determined on dSTORM images of MTs stained
either for CF568, CF647 or CF680 (single color) and
imaged first in the CF647/CF680 channel and then in
the CF568 channel. The fraction of localizations con-
tributing to crosstalk was calculated from the num-
ber of localizations of CF647 signal inside the CF680
filter, and vice versa, divided by the number of cor-
rectly assigned localizations. To measure the cross-
talk of CF647 and CF680 into the CF568 channel
the total number of localizations for all dyes before
unmixing was taken as the reference, since in this
case all localizations (not only the demixed/filtered
localizations of CF647/CF680) can contribute to the
crosstalk.

In total, about 30% from the initial localizations
(reduced by pair-finding (–20%), by grouping (–50%)
and by color filtering (–20%)) were used for image
reconstruction. Typically, the final images were re-
constructed with about 200,000 localizations per
546 μm2, depending on the sample. The final SD-
dSTORM image was reconstructed using 10 nm pix-
el size and rendered using a Gaussian blur with a
FWHM of 22 nm.

2.10 Photon counts, localization precision
and resolution

To measure the average number of photons detected
from single emitters we selected regions containing
single emitters that repeatedly blinked (min. of 5 lo-
calizations) and formed small clusters of single mo-
lecule localizations. To estimate the number of
photons (nphotons) of single molecule blinking events
we converted the intensity counts (I) from the
grouped rapidSTORM localization list into photon
counts according to the following equation given by
the EMCCD manufacturer including the quantum
efficiency (QE) of the EMCCD for a given wave-
length (i.e. 0.97 at 580–620 nm, 0.90 for >650 nm)
and a correction factor (f = 1.13) for converting ra-
pidSTORM intensities back into ADC.

nphoton ¼ I � 11:3 e�=count
gain

�QE � f ð1Þ

To determine the optimally obtainable resolution
the sub-pixel localization coordinates and intensities
of the single emitters in the cluster regions were
read out by a custom Python-based algorithm and
used to calculate the intensity-weighted standard de-
viation σ of all individual localization coordinates.
This experimentally determined localization preci-
sion σ corresponds to an optimally obtainable resolu-
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tion (FWHM ≈ 2,3548 ∙ σ) that contains the experi-
mental error due to sample drift.

3. Results

3.1 Image-based dye screening for multicolor
dSTORM

The quality of SMLM images critically depends on
the photo-chemical switching properties of the or-
ganic dyes [5, 6]. Thus, we chose the super-resolved
image quality of a well-known cellular nanostruc-
ture, microtubules (MTs), as an empirical readout to
judge the dye’s performance under defined imaging
conditions. To extend the current list of available or-
ganic dyes for multicolor SMLM we evaluated the
dSTORM image quality of 28 commercially avail-
able dyes under conditions that are well-suited for

the so far best performing dye (AF647) (Table 1).
As positive controls we included the dyes (i.e.
AF488, Cy3b and AF647) that have been reported
to have good to excellent switching properties [5, 6].
Our criteria to evaluate the image quality included
the clarity and continuity of the filamentous MT
structure. A dye with poor switching properties (i.e.
low photon yield, long ON/OFF duty cycle) would
result in discontinuous MT filaments or blurry
patches and crossings, while, in contrast, a dye with
excellent switching properties (i.e. AF647) would re-
sult in continuous filaments with sharp crossings and
occasional double-line profiles [5, 6]. According to
these empirical criteria we classified the investigated
dyes into four image quality classes: poor (–), OK
(+), good (++), excellent (+++) (Table 1, Supple-
mentary Figure S1). The previously tested dyes
(AF488, Atto488, Cy3b, AF568, AF647, Atto680,
Atto700, AF700) served as positive controls for dif-
ferent spectral regimes. Best performing dyes in

Table 1 List of tested dyes used in the screen ordered by emission wavelength. Indicated are the dye’s name, the
original reference (if used previously), the dye class, the excitation/emission wavelength maxima, the laser line used
for excitation, the extinction coefficient and the microtubule image quality score. Images (Supplementary Figure S1)
were scored given following criteria: (–): no MTs; (+): discontinuous or blurry MTs; (++): mostly continuous, clear
MTs; (+++): continuous, clear MTs, clearly preserved crossings. Abbreviations: AF (Alexa Fluor), Dy (Dyomics), CF
(Biotium dyes), n.f. (not found).

