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A growing trend in far-field super resolution fluorescence microscopy based on single molecule
photoswitching involves the replacement of photoactivatable fluorophores by common organic dyes in
which photoswitching reactions or blinking can be induced. This alternative strategy can greatly
simplify the sample preparation and imaging scheme in some cases, and enables its application to a
wider range of biological systems. This methodology has been applied successfully to unveil the
nanoscale organisation of proteins, but little progress has been seen to date in DNA super-resolution
imaging. Previous results have shown that blinking can be induced in the DNA-intercalating dimeric
dye YOYO-1 in combination with a reducing buffer, and in turn super-resolution images of DNA can
be reconstructed. However, monomeric intercalating dyes like YO-PRO-1 are more advantageous for
biological applications. This paper shows that both YO-PRO-1 and YOYO-1 can be used in
super-resolution imaging, and different sample preparation strategies are compared in terms of spatial
resolution and homogeneity of the reconstructed super-resolution images. Moreover, ensemble and
single-molecule experiments provide insight into the switching mechanism. The dyes YOYO-1 and
YO-PRO-1 hold great potential for their use in nanoscale imaging of DNA topology in biology and
nanoscience.

Introduction

Fluorescence microscopy is a widespread and indispensable tool
in biological and materials sciences. However, light diffraction
limits its spatial resolution to about 200 nm in the imaging plane,
precluding the study of sub-cellular structures. A group of tech-
niques have recently emerged that are able to overcome this limit
and achieve spatial super-resolution, enabling the study of cellular
organisation at the nanoscale.1–4 Some of these super-resolution
techniques, such as (fluorescence) photoactivation-localisation mi-
croscopy (PALM,5 fPALM6) and stochastic optical reconstruction
microscopy (STORM)7 rely on the possibility of switching fluores-
cent labels between on- and off-states. PALM, STORM and related
techniques8–11 are based on cycles of stochastic switching, detection
and localisation of single-molecules on a wide-field microscope.
Fluorescence photoswitching is thus in the core of these powerful
imaging techniques, and there is increased interest in finding
new photoswitches for super-resolution imaging, based on both
organic dyes and fluorescent proteins. A recent trend aims at the
simplification of the imaging scheme, namely by circumventing
the use of photoswitchable fluorophores as such and inducing
switching reactions in conventional (i.e. non-photoswitchable or
non-photoactivatable) organic fluorophores8,12–19 or fluorescent
proteins.16,17,20 Nanoscale imaging with standard fluorophores can
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be thus performed by taking advantage of the formation of
long-lived dark states (photoblinking), which may be formed
by photoinduced electron transfer between organic dyes and
redox-active buffers,14,18,19 reversible addition of thiyl radicals,21,22

or by light-induced flickering of fluorescent proteins.23,24 This
strategy involves switching the majority of the fluorophores to
a metastable state and recording those that remain or have spon-
taneously returned to the fluorescent state. Organic fluorophores
such as rhodamine 6G, Atto, Cy and Alexa dyes have success-
fully been used to generate super-resolution images with this
approach.

The above strategies have mainly been applied to image the
nanoscale organisation of proteins by targeting dye-labelled
antibodies or by fusions with fluorescent proteins. However, there
is still a need to find a methodology to image DNA topology
at the nanoscale and so far there has been little progress in this
direction.7,17,25 A high density of (photo)switchable fluorophores
is needed, since this parameter is directly related to the resolution
that can be achieved. Previous results have shown that the use of
DNA intercalating cyanine dyes in a reducing buffer is a promising
option for super-resolution imaging based on single-molecule
photoswitching.26 These dyes are very bright when intercalated
into DNA, but their fluorescence is essentially zero when free
in solution.27 This greatly reduces the fluorescence background
generated by unbound molecules and is particularly advantageous
for this imaging technique. It was shown that the formation of
metastable dark states could be induced in the green dye YOYO-1,
presumably by photoinduced electron transfer reactions between
a reducing buffer containing b-mercaptoethylamine (MEA) or by
the guanosine bases in DNA. A spatial resolution below 40 nm for
stretched l-DNA was achieved with a low cost setup consisting of
a front-illuminated EMCCD camera.26 This methodology holds
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great potential for its application to any field where DNA topology
and organisation is important. For some biological applications,
however, a drawback of YOYO-1 and other dimeric intercalating
dyes is that binding of DNA is extremely strong (K = 108–
109 M-1),28 which influences its topology and in turn its ability to
interact with DNA-binding proteins. Indeed, dimeric intercalating
dyes have been shown to inhibit significantly the activity of
enzymes such as exo- and endo-nucleases29,30 and DNA helicases,31

