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Summary

DAPI, Hoechst 33258/33342 and Vybrant® DyeCycle™ Violet are DNA-binding fluo-
rescent dyes that have their excitation and emission maxima at 350/461, 355/465, 340/454
and 369/437 nm, respectively. When illuminated with UV or 405 nm light, these dyes
convert to forms which are easily excited with blue light and have their emission maxima
around 540 nm of the visible light spectrum. The original forms of these dyes and their re-
spective photoproducts (in forms bound to DNA), after approximately 60 minutes, reach
equilibrium, and remain stable for several hours. The process of their photoconversion is
independent of the presence of DNA, and the amount of the generated photoproducts is
proportional to the dose of light used during the illumination of the specimen. Hoechst
33258 and Vybrant® DyeCycle™ Violet (in solution and in forms bound to DNA), when
treated with hydrogen peroxide, convert to forms, which have the same spectral proper-
ties as their UV-generated photoproducts. The forms generated in a hydrogen peroxide
environment are excited with blue light and emit fluorescence in the green range of the
visible spectrum, with their emission maximum around 540 nm. Fluorescence emission of
Hoechst 33258 and VdcV is strongly dependent on pH. Low pH environment, similarly to
UV-illumination and oxidising conditions, allows generating green-emitting products of
Hoechst 33258 and VdcV. Mass spectrometry analysis of Hoechst 33258 and DAPI showed
that the chemical change that leads to the changed fluorescence properties is protonation.
In the case of DAPI two protonated forms of the dye were observed, with mass-to-charge
ratios at 278.1 and 139.5, for the mono- and the di-cation, respectively. In the case of
Hoechst 33258 three protonated forms of the dye were observed in the mass spectrometry
spectra, with mass-to-charge ratios at 425.2, 213.1, and 142.4, for the mono-, di-, and
tri-cation, respectively. The combined mass spectrometry and fluorescence data suggest
that a 4+ cation of Hoechst 33258 also exists. The protonated forms of Hoechst 33258
bind di�erently to nucleic acids. While forms 1+, 2+ and 3+ exhibit a�nity to DNA, the
putative form 4+ binds to RNA. Along with subsequent protonation steps, the fluores-
cence properties of the protonated forms of Hoechst 33258 change as well. The 1+ form
of Hoechst 33258 is most likely the blue-emitting form, while the 3+ and 4+ forms of
Hoechst 33258 emit green fluorescence. Understanding the photophysics of the process of
photoconversion of the investigated dyes facilitated their exploitation in super-resolution
microscopy. The green-emitting products of DAPI, Hoechst 33258/33342 and VdcV, in
a controlled environment, and under specific illumination, exhibit blinking behaviour.
This enables spatial isolation of single molecule fluorescent bursts, and consequently, ac-
quisition of high-resolution images of the DNA structures. For Hoechst 33258/33342 it
was possible to register up to approximately 3 x 105 single molecules in an individual
measurement, which allowed for reconstruction of a good quality super-resolution image
of DNA density in a cell nucleus. Vybrant® DyeCycle™ Violet yields even better re-
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sults and with this dye up to 106 precisely localised individual single molecule fluorescent
bursts were detected. Additionally, VdcV does not require illumination with two di�erent
wavelengths (contrary to Hoechst 33258/33342 and DAPI). Elimination of UV or 405
nm illumination is preferable, since it simplifies data acquisition and the instrumentation
required to detect fluorescence bursts. Moreover, in the case of VdcV the intensity of
the 491 nm laser light, which was used to visualise single molecules, was lower than in
experiments involving Hoechst 33258/33342 and DAPI. Concluding, understanding of the
photophysical behaviour of the investigated dyes facilitated employment of the process of
their photoconversion in super-resolution microscopy, and allowed to obtain high quality
super-resolution images of the DNA structures.
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Streszczenie

DAPI, Hoechst 33258/33342 oraz Vybrant® DyeCycle™ Violet to barwniki fluores-
cencyjne wykazujπce powinowactwo do DNA. Maksima widm wzbudzenia/emisji tych
barwników majπ odpowiednio wartoúci: 350/461, 355/465, 340/454 oraz 369/437 nm.
Naúwietlanie tych barwników úwiat≥em o d≥ugoúci fali 405 nm lub promieniowaniem UV
wywo≥uje ich konwersjÍ do form, które wzbudzane sπ úwiat≥em niebieskim i emitujπ flu-
orescencjÍ w zakresie d≥ugoúci fal úwiat≥a zielonego. Maksimum widma emisji tak pow-
sta≥ych form ma wartoúÊ 540 nm. Podstawowe formy barwników oraz ich fotoprodukty
(w formie zwiπzanej z DNA), po oko≥o 60 minutach, wchodzπ w równowagÍ iloúciowπ i
w takim stanie pozostajπ stabilne przez kilka godzin. Proces fotokonwersji nie zaleøy
od obecnoúci DNA. IloúÊ wygenerowanego fotoproduktu jest proporcjonalna do dawki
úwiat≥a wykorzystanego do jego wytworzenia. Barwniki Hoechst 33258 oraz Vybrant®
DyeCycle™ Violet (w roztworze lub w formie zwiπzanej z DNA) poddane dzia≥aniu
nadtlenku wodoru konwertujπ siÍ do form, które wykazujπ identyczne w≥aúciwoúci spek-
tralne jak formy, które powsta≥y po naúwietleniu ich UV/405 nm. Formy te równieø
wzbudzane sπ úwiat≥em niebieskim i emitujπ fluorescencjÍ w zakresie d≥ugoúci fal úwiat≥a
zielonego. Maksimum widma emisji tych form ma wartoúÊ 540 nm. Emisja fluorescencji
barwników Hoechst 33258 oraz VdcV jest silnie zaleøna od pH. Niskie pH, podobnie jak
wp≥yw promieniowania UV oraz warunków utleniajπcych, pozwala na wytworzenie form
tych barwników, które emitujπ fluorescencjÍ w zakresie d≥ugoúci fal úwiat≥a zielonego.
Badania barwników Hoechst 33258 oraz DAPI za pomocπ metod spektrometrii masowej
wykaza≥y, øe zmiana chemiczna, która towarzyszy zmieniajπcym siÍ ich w≥aúciwoúciom
fluorescencyjnym to protonacja. W przypadku barwnika DAPI zarejestrowano dwie
formy uprotonowane o stosunkach mas do ≥adunków: 278,1 oraz 139,5, dla odpowied-
nio: formy jednokrotnie i dwukrotnie uprotonowanej. W przypadku barwnika Hoechst
33258 zarejestrowano trzy formy uprotonowane, tj. o stosunkach mas do ≥adunków: 425,2,
213,1 oraz 142,4, dla odpowiednio: formy jednokrotnie, dwukrotnie i trzykrotnie up-
rotonowanej. Wnioski p≥ynπce z analizy danych pochodzπcych ze spektrometrii masowej
oraz mikroskopii fluorescencyjnej sugerujπ, øe istnieje równieø forma barwnika Hoechst
33258, która jest czterokrotnie uprotonowana. Uprotonowane formy barwnika Hoechst
33258 w róøny sposób wiπøπ siÍ z kwasami nukleinowymi. Podczas gdy formy 1+, 2+ oraz
3+ wykazujπ powinowactwo do DNA, domniemana forma 4+ wykazuje powinowactwo
do RNA. Dodatkowo, razem ze wzrostem stopnia uprotonowania tego barwnika zmieni-
ajπ siÍ takøe jego w≥aúciwoúci fluorescencyjne. Jednokrotnie uprotonowana forma bar-
wnika Hoechst 33258 to forma emitujπca prawdopodobnie fluorescencjÍ w zakresie d≥u-
goúci fal úwiat≥a niebieskiego, podczas gdy formy trzy- i cztero-krotnie uprotonowane,
to formy emitujπce fluorescencjÍ w zakresie d≥ugoúci fal úwiat≥a zielonego. Dok≥adne
zrozumienie fotofizyki procesu fotokonwersji u≥atwi≥o jego wykorzystanie we fluorescen-
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cyjnej mikroskopii wysokorozdzielczej. Badane barwniki do DNA, w kontrolowanym
úrodowisku i pod kontrolowanym oúwietleniem, wykazujπ zjawisko migotania (ang. blink-
ing). Pozwala to na rozdzielenie w przestrzeni sygna≥ów fluorescencyjnych pojedynczych
moleku≥, a co za tym idzie na otrzymanie wysokorozdzielczych obrazów struktur DNA,
które zosta≥y wybarwione barwnikami DAPI, Hoechst 33258/33342 lub VdcV. Wysoko-
rozdzielcze obrazy struktur DNA wybarwionych barwnikami Hoechst 33258/33342 zaw-
iera≥y aø do 3 x 105 sygna≥ów fluorescencyjnych pojedynczych moleku≥. Barwnik Vy-
brant® DyeCycle™ Violet daje jeszcze lepsze rezultaty. ZdjÍcia struktur DNA wybar-
wionych barwnikiem VdcV zawiera≥y aø 106 sygna≥ów fluorescencyjnych pojedynczych
moleku≥. W przeciwieÒstwie do barwników Hoechst 33258/33342 oraz DAPI, barwnik
VdcV nie wymaga uøycia dwóch laserów o róønych d≥ugoúciach fal. Eliminacja jednego
z laserów (tj. linii 405 nm) znaczπco u≥atwia proces rejestrowania danych i upraszcza
uk≥ad optyczny. Podsumowujπc, dziÍki zrozumieniu w≥aúciwoúci fotofizycznych badanych
barwników, moøliwym sta≥o siÍ wykorzystanie procesu fotokonwersji barwników DAPI,
Hoechst 33258/33342 oraz Vybrant® DyeCycle™ Violet w mikroskopii wysokorozdziel-
czej. Pozwoli≥o to na uzyskanie obrazów struktur DNA o wysokiej rozdzielczoúci.

13



.