Dye Ref. Dye class Exmax

[nm]
Emmax

[nm]
Laser
[nm]

Ext. coeff. (ε)
[L ∙ mol−1 ∙ cm−1]

Image
quality

CF 488A Rhodamine 490 515 488 70 000 –

AF 488 [13] Rhodamine 495 519 488 73 000 ++
Atto 488 [14] Rhodamine 501 523 488 90 000 ++
Dy 505 n.f. 507 528 488 80 000 +
AF 514 Rhodamine 518 540 488 80 000 +
CF 532 Rhodamine 527 558 488 96 000 –

CF 543 Rhodamine 541 560 568 100 000 ++
CF 555 n.f. 555 565 565 150 000 +++
Dy 547 n.f. 550 567 565 150 000 +++
Cy3b [5] Cyanine 558 572 565 130 000 +
Dy 560 n.f. 560 578 565 150 000 –

CF 568 n.f. 562 583 565 100 000 +++
AF 568 [13] Rhodamine 578 603 565 88 000 ++
CF 594 n.f. 593 614 565 115 000 –

AF 594 Rhodamine 590 617 565 92 000 +
CF 633 n.f. 630 650 643 100 000 +
CF 640R Rhodamine 642 662 643 105 000 +
CF 647 Cyanine 650 665 643 240 000 +++
AF 647 [15], [16] Cyanine 649 666 643 203 000 +++
Dy 678 n.f. 674 694 643 180 000 ++
CF 680 Cyanine 681 698 643 210 000 ++
Atto 680 [13] n.f. 680 700 643 125 000 +
CF 680R n.f. 680 701 643 140 000 ++
AF 680 n.f. 679 702 643 184 000 +
Atto 700 [13] n.f. 700 719 643 120 000 +
AF 700 [7] n.f. 702 723 643 192 000 +
Dy 704 n.f. 706 721 643 140 000 +
Dy 734 n.f. 733 755 643 240 000 –
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AF647 compatible imaging buffers were CF555,
CF568, CF647 and CF680/CF680R (Figure 1, Sup-
plementary Figure S1). CF555 and CF647 showed
excellent image reconstruction and similar to AF647
frequently displayed double line profiles, consistent
with with primary and secondary antibody bound to
25 nm wide MTs. To further characterize these novel
dyes we determined the average number of photons,
the experimental localization precision and optimally
obtainable resolution under identical imaging condi-
tions. CF647 had slightly elevated photon yield com-
pared to AF647 while Cy3b, CF568 and CF680 had
similar photon counts (Figure 1b). Note, the lower
photon counts measured for AF647 excited with
643 nm laser compared to a previous report are
likely due to lower illumination intensity and differ-
ent filters sets used [5]. Albeit Cy3b showed the best
resolution with 23 nm compared to CF555 (26 nm)
and CF568 (31 nm) the reconstruction of microtu-
bules was more complete for CF555 and CF568 (Fig-
ure 1, Supplementary Figure S1). The optimally
obtainable resolution of CF647 (24 nm) was signifi-
cantly improved over that of AF647 (28 nm) and
CF680 (36 nm).

3.2 2-color and 3-color dSTORM
applications

To perform multicolor dSTORM with minimal chan-
nel crosstalk we have recently introduced spectral
demixing (SD) based dSTORM that uses a unique
algorithm for color channel assignment [7]. SD-
dSTORM is a split-emission-based dual color ap-
proach that relies on spectrally overlapping dyes,
like the initially used dye pair AF647 and AF700.
Single molecule localizations from the short and long
wavelength emission sides of the split view (λ sides)
are paired and colors are assigned according to their
intensities (Figure 2). The final image is recon-
structed from paired localizations of both dyes in
one λ side (usually the short channel) such that chro-
matic aberrations are avoided.

Since AF700 did not switch into the OFF state as
easily as AF647, resulting in patchy MT filaments
with blurry crossings [7] (Supplementary Figure S1),
we here tested whether CF647/CF680 can be used as
an improved dye pair for SD-dSTORM. To mini-
mize color crosstalk to less than 1–2% we optimized
the emission splitter dichroic and designed color as-
signment filters for the SD-based color separation.
Using this novel dye pair the nanostructures of cla-

Figure 1 Novel dyes identified by
MT screen. NIH 3T3 cells were im-
munolabeled for MTs using indi-
cated dyes and imaged using
dSTORM. (a) dSTORM images of
MTs using indicated dyes. Enlarged
regions of green dotted boxes are
shown below. (b) Photon counts
and (c) optimally obtainable resolu-
tion for indicated dyes measured
from single, isolated emitting mole-
cules (n = 164–1364). Boxes repre-
sent the 75% and 25% quantile, the
upper and lower whiskers represent
the 95% and 5% quantile, respec-
tively. The line indicates the med-
ian, the cross the average value.
Statistical significance was tested
using Student t-Test. * p ≤ 0.05, ***
p ≤ 0.001. Scale bars: 1 μm (top),
400 nm (bottom).
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thrin coated pits and MTs were clearly resolved
without visible color crosstalk (Figure 2e).