with a degree of inhibition dependent on the dye/bp (dye to base
pair) ratio. Monomeric intercalating dyes, which induce a smaller
unwinding of DNA upon binding,32 are an alternative in this case,
and DNA-binding enzymes are indeed significantly less inhibited
by these fluorophores.31 YO-PRO-1, in contrast to YOYO-1 or
other dyes, has also been shown to be a useful probe for bacterio-
phage T5, as it penetrates the phage capsid without damaging
it and efficiently binds the DNA inside.33 Moreover, although
both YOYO-1 and YO-PRO-1 are considered to be impermeant to
cells,28,34 the latter dye can pass through the membrane of apoptotic
cells35 and through certain receptor channels in live cells,36 which
would be an advantage for imaging of cellular DNA.

The brightness of monomeric dyes is about half that of their
dimeric counterparts, and their affinity to DNA is about two
orders of magnitude lower.28 This paper explores the photoswitch-
ing and photoblinking properties of monomeric and dimeric
DNA-intercalating cyanine dyes in reducing buffers, and how
these photophysical processes can be exploited in super-resolution
imaging of DNA.

Experimental

The oxazole yellow and thiazole orange dyes YOYO-1, TOTO-
3 and YO-PRO-1 were purchased from Invitrogen. Immobilised
l-DNA (New England Biolabs) was prepared as described
previously.26 Briefly, 60–80 mL of a solution of DNA (1 mg in 250
ml) were deposited onto a polylysine-coated coverslip, and allowed
to bind for about 20 s. The sample was then spin-coated at 5000
rpm. While the sample was spinning, 4 ml of water were pipetted
onto the centre of the coverglass, to allow the water flow to stretch
the DNA, and to remove unbound material.37

The coverglasses with DNA were then attached to a CoverWell
imaging chamber (Grace Bio Labs), which contained “switching
buffer”: 10 mM phosphate buffered saline (PBS, pH 7.4, Sigma
P3813) with an oxygen scavenger (0.5 mg ml-1 glucose oxidase
(Sigma), 40 mg ml-1 catalase (Sigma) and 10% w/v glucose (Fischer
Scientific)) and 50 mM b-mercaptoethylamine (MEA, Fluka).8 In
some cases, l-DNA was labelled prior to the spincoating step at
the appropriate dye/bp ratio, as in previous experiments (“method
1”).26 Alternatively, labelling was carried out after spincoating, by
adding the dye into the imaging buffer (30 nM for YO-PRO-1
and 3 nM for YOYO-1) (“method 2”). For the latter experiments,
the dye/bp ratio could thus not be reliably estimated. The single
molecule samples of YOYO-1 and TOTO-3 shown in Fig. 2 were
prepared using method 1 at a dye/bp ratio of 1 : 1600 and 1 : 20,
respectively. For YO-PRO-1 (Fig. 2c), the sample was prepared by
method 2 with a dye concentration of 150 pM in switching buffer.

Fluorescence imaging was performed on a Nikon Eclipse
TE2000 inverted microscope, equipped with a total internal
reflection fluorescence (TIRF) oil-immersion objective (Apoc-
hromat, 60¥, NA 1.49, Nikon). Excitation was provided by a

488 nm CW Ar+ laser (163-C, Spectra-Physics, 0.5 kW cm-2)
or a 633 nm He/Ne CW laser (Coherent model #31-2140-
000, 1 kW cm-2 at the sample) passing through appropriate
bandpass filters (Chroma Technology). Wide-field illumination
was achieved by focusing the expanded and collimated laser
beam onto the back-focal plane of the objective. The resulting
illuminated area was roughly about 60 mm in diameter. Emission
was collected by the same objective and imaged by an Andor iXon
DV887 EMCCD camera after passing through a dichroic mirror
(z488rdc or z633rdc, Chroma Technology) and additional spectral
filters (HQ500LP and HQ530/50, or HQ645LP and HQ700/75,
Chroma Technology). Additional lenses resulted in a final pixel
size of 78–98 nm. Integration time per frame was 100 ms, and
the total number of frames collected was typically 3000. The
images were analysed with an Igor Pro routine by fitting Gaussian
functions to individual molecules and localising their centre.
Images in Fig. 3 were reconstructed by dividing each pixel into
subpixels and assigning each localisation to a subpixel. The image
brightness thus represents the density of localisations in a subpixel.