The aim of this doctoral thesis was to investigate the process
of photoconversion of the DNA binding dyes, DAPI, Hoechst
33258/33342, and Vybrant® DyeCycle™ Violet, and to apply it
in super-resolution fluorescence microscopy.
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Background And Description Of The
Conducted Research



CHAPTER 1. MICROSCOPY

1.1 Resolution of Images in Optical Microscopy
One of the most important parameters describing the quality of a microscopic image is

its resolution. If the concept of resolution is considered purely theoretically it could be
defined as the shortest distance between two points in the specimen that are still visualised
as separate entities. In optical microscopy resolution in the lateral (horizontal) plane (1.1)
is approximately two times better than the resolution in the axial plane (1.2), and both
of them can be presented by the following equations (based on the theory described by
E. Abbe in the second half of the 19th century [1]):

Resolution(xy) = ⁄

2(÷ ú sin(–)) (1.1)

Resolution(z) = 2⁄

(÷ ú sin(–))2 (1.2)

where ÷ is the refractive index of the imaging medium, ⁄ is the wavelength of light em-
ployed, and n ú sin(–) is the numerical aperture (NA) of the objective lens. However, in
practice, the concept of resolution is much more complex. First of all, Abbe’s microscopic
definition of resolution does not refer to separation of single molecules, but to separation
of the entire objects/structures (which are seen through a standard optical microscope,
using transmitted light). It says that if two objects (structures) are located at a distance
smaller than the di�raction limit, then their visual separation is not possible. A stained
specimen usually contains many molecules, which, when illuminated, fluoresce simultane-
ously. Fluorescence signals of those molecules overlap and their visual separation becomes
impossible. Second of all, the achievable resolution of an image is not only the result of
the physical limitation of the light itself. Some other important factors that contribute
significantly to the loss of resolution are: improper alignment of the microscope, using of
incompatible immersion oils, inhomogeneity of the sample, application of coverslips hav-
ing thickness outside of the optimum range, noise signal produced by the equipment, or
aberrations of the optical system. Theoretically, using standard oil objective lenses that
have the highest possible numerical aperture and wavelengths, which are applied to live
cell imaging (i.e. wavelengths longer than 400 nm), the highest obtainable (by a typical
confocal microscope) resolution is 180 nanometres in lateral (xy) and 500 nanometres in
axial (z) plane [2]. However, in practice, due to aforementioned resolution-limiting fac-
tors, it is very hard to achieve the theoretical 180- and 500-nanometre limit.
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In order to properly define the concept of resolution one more factor needs to be taken
into consideration, i.e. the thickness of the sample. Even if the focus is set on the plane
of interest, lasers applied to excite the molecules in focus will excite also other fluorescent
molecules that are located below and above the investigated plane. These molecules will
also emit fluorescence that will reach the detector. If the signal that comes from the
investigated focal plane is not strong enough in comparison to the signal coming from the
surrounding planes, then the contrast of the obtained image will be decreased. This is be-
cause in the final image blurred fluorescence signal of the molecules located outside of the
focal plane will appear as well. This unwanted signal generates a background to the signal
of interest. Thus, one should always consider the concept of microscopic resolution with
reference to the thickness of the sample, and thereby with reference to contrast (where
contrast is defined as the di�erence in light intensity between the image of a fluorescent
structure and its adjacent background).

Figure 1.1 Fluorescence profiles of two biological structures located at the dis-
tance of 180 nm from each other, and the disruption of this signal by noise. A -
Schematic fluorescence profiles of two biological structures located at the distance of 180 nm
from each other. B - Schematic accumulated fluorescence signal generated after overlapping of
the fluorescence profiles of the two molecules. C - Schematic noise signal that precludes visual
separation of the two objects.

To illustrate this problem better the following example is presented. Figure 1.1A shows
two fluorescence profiles representing objects that are located at the discussed theoretical
distance of 180 nanometres. According to Abbe’s di�raction limit it should be possible
to resolve these objects as two separate entities. The fluorescence profiles of these two
molecules overlap, and the fluorescence signal that could be registered by the microscope
is presented in Figure 1.1B (green line). Using a perfect optical system (that is not im-
paired by any of the resolution-limiting factors discussed in the previous paragraph), the
local maxima of the two functions representing the objects could be calculated and the
presented structures could be resolved (Figure 1.1B). However, in reality the obtained
signal is usually disrupted by the noise signal (Figure 1.1C, red line). Noise can be gen-
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erated by the detector or by the overlapping signals coming from the excited fluorescent
molecules located in the planes outside of the focus. Because the amount of the noise
signal is large then, in reality, visual separation of these two objects is not possible.

In fluorescence microscopy signals are usually weak. If signals are weak then a low
signal-to-noise ratio becomes a serious resolution-limiting factor. The actual resolution
becomes much worse than the one described by E. Abbe. Elimination of the unwanted
noise signals improves the resolution. It won’t allow reaching a resolution beyond Abbe’s
limit, but at least it will allow reaching the theoretical 180-nanometre limit. Therefore,
many modifications to standard fluorescence methods have been introduced in order to
improve the resolution of the images. Some of the modifications are described below.

1.2 Improving Image Resolution
Over the years various modifications to standard fluorescence microscopy have been

introduced in order to improve the quality of the images. One of the methods allowing in-
creasing the image resolution is Confocal Laser Scanning Microscopy (CLSM) [3–5],
where an additional pinhole (the size of which can be adjusted) is placed right before the
detector (i.e. a photomultiplier (PMT) or an avalanche photo diode (APD)). This allows
cutting o� all of the light that is out of focus. A sample is illuminated with a focused light
beam, and a specialised mechanical system scans the beam over the sample and collects
fluorescence from a given region of the specimen [6]. Later, the image is reconstructed.
By applying an additional confocal pinhole the thickness of the imaging section of the
specimen is significantly decreased (down to ≥500 nm). Since the sample section is much
thinner, many of the signals of the excited molecules that are out of the focus plane are
cut o�, and a significant improvement of the contrast (and thus resolution) of the acquired
images is achieved.

In another example, for both techniques, 4Pi [7–9] and I5M microscopy [10], a set
of two high aperture lenses placed opposing to each other is employed. With wavelengths
interfering constructively these methods produce a narrower spot along the z axis, and
hence an improved resolution up to ≥100 nm in the axial direction. The axial resolution
is improved significantly, however, the resolution in the lateral direction remains unaltered.

In another approach a technique called Multiphoton Absorption Microscopy [11]
employs a simultaneous absorption of two (in the case of two-photon microscopy) or three
(in the case of three-photon microscopy) photons by the fluorophore. Two-photon mi-
croscopy uses red shifted excitation light, which minimises scattering in the tissue and
enables great suppression of the background.

Another technique, Total Internal Reflection Fluorescence Microscopy (TIRFM)
[12,13], employs the phenomenon of generating an evanescent wave to illuminate and ex-
cite the fluorophores located close to the surface of glass, within a standard biological
preparation. This technique exploits the phenomenon descibed by Snell’s law. Light, af-
ter passing through an objective, reaches the glass medium (i.e. the cover slip) and later

18



the aqueous sample. If the incident light is directed at the angle ◊, which is greater than
the critical angle (◊c), then it undergoes the phenomenon of total internal reflection. This
critical angle is described by Snell’s law: ◊c = arcsin(n2/n1), where n2 is the refractive
index of the aqueous medium and n1 is the refractive index of the glass medium (i.e. the
coverslip), and n2 < n1. When ◊ is greater than ◊c, light, instead of being refracted onto
the sample, undergoes total internal reflection (and never reaches the sample). At the
same time some of the energy of the incident light is being propagated into the sample
in a form of a very thin electromagnetic field called evanescent field/wave. This electro-
magnetic field/wave penetrates into the sample usually at depth smaller than 200 nm and
has an identical frequency to that of the incident light (thus, it can excite fluorophores
in the sample). With the increasing distance from the surface, the evanescent wave (or
field) undergoes an exponential decay. Consequently, TIRFM can be used specifically for
imaging very thin sections (usually < 200 nm) that are located very close to the coverslip.
Since the imaged section of the sample is very thin, the background signal (coming from
the molecules that are localised above and below the focal plane) is significantly lower
than the signal of the molecules of interest (i.e. those localised in the focal plane). As a
result, the output images have higher contrast.

The last example of improvement of the quality of images is deconvolution [14–16].
Deconvolution is an operation of reversing the process of convolution of n functions. This
mathematical operation uses a PSF (Point Spread Function) and calculates the most
probable object, which could have produced the microscopic image. Using this calcula-
tion all of the signals that produced blurry images (as they were not in focus) can be
set back into focus, and then re-blurring of the single point images can be achieved. A
very desirable side e�ect of this mathematical image processing is a significantly improved
contrast of the processed images.

Although a series of resolution-limiting factors may a�ect and decrease the output
resolution of an image, the major problem of fluorescence imaging is low signal-to-noise
ratio. In widefield microscopy the imaged section of a specimen is thick and contains
a lot of information not only from the focal plane (which is the plane of interest), but
also from other planes above and below this plane (in a form of blurred signals). The
background level of the structures of interest will never have low values, and the resolution
of such obtained images will always be worse than the one described by Abbe’s formula.
In reality, any microscopic method that allows registering fluorescence signals from a
thinner optical slice will hereby provide better resolution. That is why CLSM provides
better resolution than standard widefield microscopy. That is also why TIRFM provides
better resolution. And finally, that is why the concept of resolution should always be
considered with reference to the concept of contrast.

1.3 Electron Microscopy (EM)
An alternative method to light microscopy that allows visualising specimens with

resolution even down to ≥1 nm has been introduced in 1935 by M. Knoll and is called
Electron Microscopy (EM) [17]. This method, instead of photons (as it is in the case of
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light microscopy), uses accelerated electrons in order to collect images. However, electron
microscopy is a relatively expensive, technically demanding and a very time-consuming
method. Chemical fixation of the sample generates artefacts in the micrographs, moreover,
electron microscopy precludes the possibility of imaging living organisms.