To perform triple-color dSTORM, we combined
spectral demixing of the novel dye pair (CF647/
CF680) excited at 643 nm with the spectrally sepa-
rate dye CF568 excited at 568 nm (Figure 3a). We
first measured, and minimized, the color crosstalk in
the novel 3-color system using the described filter
sets. In analogy to the optimization of the 2-color
system, we prepared single color labeled samples
and imaged them first using the 643 nm laser for
SD-based imaging of CF647/CF680 and then the
568 nm laser for imaging of CF568 (Figure 3b). By
designing custom color assignment filters for spectral
demixing and by measuring the occurrence of locali-
zations in each of the three channels we minimized
the crosstalk between the channels to 1–3% (Fig-
ure 3c). Prior to reconstruction of the 3-color images,
the CF647/680 SD-dSTORM and CF568 dSTORM
images were registered using multicolor beads and a
local weighted mean transformation that achieved a
registration precision of 10.0 ± 1.3 nm [17]. 3-color
immunolabeling of all three secondary antibodies
targeting the same primary anti-tubulin antibody de-
monstrate the precise alignment of the channels
(Figure 3d).

We next validated this novel 3-color dye set to
super-resolve the relative nanoscale distribution of
cytoskeletal elements (f-actin, MTs), endocytic mem-
brane intermediates (clathrin coated pits, CCPs; cla-
thrin coated vesicles, CCVs) and the early endoso-
mal membrane compartment marked by APPL1 (en-
docytic adaptor protein, phosphotyrosine interaction,
PH domain and leucine zipper containing 1). Both
examples showed a clear separation of all the three
color channels (Figure 4a, b). While MTs are known
to not be directly involved in clathrin mediated en-
docytosis (CME) the role of the actin cytoskeleton,
especially in mammalian cells, is less clear [14].
Using the 3-color dSTORM system we imaged COS-
7 cells labeled for MTs, clathrin and f-actin to reveal
the relative nanoscale distribution of those proteins
(Figure 4a). dSTORM imaging of the actin cytoske-
leton showed the expected heterogeneous, filamen-
tous and patchy distribution at the cell edge and in-
terior [15]. In some intra-cellular areas we observed
a more detailed network of linear structures with a
thickness of ~25–30 nm, consistent with the size of
single or small bundles of phalloidin-labeled actin fi-
laments (Figure 4a′). While the microtubules com-
prise a fully separate structure, the clathrin coated
structures partially co-localized with actin patches
(Figure 4a00). Similar results were obtained in NIH
3T3 cells (Supplementary Figure S2). This demon-
strates that small amounts of actin are indeed pre-
sent at some of the endocytic structures consistent
with a role of actin in late stages of CME.

Figure 2 Work-flow of spectral-demixing dual color
dSTORM using CF647/CF680. (a) Split frame view (short
and long wavelength sides) of mixed wide-field signals from
a region of a NIH 3T3 cell immunolabeled for clathrin
heavy chain (CF647) and tubulin (CF680). (b) Mixed emis-
sion dSTORM image after single molecule localization
using rapidSTORM and drift correction. (c) Identification
of localization pairs (pair-finding) and grouping of pairs ap-
pearing in adjacent frames. (d) Intensity histogram of all lo-
calization pairs. Colors are assigned according to non-linear
filters (green framed area → CF647, magenta framed area
→ CF680). (e) Reconstruction of SD-dSTORM image
(same region as in a, b) showing separate super-resolved
clathrin coated pits (green) and microtubules (magenta).
Magnified region (white box) is shown below. Scale bars:
1 μm (a, b, e top), 200 nm (e bottom).
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To validate our 3-color dSTORM approach on a
second biological sample, we imaged COS-7 cells im-
munolabeled for APPL1, clathrin and MTs (Fig-
ure 4b). APPL1 is an early endosome associatedmem-
brane adaptor protein and plays crucial roles in late
stages of CME and macropinocytosis [16]. While mi-
crotubules are clearly separate from the other chan-
nels, some of the APPL1 is associated with ring-like
clathrin coated structures that likely are optical pro-
jections of the 3-dimensional clathrin coat. This ob-
servation is consistent with the model that some late
clathrin coated intermediates, just after being endo-
cytosed, already contain small amount of APPL1
characteristic of early endocytic compartments.