The number of photons detected was estimated from the
fluorescence counts in a background-corrected image of a single
molecule. Fluorescence counts were converted to into photons
by using the electron per A/D count conversion and electron
multiplying (EM) gain factors provided by the manufacturer. The
values shown are rough estimates as the camera used has non-
linear EM gain.

Results and discussion

Bulk measurements of fluorescence (photo)activation

The switching ability of the intercalating dyes bound to DNA was
first quantified in a bulk experiment, and the effect of different
buffer conditions on the fluorescence recovery was tested. Fig. 1
shows the photobleaching behaviour of YOYO-1 and YO-PRO-
1 intercalated into DNA with an excitation power of about
0.5 kW cm-2, and the fluorescence recovery after 160 s in the
dark. Photobleaching was partially reversible in all cases, and
the extent of the reversibility depended on the buffer. First, a
comparison can be made between samples prepared by method 1
(see Experimental section) (Fig. 1, top panel). In the presence of
MEA and in the absence of oxygen (switching buffer) fluorescence
recovery of YOYO-1 was on average more efficient (38%) than
when both MEA and oxygen were present (23%), or in PBS
(15%). Recovery of the fluorescence could not be accelerated by
irradiation at 633 nm, a wavelength that was not absorbed by the
ground state of YOYO-1. The red intercalating dye TOTO-3 was
also investigated in switching buffer, and a 30% recovery was found
(not shown).

Another comparison can be made with the samples prepared
by method 2 (Fig. 1, bottom panel). This method was used as
YO-PRO-1 was washed away in the spincoating step due to its
lower binding affinity to DNA. Switching buffer was used in these
experiments since it provided the highest degree of fluorescence
recovery, as seen in the above experiment. In this case, the
recovery varied throughout different regions of the sample, with a
maximum apparent recovery of 74% for YOYO-1 and 61% for YO-
PRO-1. About 38% of this recovery is possibly due to reversible
switching, as found in YOYO-1 samples prepared by method
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Fig. 1 Bulk photobleaching (488 nm, 0.5 kW cm-2) and fluorescence
recovery after 160 s in the dark. Top: YOYO-1 in PBS (green), switching
buffer (red) and 50 mM MEA (black) prepared by method 1 (1 : 20
dye/bp). Bottom: YOYO-1 (black) and YO-PRO-1 (red) samples prepared
by method 2 in switching buffer. Black horizontal bars represent periods
when the 488 nm laser is exciting the sample.

1. Further staining of dye-free DNA regions probably accounts
for the rest of the observed fluorescence recovery. It is worth
mentioning that photobleached YOYO-1 does not significantly
loose its affinity to bind DNA, so it does not detach to allow fresh
YOYO-1 molecules to intercalate.38

As previously proposed, photoinduced electron transfer be-
tween YOYO-1 and MEA, guanosine or guanosine bases that have
been previously oxidised (8-oxo-7,8-dihydro-2¢-deoxyguanosine,
8-oxo-dGuo) might be partly responsible, in the first instance,
for the reversible photoswitching reaction.26,38 Interestingly, 15%
recovery in the dark was still observed in PBS, suggesting a role of
guanosine or 8-oxo-dGuo in the switching reaction, in addition to
the effect of MEA. With a reduction potential of about -1.30 V vs.
SCE, YOYO-1 can spontaneously undergo photoinduced electron
transfer with guanosine and thiol compounds with DG0 = -0.35
and -0.56 eV, respectively, calculated from its excited singlet state
and at pH 7.4.39,40 Following the electron transfer reaction with
any of the electron donors, subsequent charge migration through
DNA and trapping in certain sites might be responsible for the
stabilisation of the observed dark states.

On a secondary note, Fig. 1 (top panel) shows that the
fluorescence photobleaching phase of YOYO-1 in switching buffer
from 1–20 s is biexponential. Biexponential bleaching of YOYO-1
in solution has been shown at higher dye/bp ratios (>1 : 4) and
reflects different binding modes of the dye to DNA.38 However,
in the present study, the dye/bp ratio of 1 : 20 is not high enough
to expect two binding modes. This biexponential bleaching curve
might reflect different photobleaching mechanisms of YOYO-1 in
immobilised DNA depending on its immediate environment.

The comparison between the black and red curves in the top
panel of Fig. 1 shows that, even though the presence of molecular
oxygen decreases the fluorescence recovery, it also arrests photo-
bleaching of YOYO-1. This observation suggests that the triplet
state of this dye is involved in the photobleaching mechanism
(either irreversible, reversible, or both). The involvement of the
triplet state might be promoted by the presence of the heavy
atom iodine as a counterion, which enhances intersystem crossing.
The triplet lifetime of YOYO-1 intercalated into DNA has been
estimated as 10 ms by fluorescence correlation spectroscopy,41 but
there is no information about its triplet energy and the spontaneity
for photoinduced electron transfer reactions from this state cannot
be quantified.