1.4 Optical Super-Resolution Microscopy
In the past two decades an optical microscopy technique called super-resolution

microscopy has been introduced. The term super-resolution may be applied to any op-
tical microscopy technique that allows increasing the resolution beyond the theoretical
Abbe’s limit. Conventional microscopy techniques are strongly limited by the imposed
180-nanometre resolution limit, while super-resolution techniques circumvent this restric-
tion (for details see below). Even though super-resolution microscopy applies similar laser
illuminations and similar objectives as those used in traditional microscopy, yet it man-
ages to obtain much better resolution than any conventional microscopic method. The
obtained (super-) resolution is indeed better than the one described by Abbe’s formula,
but not because the laws of physics have changed, or the formula isn’t valid anymore. It is
better because the microscope operates in a di�erent way from a conventional microscope
(as has been described below).

At this moment there are three main approaches to optical super-resolution mi-
croscopy, i.e. Structured Illumination Microscopy (SIM), Stimulation Emis-
sion Depletion (STED) Microscopy, and Single Molecule Localisation Microscopy
(SMLM). All of these techniques are described below.

1.4.1 Structured Illumination Microscopy (SIM)
In Structured Illumination Microscopy (SIM) [18] the sample is illuminated

with a patterned light to render high-resolution information that is normally unresolvable
by conventional microscopy. This leads to an increase of the image resolution. In this
technique a grid pattern of high spatial frequency (that has a known structure) is superim-
posed on the unknown pattern of the biological specimen. The grid is rotated generating
Moiré fringes. Moiré fringes appear by mixing of the frequencies. One of the frequencies
is the high spatial frequency of the applied illumination and the other is the frequency of
the sample. Moiré fringes contain high-resolution information that cannot be resolved by
a conventional microscope. During the measurement several images are taken at di�erent
positions and orientations, and later are computationally restored into a super-resolution
image. Compared to widefield microscopy, this technique allows a two-fold improvement
of the lateral xy resolution [18]. SIM is a very desirable and attractive technique due to
the fact that almost all of the currently existing fluorescent dyes/probes are eligible for
this method. Not only no special dyes/probes are required for SIM, but also all of the
conventional multicolour combinations of labelling are possible in this method. Since one
may use all conventional fluorescent dyes/probes, SIM gives a much broader choice of the
fluorescent dyes/probes than any other current super-resolution imaging technique. How-
ever, the stability of the sample during image acquisition is an important issue. Images
are taken one by one, and a typical acquisition takes time, so the image should remain still
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during the entire experiment. 3D-SIM employs three illumination beams directed onto
the sample. The light from the three illumination beams interferes and creates a spatially
structured illumination pattern that is later used in the enhancement of the resolution
of the images. With the doubled resolution in all three dimensions [19] SIM provides an
option, which until today has not yet been commercially o�ered by STED microscopy.

1.4.2 Stimulated Emission Depletion (STED)
Stimulation Emission Depletion (STED) was first introduced by Stefan W. Hell

in 1994 [20]. The main feature of this technique is that it applies two illumination beams
to simultaneously excite the fluorescence and reduce the area where the fluorescence emis-
sion is observed (i.e. to an area much smaller than in the case of confocal microscopy).
This allows the researcher to successfully separate fluorescence signals of interest from
the signals of the surrounding molecules. As the area of the registered fluorescence is
significantly decreased the signals are being separated not only from their background
(i.e. blurry images of molecules from the planes above and below the focal plane), but
also from signals of molecules that are adjacent to the registered ones (in the same focal
plane). This way, the contrast, and hereby resolution, of the images are substantially
increased. To achieve this, two laser beams are used during the experiment. The first
laser is used to excite the fluorescence of the fluorophores. The second laser (the STED
beam) is used to transfer back the excited fluorophores to their ground states by means of
stimulated depletion. The STED beam is red shifted and has a specific cross-section shape
resembling an American doughnut, with the high light intensity in a form of a ring that
surrounds a small empty spot. The shape of the STED laser beam is formed by passing
it through a phase plate. This way, all fluorophores that are o� the centre of the PSF are
illuminated with the STED beam and their emission is depleted. Fluorophores that are
in the centre of the beam emit fluorescence since the intensity of the STED beam in this
region falls to zero. Thus, signals of the fluorophores that are localised in the centre of
the illumination beam are very e�ciently separated from the fluorescence signals of the
surrounding molecules.

Nonetheless, STED is not a simple method since it requires employment of specific
fluorophores that reach an excited state, which can be depleted by a wavelength longer
than their excitation. Moreover, those fluorophores should emit very bright fluorescence.
Also, light intensity of the STED beam needs to be high enough to su�ciently deplete the
excited states of the fluorophores. The higher the intensity of the STED beam, the smaller
the region of the fluorescence that is not depleted, thus, the better the resolution [21].
One has to also remember that the used dye should not be excited with the STED beam,
and the absorption of the wavelength of the STED beam (by the fluorophore) should
not take place (since photobleaching is an undesirable outcome). Therefore, availability
of fluorescent dyes/probes eligible for STED microscopy is limited. Despite the obsta-
cles, this technique has been developed over the years, and so far successfully applied
to biological specimens [22–24]. For example, two colour STED has already been intro-
duced [25]. STED has also already been applied to live cell imaging [26–31]. Multicolour
STED imaging still poses a lot of problems due to the fact that fluorescence spectra of
fluorophores overlap. So far resolution up to 20 nm in the lateral plane [25, 32] and 45
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nm in all three dimensions [33] has been achieved in STED microscopy. Even though
this technique has become very popular and found its application in many branches of
research, the equipment setup is still quite complicated. A limited choice of fluorophores
constitutes the major limitation to this method.

In conventional STED microscopy a pulsed laser is used. Illumination with this laser
is applied in synchronised cycles, i.e. immediately after exciting the fluorophore. At the
same time, this STED illumination is applied for a fixed period of time, which is usually
much shorter than the time of fluorescence emission of the fluorophore. Therefore, not all
of the fluorescence emitted by the investigated fluorophores may be depleted. To avoid
this problem a continuous wave STED (CW-STED) illumination may be introduced [34].
However, CW-STED illumination is usually applied at much lower intensities (than the
intensity of STED beam in pulse-STED), and hence, it produces a less pronounced on-o�
contrast of the doughnut shaped beam. This, of course, means poorer resolution of the
final image [34]. Since a successful depletion is not only a matter of the intensity of the
STED beam that is responsible for the resolution, but also of the number of photons that
a fluorescent molecule has been exposed to, a modification to standard STED microscopy
has been introduced and is called gated STED (gSTED) [35–37]. Gated STED mi-
croscopy uses two types of illumination. For excitation of the fluorophores a pulsed laser
is employed, and for depletion of the excited states of fluorophores a CW-STED beam
with time-gated detection of the fluorescence is used [35]. Detection of the fluorescence
takes place after a certain time delay (Tg) to make sure that the excited fluorophores
had been exposed to STED illumination for a su�cient amount of time, to successfully
deplete their excited states. At the same time, gated detection of the fluorescence allows
increasing the on-o� contrast of the fluorescence signals of the fluorophores, and, as a
result, allows increasing the resolution of the acquired images. What is more, it allows
applying a STED beam of lower (than in the case of conventional STED microscopy)
power.

1.4.3 Single Molecule Localisation Microscopy (SMLM)
The third known group of methods of super-resolution optical microscopy relies on

Single Molecule Localisation Microscopy (SMLM). In this method positions of
single fluorescent molecules are identified and registered in order to obtain high qual-
ity images. A fluorescently stained specimen consists of many molecules that can emit
fluorescence. If the exact position of each of those molecules could be determined, a super-
resolution image of the specimen could be reconstructed. Investigation of single molecules
has been already pursued for many years [38–41], and nowadays has become extremely
popular among various microscopic techniques. Localisation of a single molecule can be
calculated using the following equation: localisation = s/

Ô
N , where s is the standard

deviation of the PSF and N is the number of the detected photons. The uncertainty
in determining the single molecule position (so called localisation precision) can be pre-
sented by the following formula: localisation precision = �/

Ô
N , where � is the

width of the PSF and N is the number of the detected photons [42]. A stained biological
sample contains many fluorescent molecules that are spaced closely together, and when
excited, they all fluoresce simultaneously. Therefore, in a di�raction-limited area (which
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contains thousands of simultaneously fluorescing molecules), it becomes impossible to vi-
sually separate single molecules. Due to overlapping of the fluorescence signals of the
single molecules, the area becomes blurred. SMLM overcomes this problem by separating
fluorescence signals in time (see Figure 1.2). By using photoswitchable, photoconvertible,
or photoactivable dyes/probes (for definition see below) one can activate the fluorescence
of only a few molecules at a time, leaving all of the remaining molecules in an inactive
(non-fluorescent) state. Thus, one excitation cycle allows registering fluorescence signals
of only a small fraction of fluorophores (the positions of which can be later determined).
In this method, switching fluorophores on is done stochastically (contrary to STED mi-
croscopy), therefore, during one image acquisition this cycle is repeated over and over
again until a su�cient number of single molecules is collected to fully reconstruct a super-
resolution image. There are various SMLM techniques, which have di�erent equipment
setups or use various imaging conditions. Some examples include: Spectral Precision
Distance Microscopy (SPDM) [43–45], STochastic Optical Reconstruction Mi-
croscopy (STORM) [46], PhotoActivated Localisation Microscopy (PALM) [47],
or fluorescence PhotoActivated Localisation Microscopy (fPALM) [48]. How-
ever, regardless of the name and the di�erences between them, all of these techniques are
based on the same phenomenon – detecting the positions of single molecules. A schematic
drawing presenting the basis of single molecule localisation microscopy has been shown
in Figure 1.2.

Figure 1.2 A scheme of a single molecule localisation microscopy experiment. The
investigated biological specimen is stained with a chosen fluorescent dye. There are many sin-
gle molecules of the dye piled together and fluorescing simultaneously. By employing specific
environment and illumination only a few fluorescent molecules become fluorescent at a time.
Images of stochastically appearing fluorescing single molecules are registered until a su�cient
number of single molecules is collected in order to reconstruct a super-resolution image of an
investigated specimen. Positions of single molecules are localised with high precision, and later
a super-resolution image is reconstructed.