4. Discussion

In summary, to extend the applicability of current
optimized multicolor SMLM approaches we tested
20 commercially available dyes that previously have
not been used in SMLM. By comparing the image
quality of microtubules under AF647 compatible
buffer conditions using those dyes, we identified 8
novel candidates with good to excellent photo-che-
mical switching properties. Among those 3 dyes
were suitable for high quality 2-color and 3-color
SMLM with low color crosstalk. The dyes CF647
and CF680 comprised an optimal dye pair for spec-

Figure 3 Color channel crosstalk and registration analysis for 3-color dSTORM using CF647/CF680 and CF568. (a) Absor-
bance (dotted) and emission (solid) spectra of indicated dyes with indicated laser lines (568 nm, orange; 643 nm, red). Emis-
sion filters are indicated in grey (left: bandbass FF01-600/37, right: longpass BLP01-635R) and the approximate separation
by the emission dichroic mirror (DCXR 700) is indicated as a black dotted line. (b) NIH 3T3 cells were immunolabeled for
MTs with one of the indicated dyes and imaged in all 3 channels using 3-color dSTORM. (c) Quantification of color channel
(ch) crosstalk from (b) in log scale fraction of localizations. (d) NIH 3T3 cells were co-immunolabeled for MTs with all
indicated dyes and imaged using 3-color dSTORM. Scale bars: 1 μm.
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tral demixing-based multicolor dSTORM1. Combin-
ing this dye pair with the separately excited CF568
we demonstrate 3-color dSTORM of cellular nano-
structures with low color crosstalk. This novel 3-col-
or dye set is thus suitable for sensitive multicolor co-
localization experiments in which low levels of single
molecule-based colocalization, or proximity meas-
urements at the nanoscale of 20–300 nm are under
investigation. We demonstrate the usability of the
novel dye sets by imaging the relative distribution of
diffraction limited cellular components of the mem-
brane trafficking machinery and the cytoskeleton.

In addition to the dyes chosen for 3-color appli-
cation (CF568, CF647, CF680) we identified novel
dyes (CF543, CF555, Dy547, Dy678, CF680R) that
yielded good image qualities but could not be used
to extend the spectral regime of our current system.
However, these dyes could be very useful in other
illumination schemes using other excitation lasers or
filter systems. Some of the investigated dyes (Dy505,
AF514, AF594, CF633, CF640R, CF680R, AF680,
Dy704) showed MT structures of rather poor quality
in the AF647 buffer system (10 mM MEA). Poten-
tially, the performance of these dyes could benefit
from increased reducing agents to prolong the OFF
state [18].

In addition to offering minimal crosstalk SD-
dSTORM occupies only one spectral channel with a
single excitation source (i.e. 643 nm) to generate two

Figure 4 3-color dSTORM. COS-7 cells were immunolabeled for (a) MTs (CF568), f-actin (phalloidin CF647) and clathrin
(CF680) and for (b) APPL1 (CF568), clathrin (CF647) and MTs (CF680) and imaged using 3-color dSTORM. (a′, a00) En-
larged regions of white dotted boxes in a) showing (a′) actin filaments, enlarged region and measured line profile (right) and
(a00) partial colocalization of clathrin with actin patches. Red asterisk in (a) mark locations of fluorescent beads used for drift
correction. (b′) Separated color channels from (b), (b00) Enlarged regions from (b). Scale bars: 3 μm (a), 1 μm (a′ left, a00, b, b′),
100 nm (a′ right, b00).

1 Note, during the revision of this manuscript, the use of CF680 in
a similar dual-color SML imaging approach, based on a personal
communication, was reported [17].
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separate image color channels [7]. Here, we demon-
strate 3-color imaging by combining SD-dSTORM
with registration-based sequential dSTORM using 2
separate excitation sources (i.e. 643 nm, 568 nm). In
most standard illumination schemes, including laser
sets at 405 nm, 488 nm, 568 nm and 643 nm, this ap-
proach offers two commonly used spectral channels
(488 nm, 405 nm) for either diffraction limited im-
aging, such as a reference channel, or for additional
SMLM channels.

In previous registration based multicolor SMLM
the use of Cy3b exhibited high crosstalk (~8%) [5].
Here, we used the spectrally similar dye CF568 that
in combination with spectral demixing of CF647/
CF680 resulted in much lower crosstalk (0.1–3%). In
summary, the presented novel photo switchable dye
set in combination with spectral demixing will be
useful for multicolor single molecule localization-
based experiments that require high colocalization
precision.

Supporting Information

Additional supporting information may be found in
the online version of this article at the publisher’s
website.

Supplementary Figure S1. MT images of tested
dyes. NIH 3T3 cells were immunolabeled for micro-
tubules using indicated dyes and imaged using
dSTORM. Example dSTORM images from dyes ex-
cited under (a) 488 nm, (b) 568 nm and (c) 643 nm,
respectively. Scale bars: 1 μm.

Supplementary Figure S2. 3-color dSTORM.
NIH 3T3 cells were immunolabeled for MTs (CF568),
f-actin (phalloidin CF647) and clathrin (CF680), en-
larged regions (i) and (ii) show actin patches at cla-
thrin-coated structures. Scale bars: 1 μm.
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