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Beyond light’s limits: Fluorescence imaging at the nanoscale

Fluorescent probes for three super-resolution modalities—STORM, SIM, and STED microscopy.
Recent advances in optics, instrumentation, and software have led

Fluor® 488 dye [8], and Alexa Fluor® 555 dye [8], have been used as

to the parallel development of methods designed to increase the

effective activators; both Alexa Fluor® 647 dye [4,6–11] and Alexa

resolution of light microscopy beyond that dictated by the wave-

Fluor® 750 dye [9] have been shown to be reliable reporters. For

length of light. And with these super-resolution microscopy (SRM)

example, STORM imaging has been used to visualize mitochondria

techniques comes unprecedented clarity in commonly observed

and microtubules using Alexa Fluor® 405 and Cy®3 dyes as activa-

cell biology features, including organelle structure, co-localization,

tors together with Alexa Fluor® 647 dye as the reporter (Figure 1).

and translocation.

The availability of multiple activator–reporter pairs facilitates

In conventional microscopy, a single fluorophore (less than a
few nanometers in diameter) can only be resolved as a point spread

multicolor STORM that uses as many as six fluorescence channels
simultaneously [8].

function (PSF) that is roughly half the light wavelength for lateral

Surprisingly, quite efficient photoswitching can be induced

resolution and twice that in depth, due to interactions between visible

without an activator dye [3]. With the dSTORM method, many Alexa

light and the surrounding media; the PSF is typically estimated as

Fluor® dyes have been shown to be able to photoswitch in this

~250 nm in the x and y directions and ~450–700 nm in the z direction

manner [12–15], including:

[1]. As a consequence, the images of two or more fluorophores
within a few hundred nanometers of one another become blurred
together, limiting resolution.
Here we focus on Molecular Probes® fluorescent dyes and labels
for three SRM techniques: STORM, SIM, and STED microscopy.

■■

Alexa Fluor® 488

■■

Alexa Fluor® 680

■■

Alexa Fluor® 532

■■

Alexa Fluor® 700

■■

Alexa Fluor® 568

■■

Alexa Fluor® 750

■■

Alexa Fluor® 647

■■

Alexa Fluor® 790

These SRM modalities are approaching the resolution historically

In particular, Alexa Fluor® 647 dye is used extensively in dSTORM

reserved for electron microscopy, while also providing the inherent

because it has proven to exhibit extremely good photoswitching

benefits of selective targeting and multiplexing for biological context.

properties [15], namely, high photon output, cycle number, and
survival fraction, along with a low duty cycle. Figure 2 shows

STORM: Stochastic optical reconstruction microscopy

comparative wide-field and dSTORM imaging of keratin using

The SRM method STORM utilizes stochastic activation and time-re-

an Alexa Fluor® 647 dye–labeled secondary antibody;

solved localization of photoswitchable fluorophores to generate
high-resolution images. Photoswitching dyes must have high
photon outputs per switch, coupled with a low duty cycle (i.e., they
are in a non-emitting state longer than in an emitting state). With
appropriate dye–buffer combinations, an optimized STORM system
can generate images with 5 nm resolution. Two forms of STORM
exist. The first approach utilizes two dyes: an “activator” to induce
switching and a “reporter” from which emission is detected [2]. The
second approach, commonly known as direct STORM or dSTORM,
relies upon direct switching of the fluorophore through specific
excitation parameters [3].
The activator–reporter STORM method requires dual labeling
of an affinity reagent, such as an antibody, with a reactive dye [4].
Many Alexa Fluor® dyes, including Alexa Fluor® 405 dye [5–8], Alexa

Figure 1. Two-color STORM imaging of microtubules. BS-C-1 cells were
aldehyde-fixed, reduced with sodium borohydride, and labeled with primary
antibodies to tyrosinated or detyrosinated tubulin. Tyrosinated tubulin
was stained with an Alexa Fluor® 647 secondary antibody (pseudocolored
magenta), and detyrosinated tubulin was stained with an Alexa Fluor® 750
secondary antibody (pseudocolored green). Image (left) and zoom-in image
(right) from the boxed region provided by Joshua Vaughan, Graham Dempsey,
Eileen Sun, and Xiaowei Zhuang, Harvard University.
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Figure 2. Single-color dSTORM imaging of keratin using an Alexa Fluor® 647
secondary antibody conjugate. PtK cells were fixed and labeled with an
anti-keratin antibody, followed by a species-specific Alexa Fluor® 647 secondary antibody conjugate. Total internal reflection fluorescence (TIRF, top
row) and dSTORM (bottom row) images and zoom-in images from the boxed
regions provided by Michael W. Davidson, Florida State University. The TIRF
images were color-shifted to increase overall contrast.