A part of the research presented in this doctoral dissertation was conducted in the
laboratory of professor Christoph Cremer in Mainz, using the technique called Spectral
Precision Distance Microscopy (SPDM) [43–45, 49]. SPDM is a single molecule
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localisation microscopy technique based on reversible bleaching of fluorescent molecules.
There are already many known fluorophores that, after being bleached, recover their orig-
inal fluorescence properties in time. If such fluorophores are placed in a special oxidative-
reducing environment, bleaching of their fluorescence and its recovery can be strictly
controlled. First, the stained sample is illuminated with high power laser, to reversibly
bleach the fluorophores. Later, a stochastic recovery of fluorescence is observed. Due
to the strictly controlled imaging environment, this recovery of fluorescence takes place
only for a few molecules at a time (for more details see Chapter 2, paragraph Dark State
Engineering). Stochastically appearing fluorescing molecules are collected in a multi-
frame image acquisition (each frame contains di�erent molecules), analysed, and later
reconstructed into a high-resolution image of the biological specimen. Three fundamental
states of fluorophores appear in SPDM, i.e. the reversibly bleached state, the active state,
and the irreversibly bleached state of the fluorophore. The ratio between the three states
is strictly controlled by the environment of the fluorophore, as well as by the illumina-
tion of the sample with light of appropriate wavelength. One of the major advantages of
SPDM is that the reversibly bleached state of a fluorophore can be obtained for many
conventional fluorophores. At the same time, the method itself does not require any spe-
cific equipment, i.e. additional wavelengths etc. This simplifies the imaging equipment
setup and staining procedures.

All of the described super-resolution techniques present particular advantages and dis-
advantages. None of the currently existing techniques enables quick, non-invasive, and
e�ective visualisation of living specimens with significantly enhanced resolution in all
three dimensions. One improvement is always at the expense of another. For example,
SIM does allow imaging with an enhanced resolution in all three directions, but STED
and SMLM reach much better resolution in the xy plane. Image acquisition using STED
microscopy is significantly shorter than in the case of SMLM or SIM microscopy, there-
fore, STED is much more suitable for live cell imaging. However, laser powers applied
in STED microscopy are very high, and thus, very often harmful to living specimens.
Some SMLM techniques enable application of conventional fluorescent dyes, which do
not have to possess any special properties, but since the acquisition of the images is
quite long and the environment in which blinking behaviour is favoured is deprived of
oxygen, visualisation of living specimens is much more di�cult. Thus, there is a need
for a constant development of the already existing methods, as well as, of the currently
used (and new) fluorophores. However, one important fact should be emphasised, as even
though super-resolution methods are not perfect yet (as they have been introduced just
recently), all of them allow obtaining images with resolution much better than the res-
olution provided by any conventional microscopic technique. This step is so important,
that in October 2014 a Nobel Prize in Chemistry was awarded to Eric Betzig,
Stefan W. Hell and William E. Moerner ‘for the development of super-resolved flu-
orescence microscopy’ [50]. Stefan W. Hell is the creator of the first STED microscope,
while Eric Betzig and William E. Moerner have been awarded for their significant contri-
bution to development of single molecule localisation microscopy. Nobel Prize is the most
prestigious prize that can be awarded to a scientist, which only emphasises the fact that
super-resolution microscopy are groundbreaking, important developments. A few years
earlier a Nobel Prize in Chemistry 2008 has been awarded jointly to Osamu
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Shimomura, Martin Chalfie and Roger Y. Tsien ‘for the discovery and development
of the green fluorescent protein, GFP’ [51]. This is another example of appreciation of
how important this field of science is. Without fluorescent molecules today there would
be no super-resolution optical microscopy. There would be no fluorescence microscopy.
The described techniques of super-resolution microscopy are still very young and face
years and years of development and improvements, but even at such young stage of their
application, they have already taken microscopic imaging to a whole new level.

As the investigated dyes, DAPI, Hoechst 33258/33342 and Vybrant® DyeCycle™ Vi-
olet, have proven to be excellent candidates for SMLM imaging of the DNA structure
(PAPER 1-3, [52]), the rest of this thesis will be focused on Single Molecule Localisation
Microscopy.

1.5 Fluorescent Dyes/Probes for Single Molecule Lo-
calisation Microscopy

Specialised fluorescent dyes/probes applied in single molecule localisation microscopy
have played an important role in development of this method. In conventional fluores-
cence microscopy dyes/probes are excited and their fluorescence is detected. The applied
excitation induces not only their fluorescence emission but also their photobleaching. Pho-
tobleaching leads to loss of the fluorescence signal, and for years this process was thought
to be irreversible. Therefore, new fluorophores have been continuously developed, in order
to create dyes/probes that would be very bright and resistant to the process of photo-
bleaching. However, over time it appeared that for some fluorophores, the process of
photobleaching is in fact reversible, and the loss of the fluorescence by the fluorophore
(previously ascribed to its photobleaching) may be compensated by the appearance of
emission of its fluorescence at another wavelength, as the molecule itself would undergo
some photo-induced reaction. The phenomenon of changing spectral properties of fluo-
rophores was not new to science. Many examples of fluorescence changes associated with
the environment of the sample had been already known (e.g. pH sensitive dyes [53], or
e.g. Ca2+ indicators [54]). In many cases, though, the changing fluorescence properties
were thought to be more of a problem than an asset. For years there was no apparent
connection between the described spectral changes and a chance for obtaining better res-
olution of microscopic images. Only through better understanding of the structures and
emission properties of the fluorescent dyes/probes this problem became in reality a solu-
tion. The light induced change of spectral properties turned out to be extremely useful
in single molecule localisation microscopy, where the process of turning on and o� of
the fluorescence of various dyes/probes (using various wavelengths) is constantly applied.
First single molecule localisation microscopy experiments were carried out using fluores-
cent proteins (e.g. Kaede [55], DendFP [56], EosFP, Dendra [57], PSmOrange [58]). Only
later it was discovered that low molecular weight fluorescent dyes are suitable for this
type of microscopy as well [59,60]. This opened new possibilities.

25



Single molecule localisation microscopy requires employment of specialised fluorescent
dyes/probes. A regular fluorescent dye/probe, when excited, emits fluorescence at specific
wavelength, while the dyes/probes used in single molecule imaging present two modes of
fluorescing. They can either be switched on and o� between the bright (fluorescing) and
dark (non-fluorescing) state, or they can change their spectral characteristics by changing
their fluorescence emission. These dyes/probes can be divided into three major groups:
photoactivable, photoconvertible and photoswitchable. Photoactivable dyes/probes can
be activated from a dark state to bright fluorescence emission upon illumination with UV
or violet light. Photoconvertible dyes/probes can be optically transformed from one
fluorescence bandwidth to another. Photoswitchable dyes/probes have emission char-
acteristics that can be alternatively turned on or o� with specific illumination. Therefore,
it is possible to create such conditions in which only a few molecules become fluorescent
at a time, and their emission can be detected. This way, even molecules that are spatially
located closer than the width of the PSF can be visually separated, circumventing the
practical Abbe’s di�raction limit. The only limitation to this method is the precision of
determining the localisation of a single molecule. Until today, it has been shown that single
molecules of the fluorescent dyes can be localised with precision reaching even 1.5 nm [61].

Fluorescent dyes/probes used for super-resolution microscopy should meet a number of
conditions. A perfect fluorophore should be bright when activated. It should also provide
an excellent contrast over the background. Spectral profiles for the active and inactive
states should be well separated, and the fluorophore should be thermally stable. The
fluorophore cannot randomly switch between the fluorescent and non-fluorescent states,
except in a strictly controlled environment. The light controlled activation energy of the
fluorophore should be higher than its spontaneous inter-conversion energies. Over the
years many chemical compounds emerged as candidates for labelling cellular components
in SMLM [62,63]. They can be divided into several groups like: Fluorescent Proteins
(FPs) (e.g. PA-GFP [64], mCherry [65], PS-CFP [66], Kaede [55], Dronpa2 [57], Pham-
ret [67], EosFP [68, 69], mEos2 [70], mKikGR [71], Dendra [57], IrisFP [72], mOrange,
mKate, and HcRed1 [73]), low molecular weight dyes (e.g. Carbocyanine dyes [74],
Rhodamine B [75], Caged Q-Rhodamine [76], ATTO532 [32], Alexa Fluor 647 [77], Cy5,
Cy5.5, Cy7 [77], DAPI, Hoechst 33258/33342, and Vybrant® DyeCycle™ Violet [PAPER
1-3, [52]]), quantum dots (e.g. Zn-Se QD [78]), or hybrid systems [79,80] with a genet-
ically modified peptide attached to a synthetic membrane-permeant component. Every
group of the aforementioned fluorescent compounds has its advantages and disadvantages.
Synthetic fluorophores and quatum dots are brighter in comparison with fluorescent pro-
teins, therefore, they provide better contrast for imaging [63]. PAFPs, on the other hand,
provide a broader choice of the fluorophores. Nevertheless, fluorescent dyes are more ver-
satile for labelling cellular components and are smaller in size, which usually means they
can penetrate better into the sample. Some methods of labelling can be direct, with the
fluorophore directly attached to the labelled component, and some labelling procedures
require special techniques like immunostaining, which may hamper visualisation of living
specimens.
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Table 1.1 Spectral properties of some photoconvertible organic dyes and
fluorescent proteins.

Fluorophore

Act.
wave-
length
(nm)

Pre-Act.
Abs.
Max.
(nm)

Pre-
Act. Em.
Max.
(nm)

Post-Act.
Abs.
Max.

Post-
Act. Em.
Max.