Single-molecule characterisation of intercalating cyanine dyes

Single-molecule microscopy had previously shown photoblinking
of YOYO-1 in switching buffer upon excitation by 488 nm light,
with an heterogeneous duration of dark states.26 Herein, this
behaviour is confirmed (Fig. 2a, and S1A in the ESI†), and it
is possible to roughly estimate the number of photons detected in
the on-state as 600–3200 by using a more sensitive CCD camera
than in previous experiments.26 In the case of the red dimeric dye
TOTO-3, it is expected that its detection at the single-molecule

Fig. 2 Single-molecule fluorescence trajectories (100 ms bin time) of
YOYO-1 (a), TOTO-3 (b) and YO-PRO-1 (c) in switching buffer showing
the formation of long-lived dark states. In (a) and (c) excitation was at
488 nm, and in (b) at 633 nm.43
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level will be difficult due to its low brightness (e = 154 000 M-1 cm-1,
UF = 0.06),28 but blinking of this dye could still be detected upon
irradiation with 633 nm light (Fig. 2b and S1B†). Fluorescence
bursts consisted typically of about 400 photons, but more than
2000 photons could be detected in some cases. The latter number
is higher than expected considering the 5-fold lower brightness of
TOTO-3 compared to YOYO-1 (e = 98 900 M-1 cm-1, UF = 0.52).28

However, the degree of labelling appeared to be lower for TOTO-3
than for YOYO-1, even though the same dye/bp ratio was used and
both dyes have similar affinity to DNA.28 This suggests that most
of the TOTO-3 molecules could not be detected by the camera,
and only the very bright molecules such as the one in Fig. 2b
could be recorded. This would point to some effect of the DNA
sequence on the photophysical properties of TOTO-3, which has
been shown for other dyes in the same family.39 TOTO-3 is thus
not suitable for super-resolution imaging due to its low brightness.
It was also found that TOTO-3 induced precipitation of DNA at
1 : 20 dye/bp when attempting to stretch the labelled DNA on the
coverslip. Similar dyes such as TOTO-142 and BOBO-3 (C. Flors,
unpublished) have been shown to induce DNA precipitation due
to cross-linking or cross-intercalation.

For both YOYO-1 and TOTO-3, the fluorescence traces in
Fig. 2 are consistent with their dimeric nature, showing brighter
events at the beginning of the traces followed by bursts about
half of the intensity, presumably after photobleaching of one
chromophoric unit. As discussed above, the nature of the observed
long dark states might be a charge-separated state that originates
from the triplet state of the dyes and that is stabilised by migration
along the DNA and trapping.

Fig. 2c shows a typical trace for YO-PRO-1, which is rather
different to those of the above dimeric dyes (see also Fig. S1C†).
Fluorescence bursts were much shorter, with a typical duration
of hundreds of milliseconds, and contained less photons (300–
900), consistent with a 2-fold lower brightness and a two orders of
magnitude lower binding affinity to DNA compared to YOYO-1
(K ª 106 M-1).44 The photophysical properties of YO-PRO-1 are
quite similar to those of YOYO-1, which suggests that the sharp
fluorescent spikes in Fig. 2c might be the result of a highly dynamic
association and dissociation of YO-PRO-1 to DNA resulting from
the lower binding constant. The similarity between the traces of
YOYO-1 and TOTO-3, both with bursts lasting for a few seconds,
is consistent with this hypothesis. Indeed, both dimeric dyes have
different fluorescence properties but similar affinity to DNA. In
addition to binding and unbinding events, photoinduced electron
transfer reactions might also contribute to the observed blinking
in YO-PRO-1, similarly to the case of YOYO-1.