Figure 3. Single-color dSTORM imaging of the actin cytoskeleton using Alexa
Fluor® phalloidin conjugates. The actin cytoskeleton was labeled using Alexa
Fluor® 488 phalloidin (top, Cat. No. A12379) or Alexa Fluor® 568 phalloidin
(bottom, Cat. No. A12380). Images (left column) and zoom-in images (right column) from the boxed regions provided by John Allen, Florida State University.

note the greatly improved resolution in the dSTORM image.

higher pressure on the photostability of the label; therefore, choos-

Implementation of multicolor dSTORM is critically dependent

ing the brightest and most photostable fluorophores and using an

on the imaging buffer systems that facilitate switching events.

effective antifade (see a description of ProLong® Diamond Antifade

Several recent studies have characterized the buffer systems

Mountant in the “Just Released” section on page 3) will significantly

required to perform multicolor imaging using Alexa Fluor dyes;

enhance SIM data. Alexa Fluor® 488 dye [25–35], Alexa Fluor® 555

see lifetechnologies.com/srmbp70 for details.

dye [27,31,33,36], Alexa Fluor® 568 dye [28,32], and Alexa Fluor® 594

®

STORM imaging is not limited to the detection of cellular targets

dye [25,26,29,30,34,35] are all commonly used in combination with

with antibodies. Many other Alexa Fluor conjugates have been used,

one another, and they represent the most intensely fluorescent and

including those of cholera toxin B [16], phalloidin [17–19] (Figure 3),

photostable probes for the filter sets commonly found on commer-

dextran [17,18], EGF [17,18], transferrin [7], and WGA [20,21]; DNA

cial SIM systems. SIM imaging has also been demonstrated using

synthesis has been detected using Click-iT® EdU Alexa Fluor® assays

fluorescent proteins [37–39]. Figure 4 shows SIM imaging using

[12,22]. Moreover, STORM has been demonstrated in live cells using

two Molecular Probes® ready-to-use targeted fluorescent protein

Alexa Fluor® dyes [7], as well as MitoTracker® Red, LysoTracker®

constructs, CellLight® Mitochondria-GFP and CellLight® Golgi-RFP.

®

Red, ER-Tracker™ Red, and DiI organelle-selective probes [23], and
the nucleic acid stains SYTO® 13 and YOYO®-1 [12].

SIM: Structured illumination microscopy
In SIM, structured illumination is employed to enhance spatial resolution. The sample is first illuminated with patterned light, and then the
information in the Moire fringes that lie outside of the normal range
of observation is analyzed [24]. Reconstruction software deciphers
the images to give a resolution limit of about 100 nm (two-fold higher
resolution than the diffraction limit of 250 nm).
SIM is the best choice for super-resolution microscopy when
imaging live cells or thick tissue sections or for 3D imaging because
it combines imaging speed with improved resolution. SIM places
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Figure 4. Three-color SIM imaging using fluorescent proteins. HeLa cells
were transduced with CellLight® Mitochondria-GFP (Cat. No. C10508) and
CellLight® Golgi-RFP (Cat. No. C10593), stained with Hoechst® 33342 dye
(Cat. No. H1399), and imaged using the DeltaVision OMX SIM system. Image
(A) and zoom-in image (B) from a slightly different field of view provided by
Ian Clements, GE Healthcare.
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resolution (30 nm in x and y resolution, with z resolution comparable
to that of conventional confocal microscopy).
When choosing dyes for STED, one must be careful to select
exceptionally stable fluorophores whose properties match the
depletion laser lines available. Alexa Fluor ® 488 dye [41–43],
Alexa Fluor® 594 dye [44,45], and Oregon Green® 488 dye [43]
Figure 5. STED microscopy of intermediate filaments visualized with
Oregon Green® 488 staining. PtK2 cells were methanol-fixed, and vimentin
was labeled with Oregon Green® 488 dye by indirect immunofluorescence.
Confocal (A) and STED (B) images were acquired with a Leica TCS STED CW
microscope. Images provided by Leica Microsystems.

have each been used for STED, either on their own (Figure 5) or

STED microscopy: Stimulated emission depletion microscopy

The future of fluorescence microscopy

The first technique to break the diffraction limit, STED microscopy

Although super-resolution technologies do not yet meet the

uses two laser pulses to localize fluorescence at each focal spot.

resolution achieved by electron microscopy, advances in cameras,

The first pulse is used to excite a fluorophore to its fluorescent state,

optics, algorithms, and fluorescent probes are expected to continue

and the second pulse is a modified beam used to de-excite (through

to improve both the resolution and multicolor capabilities. Widely

stimulated emission depletion) any fluorophores surrounding the

cited in SRM applications, Molecular Probes® fluorophores and

excitation focal spot [40]. The focal spot is raster scanned across the

targeted fluorescent conjugates are at the forefront of these devel-

sample to generate an image, and the acquisition speed is relatively

opments. Use our online SRM selection guides to find products as

slow for large fields of view. One advantage of STED microscopy is

well as recent references for STORM, SIM, and STED microscopy

the large depth of view (10–15 µm) that can be imaged with high

at lifetechnologies.com/srmbp70.

together for multicolor STED [35]. Alexa Fluor® 488 dye has also
been used in combination with Pacific Orange™ dye for dual-color
STED [46,47].

■
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