Reference

Fluorescent proteins:

EosFP 405 506 516 571 581 [68]

PAmCherry 405 - - 564 595 [65]

KFP1 405 - - 590 600 [81]

Dendra2 405 490 507 553 573 [82]

Kaede 405 508 518 572 582 [55]

Dronpa 405 - - 503 518 [83]

Dronpa2, Dronpa3 405 - - 486 513 [84]

rsFastLime 405 - - 496 518 [85]

KikGr 405 507 517 583 593 [86]

PA-GFP 405 400 515 504 517 [64]

PA-CFP2 405 400 468 490 511 [66]

Organic dyes:

Photochromic rodhamine B 375 - - 565 580 [75]

Caged Q rhodamine 405 - - 545 575 [Invitrogen]

Caged fluorescein 405 - - 497 516 [Invitrogen]

DAPI 405 350 461 460 540 PAPER
1-3, [52]

Hoechst 33258 405 350 461 460 540 PAPER
1-3, [52]

Hoechst 33342 405 340 454 460 540 PAPER
1-3, [52]

Vybrant® DyeCycle™ Vio-
let 405 369 437 460 540 PAPER

1-3, [52]

1.6 Hoechst, DAPI and VdcV as Candidates for SMLM
Imaging of DNA

Controlled manipulation between the on and o� states of the applied fluorophores is
fundamental to single molecule localisation microscopy. With the high doses of light used
in SMLM modern fluorophores should be photoresistant, i.e. when photoconverted, or
in their on/o� states, they should not undergo any additional chemical photoreaction,
which would lead to the loss of their observed fluorescence. The current choice of fluores-
cent dyes/probes eligible for single molecule localisation microscopy is rather broad, and
the research based on these fluorophores is constantly developing. Nevertheless, so far,
the majority of the conducted research has been focused on cell structures that are easily
accessible to the dyes/probes, like microtubules or actin filaments (e.g. by applying low
molecular weight dyes (like e.g. Alexa Fluor 488) conjugated to antibodies [87]). One very
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important field that seeks further investigation is research on DNA structure. DNA, due
to its extremely dense packing in a cell nucleus, forms complicated structures. There are
not many fluorescent dyes/probes eligible for super-resolution imaging of DNA. Even if
the indirect forms of labelling are considered (e.g. fusions with proteins, immunolabelling)
and the direct forms of labelling (e.g. using small DNA binding dyes), the choice of eligible
fluorophores is still very limited. Additionally, it is not preferable to employ methods that
require indirect sample labelling. For example, labelled histones, even though distributed
regularly along the nucleic acids, sometimes fail to represent the exact distribution of
DNA. Labelled histones do not reach each spot where the nucleic acids are located. Also
the dyes/probes that are attached to histones sometimes can detach. This leads to a loss
of a fluorescent signal. Therefore, the perfect fluorophore for imaging DNA should not
only meet the expectations of the perfect SMLM probe, but preferably should be a directly
binding molecule. Additionally, the denser the staining of DNA, the higher the spatial
resolution can be achieved. Hence, small sized dyes are preferable. SMLM techniques
have been available for nine years now, and so far several dyes have been presented as
candidates for super-resolution imaging of DNA (e.g. YOYO, SYTO [88]). However, some
of these dyes cause significant technical problems. For example, YOYO-1, even though
has proven to be useful in super-resolution visualisation of chromatin [88]] initiates photo
cleavage of DNA [89]. Another issue that is worth mentioning is the binding mode of the
DNA dyes. YOYO-1 is an intercalator, which means that it binds to nucleic acids more
strongly than any minor groove binding dye, and thus, it may perturb the structure of
chromatin. Imaging of living cells stained with intercalating dyes that change the struc-
ture of DNA is strongly undesired. A more detailed description of the current research on
super-resolution imaging of DNA can be found below in the paragraph entitled Current
Super-Resolution Imaging of DNA.

Taking into account the currently existing need for small sized, directly binding DNA
dyes, excellent candidates for super-resolution imaging of DNA, i.e. DAPI,
Hoechst 33258/33342, and Vybrant® DyeCycle™ Violet [PAPER 1-3, [52]] are
presented here. Even though DAPI and Hoechst dyes have been known for many years
now, their exploitation in super-resolution microscopy has not been described so far, as
their blinking behaviour has not been reported. The key to their successful exploitation
in super-resolution microscopy is the process of their photoconversion, and generation of
the green-emitting photoproducts [PAPER 1-2]. DAPI and Hoechst dyes bind to DNA by
means of minor groove binding, which is an undeniable advantage, as the dyes themselves
do not significantly perturb the chromatin structure. Additionally, all of the proposed
dyes enable direct and dense labelling of DNA. They are of low molecular weight and
they penetrate into the chromatin structures much more easily than antibodies or big
fluorescent proteins. Photoconversion of DAPI, Hoechst dyes or VdcV so far has not been
described, but the problem of the unusual fluorescence behaviour of Hoechst dyes and
DAPI has been discussed for over 15 years on the confocal mailing list. Scientists have
repeatedly raised this issue and tried to solve the enigma of an unexpected green/red
fluorescence emitted in some experiments by DAPI or Hoechst dyes. No solution to this
problem had been presented until 2010, when our Laboratory came up with an idea that
the aforementioned enigmatic process of photoconversion of DAPI and Hoechst dyes may,
in the future, prove useful for super-resolution imaging of DNA. In the light of so many
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fluorescent photoconvertible dyes/probes applied in super-resolution microscopy, DAPI
and Hoechst dyes looked as very promising candidates for imaging DNA with high resolu-
tion. While the research described in this dissertation was under way, at the beginning of
2012, an article was published describing photoconversion of DAPI [90]. This article only
partly explained the phenomena of photoconversion of the dye in question. The authors
did not elucidate the occurring process, nor did they describe the fluorescence properties
of the photoproduct. The authors acknowledge only the phenomenon of photoconversion
of DAPI. What is more, Piterburg et al. 2012 [90] even state that, despite the attempts,
the authors have not observed photoconversion of Hoechst 33342. Shortly after publish-
ing this article another paper was published [91]. In this paper the problem of using
DAPI in combination with other green-emitting dyes is highlighted. Authors emphasise
the fact that the signal of the photoconverted DAPI may overlap with the green fluores-
cence signal of other used dyes/probes, generating a false positive result of the experiment.

In the light of the existing lack of fluorophores eligible for visualisation of DNA, DAPI,
Hoechst dyes and VdcV came to the rescue. Even though these dyes have been known for
years now, they have not been applied in super-resolution microscopy yet. Even if the blue-
emitting form of Hoechst dyes was forced to blink, the results were unsatisfactory, as the
e�ciency of the blinking process of the original blue-emitting form of Hoechst 33258/33342
was very low (almost negligible) [Øurek-Biesiada et al., unpublished]. However, we had
an idea of applying the process of the photoconversion of the investigated dyes to obtain
high-resolution images of the DNA structures. But first, the photophysics of this process
had to be understood. Research using super-resolution microscopy has been focused for
years now on structures of cellular components other than DNA. The structure of DNA
is complicated and densely packed. It is not an easy structure to visualise. It is much
easier to image biological components that are easily accessible to the already known
fluorescent dyes/proteins. With DNA it is di�erent. DNA is densely packed and the
choice of dyes/probes eligible for visualisation of chromatin is limited. By explaining
the process of photoconversion of DAPI, Hoechst dyes and VdcV, excellent candidates
for DNA imaging have been provided. Research over the photoconversion process of the
investigated DNA-binding dyes took several years, as the process itself is quite complicated
[PAPER 1-2]. This dissertation demonstrates that only by proper understanding of the
photophysical properties of the investigated dyes, DAPI, Hoechst and VdcV, these dyes
became useful in SMLM. They bring new possibilities and new options to super-resolution
imaging of DNA. The direct DNA binding mode, the small size of the dyes, a prospect of
using them in live cell imaging – those are all undeniable assets. Big potential in these
dyes lie in multicolour imaging, as we were already able to obtain dual-colour images of
the DNA structures [52]. Another promising aspect of application of the investigated dyes
lies in live cell imaging of DNA. Hoechst 33342 and VdcV pass easily through an intact
biological membrane. The research described in this dissertation is just the beginning
and only opens the multiple possibilities of obtaining better and better images of various
DNA structures.
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1.7 Investigated Dyes
Hoechst dyes belong to the family of bis-benzimides. They have strong a�nity to

DNA [92–97]. After binding to chromatin Hoechst 33258 may present a monomeric as
well as a dimeric form [92]. There are four known commercial forms of Hoechst, which
di�er in one functional group: Hoechst 33258, Hoechst 33342, Hoechst 34580, and Nuclear
Yellow (Hoechst S769121) [Invitrogen]. The chemical structure of Hoechst dyes is shown
in Figure 1.3:

Figure 1.3 Chemical structure of Hoechst dyes. Source: [98]

Hoechst dyes are excited with UV and emit fluorescence in the blue range of the vis-
ible spectrum [99, 100]. Big Stokes shift permits application of these dyes in multicolour
fluorescence microscopy. Maxima of the excitation and emission spectra for Hoechst dyes
are presented in Table 1.2.

Table 1.2 Excitation and emission maxima of di�erent forms of Hoechst.

Form of Hoechst Excitation Maximum (nm) Excitation Minimum (nm)

Hoechst 333258 350 461

Hoechst 33342 355 465

Hoechst 34580 392 440

Nuclear Yellow 335 495

The most commonly used forms of Hoechst dyes are the 33258 and 33342. Hoechst
33342 passes more easily through intact cell membrane, therefore, it is more often used for
staining live cells. Hoechst 33258 is more often used for staining fixed samples. Hoechst
dyes are soluble in water and relatively non-toxic, which permits visualisation of live sam-
ples for even up to two days.

Hoechst dyes are minor groove binders [101–104] that have strong a�nity to A-T bases
of the nucleic acids [102,105–108]. After binding to DNA the fluorescence quantum yield
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of these dyes increases significantly [94, 109–111], due to attaining a planary structure.
Hoechst dyes also tend to form aggregates, especially at high concentrations (e.g. > 10
mM [112] or 40 mM [111]).

Hoechst dyes are often used as fluorescence probes for measuring DNA quantity in
a sample [113–117]. They inhibit topoisomerase I [118, 119] and topoisomerase II [120].
Hoechst dyes have antitumor [121] and antimicrobial [122] properties, and many discus-
sions about their radioprotective role have been initiated [123–127]. Hoechst dyes are
commonly used in testing against mycoplasma in cells in vivo [128].