Super-resolution imaging based on single-molecule photoswitching

As shown in the previous section, the studied dyes are able
to form long-lived dark states on the order of seconds, which
is an appropriate timescale for single-molecule switching super-
resolution microscopy. It was previously reported that it is possible
to reconstruct super-resolution images of YOYO-1 in DNA with
a spatial resolution below 40 nm.26 Fig. 3a shows the super-
resolution reconstructed image of stretched l-DNA labelled with
YOYO-1 prepared by method 1. The use of a more sensitive camera
improves the resolution slightly to 34 nm, as estimated from the

Fig. 3 Super-resolution reconstructed images of stretched l-DNA la-
belled with YOYO-1 (A) and (B) and YO-PRO-1 (C). Sample in panel
(A) was prepared using method 1 and samples in panels (B) and (C)
using method 2. Scale bar 1 mm. (D) Wide-field diffraction-limited
cross-section (black) compared with super-resolution image cross-sections
corresponding to panel A (blue), B (green) and C (red). The Y-axis
represents the normalised density of localisations of line cross-sections
(green bars in A–C), except for the black curve, which represents standard
fluorescence intensity of a cross-section. Arrows indicate FWHM.

full-width-at-half-maximum (FWHM) of a Gaussian fit to a cross-
section line (Fig. 3c, blue curve). The image appears, however, quite
heterogeneous, mainly due to the detachment of some dye in the
spincoating step.

On the other hand, the YOYO-1/DNA images obtained with
sample preparation method 2 (3 nM dye in switching buffer)
resulted in a much better homogeneity, and more features are
visible (Fig. 3b). The spatial resolution achieved in this case is just
below 40 nm, probably due to the higher fluorescence background
produced by the free dye in the imaging buffer.

It is also possible to reconstruct super-resolution images of
DNA labelled with YO-PRO-1 (sample preparation method 2,
30 nM dye in switching buffer), as shown in Fig. 3c. Compared
to YOYO-1, the degree of staining appears to be much lower, and
thus a 10¥ concentration of free dye in the solution is needed. The
average cross-section in this case is estimated as 43 nm. The lower
resolution is expected due to the lower brightness, DNA affinity
and higher background in the solution. The image of the DNA
strand in Fig. 3c also shows good homogeneity.

Attempts were made to use PBS instead of switching buffer
in the imaging chamber. However, irreversible photobleaching of
YOYO-1 and YO-PRO-1 was too high and not enough blinking
events could be recorded to reconstruct satisfactory images, as
suggested by the low fluorescence recovery of 15% shown in Fig. 1.

It is worth noting that non-specific adsorption of all dyes to the
glass surface could be observed, as the dyes become transiently
bright upon immobilisation. This does not affect significantly the
final reconstructed images, as the density of events is much higher
in the regions where DNA is present.
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Conclusions

DNA-intercalating cyanine dyes have several advantages for their
use in super-resolution imaging of DNA topology, mainly their
commercial availability in a broad spectral range and simple
labelling procedure. This paper shows that both green monomeric
YO-PRO-1 and dimeric YOYO-1 can be used for single-molecule
switching microscopy in combination with reducing buffers. In the
case of YO-PRO-1, the blinking events might be a combination
of photoinduced switching reactions, most probably by electron
transfer, and dynamic binding and unbinding to DNA. Moreover,
it is shown that for both YO-PRO-1 and YOYO-1 the homogeneity
of the super-resolution images can be improved by adding free dye
in the imaging buffer, at the cost of increasing the fluorescence
background and thus the localisation accuracy of the single
molecules. The red dye TOTO-3, on the other hand, is not a
suitable candidate for multicolour super-resolution imaging due
to its low brightness and the induction of DNA aggregation.

The green intercalating dyes studied show great potential for
unveiling the nanoscale organisation of DNA in either DNA-
based nanotechnology and some biological applications. YO-
PRO-1 has advantages in terms of biological compatibility with
DNA-binding proteins and for cell imaging.
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A. Mukherjee, P. Tinnefeld and M. Sauer, Subdiffraction-resolution
fluorescence imaging with conventional fluorescent probes, Angew.
Chem., Int. Ed., 2008, 47, 6172.

9 C. Geisler, A. Schönle, C. von Middendorff, H. Bock, C. Eggeling, A.
Egner and S. W. Hell, Resolution of l/10 in fluorescence microscopy
using fast single molecule photo-switching, Appl. Phys. A: Mater. Sci.
Process., 2007, 88, 223.

10 J. S. Biteen, M. A. Thompson, N. K. Tselentis, G. R. Bowman, L.
Shapiro and W. E. Moerner, Super-resolution imaging in live Caulobac-
ter crescentus cells using photoswitchable EYFP, Nat. Methods, 2008,
5, 947.

11 C. Flors, J. I. Hotta, H. Uji-i, P. Dedecker, R. Ando, H. Mizuno,
A. Miyawaki and J. Hofkens, A Stroboscopic Approach for Fast
Photoactivation-Localization Microscopy with Dronpa Mutants,
J. Am. Chem. Soc., 2007, 129, 13970.

12 S. van de Linde, U. Endesfelder, A. Mukherjee, M. Schüttpelz,
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