DAPI (4’,6-diamidino-2-phenylindole)

DAPI is a fluorescent dye used for visualisation of chromatin [129–131]. Even though
its chemical structure varies from the structure of Hoechst dyes, it shares similar fluo-
rescence properties. Maximum of excitation of this dye, in a form bound to DNA, can
be observed at 340 nm, while maximum of fluorescence emission at 454 nm [132]. The
chemical structure of DAPI is presented in Figure 1.4, below:

Figure 1.4 Chemical structure of DAPI. Source: [133]

DAPI can bind to RNA, nevertheless, this bond is much weaker than binding of DAPI
to DNA [134]. DAPI, similarly to Hoechst dyes, is also a minor groove binder, and has
strong a�nity to A-T bases [135,136]. In case of binding to RNA, DAPI intercalates and
shows a�nity to A and U [130, 135]. Just as in the case of Hoechst dyes, the e�cacy of
DAPI fluorescence increases significantly after binding to DNA [136].

DAPI can pass through intact cell membranes, and thus, can be used for staining live
cells [137]. Nevertheless, in a fixed specimen it passes through cell membranes much more
easily (than in the case of live intact cells), and therefore, is used mainly for staining
fixed samples. DAPI can be used for detecting mycoplasma [138] or viruses [139] in a cell
culture.

Vybrant® DyeCycle™ Violet

VdcV is a fluorescent dye with strong a�nity to DNA. Fluorescence properties of this
fluorophore are very similar to the aforementioned dyes, i.e. Hoechst dyes and DAPI.
Maximum of the excitation spectrum of VdcV (bound to DNA) can be observed at 369
nm, and maximum of the emission spectrum at 437 nm. VdcV easily passes through
intact cell membranes, and hence is used as a fluorescent dye for visualisation of DNA
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in vivo [LifeTechnologies]. The chemical structure of VdcV remains unknown, as our re-
quest for disclosing the structure has been refused by the manufacturer (LifeTechnologies).

VdcV can be also used as a probe for assessing the quantity of DNA in the sample,
since the emitted fluorescence signal is proportional to the DNA mass. This dye has low
toxicity and, contrary to other DNA dyes, requires very low concentration to properly
stain DNA in vivo. [LifeTechnologies].

1.8 Current Super-Resolution Imaging of DNA
Several approaches to super-resolution visualisation of the DNA structures have been

introduced, but most of those approaches have major disadvantages. Intercalating dyes
used for visualisation of DNA (i.e. YOYO-1, SYTO family [88]) can bind also to RNA
[140], or their blinking behaviour might depend on the G-C content of the nucleic acids
[141] (in order to objectively evaluate the applicability of Hoechst dyes in SMLM, I would
like to point out that in a highly acidic environment Hoechst 33258 binds to RNA as
well [PAPER 2], however, this only happens in a specific environment, and thus, can
be controlled). YOYO causes photocleavage of DNA [89]. Various methods have been
introduced to visualise DNA, including techniques of labelling of histones [142,143], Flu-
orescence In Situ Hybridization (FISH) in combination with SMLM to visualise specific
regions of DNA that contain repeated sequences [144], SIM performed on fixed cells [145],
or STED performed on isolated DNA [146]. Also approaches of indirect DNA labelling,
i.e. labelling of the associated proteins, have been introduced [142, 143, 147–149]. Unfor-
tunately, none of these methods enable high-density labelling of DNA and reconstruction
of images with high localisation precision (of single molecules) at the same time. The
dyes presented in this dissertation enable both. By using DAPI, Hoechst 33258/33342
and VdcV it is possible to obtain high-density DNA staining along with high localisation
precision of the registered single molecules.

In order to obtain high-density labelling of the DNA a click chemistry reaction for DNA
labelling [150] in combination with carbocyanine fluorophores has been introduced [151].
The authors present images that contain up to 106 DNA-bound fluorophores. Here, I
would like to point out that by using Vybrant® DyeCycle™ Violet it was also possible to
detect 106 DNA-bound fluorophores [52], as well as more (even up to 5 x 106 fluorophores)
[Øurek-Biesiada et al., unpublished].

Non-covalent binding of a dye to DNA constitutes an advantage. Non-covalent binding
of the dye employs a much easier protocol, and has a smaller e�ect of sample perturba-
tion. Using YOYO-1, which is a cyanine dye, one may obtain spatial resolution of 40
nm [141]. Another dye, which is less toxic than YOYO-1 is called SYTO-13 and can also
be used in SMLM of the DNA imaging [141]. YO-PRO-1 has also proven useful in SMLM
imaging of DNA [152]. PicoGreen has been shown to blink in dSTORM [153], and the
main advantage of using PicoGreen is the fact that it specifically binds to dsDNA (and
does not bind to RNA, like YOYO or SYTO).
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Binding-Activated Localisation Microscopy (BALM) [154] employs the fact
that a significant increase in quantum yield (800 times) of the fluorescence of YOYO-1
takes place upon binding to DNA [155]. Authors stained lambda phage DNA with an
intercalating dye YOYO-1, and observed its blinking behaviour upon binding to DNA.
The frequency of the binding behaviour was controlled via concentration of the dye. The
authors reached the resolution of 14 nm and a high localisation density of YOYO-1. This
method has been applied for a dye binding with a di�erent mechanism – a minor groove
binder PicoGreen, reaching spatial resolution down to 27 nm.

Another example of DNA imaging is a combination of the fluorescence activation by
binding to DNA and single molecule imaging with photobleaching [156]. Here, two meth-
ods are used. One of them employs visualisation of single molecules based on the rate
of their photobleaching (by subtracting the preceding image from the current one, which
contains all molecules plus the fluorescence of the molecules that underwent bleaching in
the current image). In the second method only bound molecules become fluorescent and
bright, allowing localising them with high accuracy and obtaining resolution down to 25
nm [157]. Three fluorescent DNA dyes were used in this work: YOYO-1, POPO-3 and
SYTO-16.

High-density DNA labelling is also possible using the Cy3-Cy5 pair and its photo-
switching mechanism [158–160]. This pair can be activated at 532 nm, and deactivated at
633 nm. Cytosine base analogues can be incorporated into DNA [161], and when placed
in close contact with a thiol compound, they can be used as a photoswitch. Not only the
density of the fluorescent staining by Cy3-Cy5 is very high, but also the aforementioned
process of photoswitching is reversible. The reversibility of this process allows controlling
the photoswitching of Cy3-Cy5. What is more, these dyes are very bright, and therefore,
provide bright images upon binding to DNA.

In the context of the existing research on super-resolution imaging of DNA, Hoechst
dyes, DAPI and Vybrant® DyeCycle™ Violet are excellent candidates for high-density
direct labelling of chromatin, and thus, for obtaining high-resolution images of the DNA
structures (PAPER 3, [52]). DAPI and Hoechst dyes bind to DNA by means of minor
groove binding, and do not significantly perturb the structure of chromatin. Moreover, the
presented dyes are cell permeable, which facilitates their introduction into the cell nucleus
and should simplify their application in super-resolution imaging of living specimens. This
dissertation demonstrates that the key to their successful application in single molecule
localisation microscopy imaging of DNA lies in understanding of the process of their
photoconversion [PAPER 1-2]. Not only do the dyes enable unperturbed and direct
labelling of the DNA structures, but they also enable DNA labelling with high density [52].
This phenomenon constitutes an excellent supplement for super-resolution imaging of
DNA, as the newly introduced super-resolution methods are commonly applied, but still
struggle with a significant deficiency in the suitable fluorescent dyes/probes.
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CHAPTER 2. PHOTOPHYSICS

2.1 Electromagnetic Radiation
Electromagnetic radiation is built of waves of electric and magnetic fields travelling

in space. Electromagnetic field oscillates, and this periodic change can be described by
sinus and cosinus functions. Vectors of both components (of the electric and the mag-
netic field) change simultaneously perpendicular to each other, and perpendicular to the
direction of the propagation of the electromagnetic field (x). The electromagnetic spec-
trum consists of various wavelengths of radiation (having various energies). The visible
form of radiation is called light, which along with UV constitutes only a small part of
the entire electromagnetic spectrum (see Figure 2.1). Light is a form of electromagnetic
radiation that presents dual nature. It exhibits properties of not only particles, but also
waves. This phenomenon is called wave-particle duality of light. It means that for some
phenomena the properties of light can be described better using the wave theory, and for
other they can be described better using the particle theory. From the point of view of
the wave theory, light can be described by its wavelength (⁄), number of oscillations
of the field that take place during one second (‚), and number of oscillations
of the field that will happen when light travels one centimetre (‚ú). From the
point of view of the particle theory, light is a collection of portions of energy, i.e.
quants of energy, which travel in the direction of propagation of the electromagnetic
field. The single quantum of energy is called a photon and has the energy of Planck’s
quantum hc/⁄, where h is the Planck’s constant, c represents the speed of light (c =
2.99 x 108 m/s), and ⁄ is the wavelength of radiation. Planck’s quantum theory unifies
the particle and wave nature of light. It says that the energy carried by light is inversely
proportional to its wavelength, what can be presented as follows: E⁄ = hc, where E is the
photon energy, ⁄ is photon’s wavelength, h is Planck’s constant, and c is the speed of light.

Ultraviolet (UV) radiation ranges in wavelength from 10 to 400 nm. It demonstrates
very high biological activity [162]. Three bands of UV radiation are distinguished (UV-A:
315 - 400 nm, UV-B: 280 - 315 nm, and UV-C < 280nm) [163]. Ultraviolet can be harmful
to living organisms as it is absorbed specifically by DNA and RNA, and can compromise
genome integrity [164–169]. At the same time, many of the commercially applied fluo-
rophores are excited with UV or 405 nm illumination. Some examples include: Alexa Fluor
350; Cascade Blue, Marina Blue, Pacific Blue, DAPI, Hoechst 33258/33342, 7-amino-4-
methylcoumarin (AMC), Calcein Blue, Dansyl derivatives, Fluoro Gold, Pyrene, or True
Blue. UV illumination is also the most commonly used wavelength to cause photoconver-
sion of the PAFPs, some examples include: PA-GFP, Kaede, PS-CFP-2, tdEosFP, Den-
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Figure 2.1 The electromagnetic spectrum.

dra2, Dronpa, PamRFP-1, KikGR, or PAmCherry [170]. Most of the listed dyes/probes
are excited with UV and emit fluorescence in the blue region of the visible spectrum.
Thus, they can be applied in combination with other, green-, yellow-, or red-emitting
dyes/probes (i.e. in multicolour labelling of the sample).

2.2 Photochemical Reactions
Photochemistry is the basis of all of the photo-biological reactions. Before excitation

the electronic configuration of a molecule (M) is described as a ground state. Upon ex-
citation, when the molecule (M) absorbs a quantum of light, electrons of the molecule
are raised to a higher energy state, and the molecule reaches an excited (activated) state
(Mú). This phenomenon can be described as follows:

M + light æ Mú

Molecules in their excited states often present di�erent spectral or chemical properties
(than in their non-excited states), since the distribution of electrons change, and so do
the forces between the nuclei. Excited molecules aim to release this extra dose of energy.
How they release it depends strongly on the type and form of the molecule (i.e. in form of
e.g. light, or e.g. heat). The First Law of Photochemistry (the Grotthus-Draper
law) says that for a photochemical reaction to occur light has to be absorbed by the
molecule. The Second Law of Photochemistry (the Stark-Einstein Law) says
that in a chemical system one molecule absorbs only one photon of light. However, this
rule applies to regularly applied low power lasers. If a high power laser is used, two- or
even three-photon absorptions may occur.

There are several types of photochemical reactions, some examples include: linear
additions to unsaturated molecules (e.g. the photochemical crosslinking of the DNA
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with proteins), cycloadditions of unsaturated molecules (e.g. dimerisation of the
thymine bases in DNA), photofragmentation (e.g. riboflavin can be fragmented to form
lumiflavin), photooxidation (e.g. cholesterol can be photooxidised by addition of the
peroxy group), photohydratation (e.g. after UV-illumination uracil can add a molecule
of water), cis-trans isomerisation (e.g. conversion of trans-retinal to cis-retinal, ethane
H2C=CH2), or photorearrangement (e.g. conversion of the 7-dehydrocholesterol into
vitamin D3).

Photoconversion is a chemical reaction that can be assigned to the category of
photo-rearrangement reactions. The word photoconversion consists of two words, photo,
suggesting the involvement of light, and conversion, suggesting rearrangement. For the
purpose of this thesis photoconversion (in the context of fluorescence microscopy) has been
defined as the chemical transformation of the fluorophore, which is caused by
exposing the fluorophore to irradiation of specific wavelength, intensity, and
duration, and leads to a change of the spectral properties of the illuminated
dye.

Protonation, on the other hand, is the chemical reaction in which a proton
(H+) is added to an atom, molecule, or an ion. Living organisms keep a very strict
control over the intracellular pH dynamics in order to protect their components from any
influence of acidic or alkaline factors. Even a slight change in pH may change the ionisation
state of all of the weak bases or acids in the cell. Protons are very prone to attaching
themselves to surrounding molecules (e.g. as a result of exposure to UV). Protonation
that is accompanying spectral changes of fluorophores is not an unusual phenomenon in
microscopy [171–174]. Additionally, it is often accompanied by cis-trans isomerisation of
a fluorescent molecule [175,176], which in the end leads to a change in spectral properties
of the fluorophore.

2.3 Known Mechanisms of Photoconversion of PAFPs
Photochromism is a common phenomenon in fluorescence microscopy. The chang-

ing spectral properties of various dyes were already investigated almost two decades
ago [177]. Since nowadays photoswitchable fluorescent dyes/probes have become so useful
in super-resolution microscopy, many scientists try to understand the mechanisms under-
lying changes in their fluorescence emission. Based on their photochemical properties,
PAFPs can be divided into three categories.

The first category consists of PAFPs that undergo irreversible photoconversion. For
PA-GFP [64], PS-CFP and its variant PS-CFP-2 [66], PAmRFP-1 [178], and PAm-
Cherry [65], the mechanism underlying the change in spectral properties is deprotona-
tion of the chromophore. The excitation spectrum of the wild type Green Fluorescent
Protein (wtGFP) contains two peaks, at 396 nm and 476 nm. These peaks correspond
to the neutral (protonated) and anionic (deprotonated) form of the GFP chromophore,
respectively [179–181]. Illumination with UV can change the ratio of the protonated and
deprotonated forms in favour of the anionic form [182]. Upon UV illumination, decar-
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boxylation of Glu222 takes place, which leads to rearrangement of the hydrogen-bonding
network and a subsequent deprotonation of the GFP molecule [183, 184]. The PA-GFP
is a form of GFP, in which threonine has been replaced with histidine at position 203.
The probe exists mostly in its neutral form [64]. UV irradiation causes an irreversible
conversion of the PA-GFP chromophore from neutral to its anionic form. The inactive
form of PA-GFP has its excitation/emission maxima at 400/515 nm. Illumination of this
inactive form with UV causes its irreversible photoconversion to an anionic form, which is
easily excited at 504 nm, and emits fluorescence at 517 nm. The photoconversion results
also in a 100-fold increase in the green fluorescence intensity of the anionic form [64].
PS-CFP and PS-CFP-2, in their ground states, have their excitation/emission maxima
peaks at 400/470 nm. When PS-CFP-2 is illuminated with UV, it converts to a form
that is easily excited with 490 nm and emits fluorescence at 511 nm. Also, a significant
(400-fold) increase in the green fluorescence emission takes place. Another probe, PAm-
Cherry, in its ground state, is non-fluorescent. Upon UV illumination deprotonation of
the chromophore takes place and the protein becomes fluorescent. When fluorescent, it
is easily excited at 564 nm and emits fluorescence at 595 nm. An increase in the red
fluorescence intensity in the case of PAmCherry is 4000-fold.

The second category of PAFPs contains proteins such as: Kaede [55], EosFP and its
variants [68], KikGR [86], Dendra [57], and Dendra2 [82]. For these proteins the mech-
anism of photoconversion is di�erent. The green-emitting properties of Kaede are the
result of the presence of a tripeptide His62-Tyr63-Gly64 in its chromophore. Once the
protein is illuminated with UV, a cleavage appears between the amide nitrogen and the
– carbon (C–) of the His62 residue of the chromophore. Subsequently, a double bond is
formed between the two carbon atoms of the His64 residue (C– and C—), which results in
a red-shifted emission of Kaede [185]. The process is irreversible.

The third category consists of proteins, such as: KFP-1 [81, 186] and Dronpa fam-
ily [187] (rsFastLime [85], Dronpa-2 and Dronpa-3 [84]). In the case of these fluores-
cent probes photoconversion can be either irreversible or reversible, from a dark (non-
fluorescent) to a bright (fluorescent) state. The suggested mechanism underlying the
spectral changes is cis-trans isomerisation accompanied by deprotonation. Unless illumi-
nated with green or yellow light, KFP-1 remains non-fluorescent. Upon illumination with
green light it converts to a form that is easily excited at 580 nm and emits fluorescence at
600 nm. When illumination is stopped, the chromophore slowly relaxes back to its non-
fluorescent, ground state [188]. The process of KFP-1 photoconversion can be easily re-
versed by illumination of the fluorescent form with blue light. Cis-trans isomerisation has
been proposed to explain the photoconversion of KFP-1 [186,189,190]. Cis-trans isomeri-
sation has been also suggested to be the photoconversion mechanism for asFP595 [191],
IrisFP [72], Padron [192]; Faro, 2011 [193], and rsTagRFP [171]. The mechanism under-
lying the spectral changes of Dronpa [57, 187] is still under debate. One possibility for
explaining the photoswitching behaviour of Dronpa is cis-trans isomerisation of this pro-
tein [194]. In this scheme the protein converts from a fluorescent (green-emitting) form to
a non-fluorescent form upon illumination with blue light. Blue light converts Dronpa to
its neutral (non-fluorescent) form. This process is reversible, and the non-fluorescent form
can be re-activated using 400 nm light. The second possibility to explain the photocover-
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sion of Dronpa excludes cis-trans isomerisation. A protonation/deprotonation scheme has
been proposed [83,195–197], in which protonation and deprotonation (which are induced
by light) of the chromophore lead to changes in flexibility of the surrounding structure of
the chromophore. The changing structure of the protein is manifested in changing spec-
tral properties. However, this process does not necessarily require cis-trans isomerisation
of the molecule.

2.4 Dark State Engineering
Many PAFPs undergo the phenomenon of photoconversion enabling controllable switch-

ing between their fluorescence emissions. Another approach to visualise single molecules
is based on stochastic recovery of the fluorescence of a fluorophore (i.e. it is applied in
SPDM). The idea underlying this approach is to transfer the majority of the fluorescing
molecules into their dark (non-fluorescent) state, and allow slow recovery of the fluores-
cence by only a few random molecules at a time. This approach is called dark state engi-
neering [60,198]. By controlling the electron transfer reactions one may control reaching
the dark state of the molecule [199]. Basically, a molecule oscillates between three states:
the ground state (G), the bright state (B), and the dark state (D) [60]. It is possible to
induce a dark state for almost every fluorophore [198], which eliminates the need to apply
special photoconvertible or photoactivable dyes, and provides a very broad choice for the
fluorophores. Also fluorescent proteins can be driven into the dark states [177]. The key
to a successful application of dark state engineering in super-resolution microscopy is to
achieve conditions in which molecules exhibit short and very bright bright states, and long
and dark dark states, to successfully separate the bright molecules from the others - the
inactive ones. In recent studies it has been shown that by using a special embedding media
(polyvinyl alcohol, glucose oxidase, catalase) one may induce dark states of conventional
fluorochromes [200]. It has been also proven that for some fluorophores glucose oxidase
oxygen scavenging system promotes blinking [200]. Other papers showed that inducing
dark states of the fluorophores was also possible in standard aqueous or glycerol media
(for Alexa 488, Alexa 568, tetramethyl rhodamine iso-thiocyanate and fluorescein) [60].
Reversible photobleaching of these dyes was also observed in the air, in dry samples [60].
Many attempts to explain the mechanism underlying dark state engineering have been
made, and models proposing a triplet state [200], electron transfer between the dye and
the bu�er [62, 88, 152, 198, 199], or the reversible addition of thiol radicals [201, 202] have
been presented.
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UV-Activated Conversion of Hoechst 33258, DAPI, and
Vybrant DyeCycle Fluorescent Dyes into Blue-Excited,
Green-Emitting Protonated Forms

Dominika _Zurek-Biesiada,1 Sylwia Kędracka-Krok,2 Jurek W. Dobrucki1*

! Abstract
Hoechst 33258, DAPI and Vybrant DyeCycle are commonly known DNA fluorescent
dyes that are excited by UV and emit in the blue region of the spectrum of visible light.
Conveniently, they leave the reminder of the spectrum for microscopy detection of
other cellular targets labeled with probes emitting in green, yellow or red. However, an
exposure of these dyes to UV induces their photoconversion and results in production
of the forms of these dyes that are excited by blue light and show fluoresce maxima in
green and a detectable fluorescence in yellow and orange regions of the spectrum.
Photoconversion of Hoechst 33258 and DAPI is reversible and independent of the dye
concentration or the presence of DNA. Spectrofluorimetry and mass spectrometry anal-
yses indicate that exposure to UV induces protonation of Hoechst 33258 and DAPI.
' 2013 International Society for Advancement of Cytometry

! Key terms
Hoechst 33258; DAPI; Vybrant DyeCycle; UV-excited DNA dyes; photoconversion; pro-
tonation

INTRODUCTION
Hoechst 33258, DAPI, and Vybrant DyeCycle Violet are common fluorescent

dyes used for staining DNA and visualization of chromatin in cell nuclei by fluores-
cence and confocal microscopy. DNA-bound Hoechst 33258, DAPI, and DyeCycle
Violet have their excitation maxima in the UV region of the spectrum and their emis-
sion maxima in the 430–470 nm region (exc./em. 355/465; 364/454, 369/437 nm,
respectively). These spectral properties make Hoechst 33258, DAPI, and Vybrant
DyeCycle Violet convenient nuclear dyes as the remaining range of the visible spec-
trum can be used for detecting other subcellular targets, using dyes emitting in green,
yellow, up to infrared. We demonstrate, however, that the UV-excited dyes are not
entirely stable when excited with the UV emitted by mercury arc lamps or 405 nm
wavelength light emitted by a laser. Exposure to ultraviolet light of a biological speci-
men stained with Hoechst 33258, DAPI or Vybrant DyeCycleTM Violet during a typi-
cal fluorescence or confocal microscopy observation leads to conversion of these dyes
into forms that can be excited by blue light and emit green fluorescence (em. max.
approx. 520 nm, with detectable signal intensities in the yellow to orange region of
the spectrum). Using mass spectrometry we demonstrate that UV induces protona-
tion of Hoechst 33258 and DAPI. Photoconversion of UV-excited dyes bound to
DNA in biological samples may pose problems for image analysis in multicolor fluo-
rescence microscopy. Even relatively small doses of UV result in creating a false posi-
tive—a green fluorescence signal derived from the DNA-bound dye, which is
expected to fluoresce in the blue region. Following photoconversion, the unexpected
emission arising from Hoechst or DAPI may be mistakenly interpreted as a green flu-
orescent signal expected to arise from another fluorescent probe used in the same
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experiment. Problems arising from light-induced changes of
the spectral properties of DAPI and Hoechst have been
reported by the subscribers of the confocal microscopy list
server and in recent published work (1).

MATERIALS AND METHODS

Cells
MSU 1.1 human fibroblasts (2) were grown in Dulbecco’s

Modified Eagles Medium (Sigma-Aldrich, Poland) supple-
mented with 10% fetal bovine serum, penicillin (50 units/ml),
and streptomycin (50 lg/ml), in tissue culture Petri dishes
(Techno Plastic Products AG, Switzerland) at 378C, in a humi-
dified atmosphere of 95% air and 5% CO2. Cells were grown
on 20 mm-diameter coverslips (Menzel-Gläser, Germany).

Cells were fixed with 4% formaldehyde (Electron Micros-
copy Science) using standard formaldehyde fixation protocol
and later stored in 1% formaldehyde solution for 1–2 weeks
before the experiment.

Cell Staining
Cells were stained with DAPI (40,6-diamidino-2-pheny-

lindole) (3,4) (Sigma-Aldrich, Poland) at 1 lM, Hoechst
33258 (5–7) (Sigma-Aldrich, Poland) at 2 lg/ml, or Vybrant
DyeCycleTM Violet (Invitrogen) at 1 lM. Cells were rinsed
three times with PBS, permeabilized with 70% ethanol (30 s)
and incubated in a dye solution for 30 minutes at room tem-
perature (RT).

Acquisition of Fluorescence Images
Images were recorded using Leica TCS SP5 confocal

microscope (Leica Microsystems, Germany), equipped with a
63 3 1.4 NA oil immersion lens. The 512 3 512 pixel images
(field of view 82 3 82 lm or 145 3 145 lm) were recorded.
PMT gain was set at 860 V; confocal iris was set at 1 Airy disk.
When studying the process of UV-excited dye photoconver-
sion, coverslips with the attached fixed cells were mounted in
custom made steel holders, placed in a microscope stage and
imaged at RT or 378C in PBS (fixed cells). For excitation Ar
ion gas (458, 476, 488, 496, 514 nm, 100 mWoutput) and 405
nm diode (3 mWoutput) lasers were used. For imaging DAPI
and Hoechst photoproducts, the intensity of all Ar laser lines
was adjusted to 1.25 mW or 0.95 mW. Fluorescent dyes were
photoconverted using UV light emitted by a Leica EL6000
mercury metal halide lamp passed through a 360/40 nm emis-
sion filter (11 mW, measured with a FieldMaxII Laser Power
Meter [Coherent, Santa Clara, CA]). Over 40 experiments
were performed to demonstrate the process of DAPI photo-
conversion and over 60 for Hoechst 33258.

Studies of Hoechst 33528 and DAPI Immobilized in a
Polymer Block

To immobilize the dye, a polyvinyl polymer [described in
(8)] doped with DAPI at the concentration of 10 lM, or
Hoechst 33258 at the concentration of 20 lg/ml, was made.

Data Analysis
Images were analyzed and processed using LAS AF Lite

(Leica Microsystems, Germany) and MacBiophotonics ImageJ
(http://rsbweb.nih.gov/ij/) software. The displayed images
were not manipulated beyond adjusting the c-function, as
noted in figure legends.

Mass Spectrometry
For mass spectrometry (MS) measurements the solutions

of DAPI at 70 lg/ml and Hoechst 33258 at 100 lg/ml were
used. Protonation products were detected in the solutions of
the dyes following addition of H2O2 (4% final concentration).
Exposure to the UV was performed on a microscope stage of
the confocal system, by illuminating the samples with the light
emitted from a Leica EL6000 mercury metal halide lamp
equipped with a 360/40 nm filter. Measurements were per-
formed with the MicrOTOF-QII mass spectrometer (Bruker,
Germany) in a positive ionization mode, using an Appollo
Source ESI sprayer. Before measurements the device was cali-
brated with TuneMix solution. The MS spectra were analyzed
using Data Analysis 4.0 software (Bruker, Germany).

Spectrofluorimetry
DAPI or Hoechst 33258 (10 lM) were dissolved in dis-

tilled water or in a 30% hydrogen peroxide solution (Sigma-
Aldrich, Poland). Samples were placed in quartz cuvettes and
analyzed using Horiba Jobin Yvon Fluoromax-P spectrofluori-
meter.

RESULTS

UV-Induced Changes of Spectral Characteristics of
Hoechst 33258 and DAPI

We first examined spectral properties of the Hoechst
33258 and DAPI samples used in this work. The free dyes in
solutions as well as the dyes bound to DNA were investigated
by spectrofluorimetry and spectrally resolved confocal micros-
copy (Figs. 1A–1F). Their spectral characteristics were in
agreement with the published data (3,7).

When cells stained with Hoechst 33258 were examined
using a fluorescence confocal microscope, the expected blue
emission excited by 405 nm light was readily seen in nuclei
(Fig. 2D) and only a negligible signal of the green fluorescence
of Hoechst 33258 was detected (exc./em. 458/480–600 nm)
(Fig. 2E). A 60 second exposure of the specimen to the UV
emitted by a standard mercury halide lamp resulted in a
decrease of the blue fluorescence that would typically be
ascribed to photobleaching (see below). Following an expo-
sure to UV, we also detected a concomitant appearance of
green fluorescence that was readily excited by blue light in the
nuclei of the imaged cells (Fig. 2F). This green emission was
only marginally excited by the 405 nm light. The adjacent cells,
which had not been exposed to UV previously, exhibited only
a negligible green emission. Thus, the green fluorescence was
clearly induced by an illumination with the UV or 405 nm
light. A similar appearance of the green emitting forms of the
dyes was observed when DAPI or Vybrant DyeCycleTM Violet
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Figure 1. Spectral properties of Hoechst 33258 and DAPI and their respective photoproducts, studied by spectrofluorimetry (A,B) and con-
focal microscopy (C-J). A,B: excitation and emission spectra of Hoechst (A) and DAPI (B) in solution measured in a spectrofluorimeter. C,D:
emission of the blue fluorescence by Hoechst 33258 and DAPI (exc. 405 nm) in fixed cells, measured in a confocal microscope. E,F: emis-
sion of the green fluorescence by Hoechst 33258 and DAPI (exc. 458 nm) prior to UV illumination, i.e., before generation of the photopro-
duct. G,H: emission spectra of Hoechst and DAPI original dyes and their respective photoproducts, measured in a microscope. I,J: photo-
bleaching of the photoproducts of Hoechst 33258 and DAPI in nuclei of fixed cells, exposed to 458 nm light. Cells were scanned with the
laser beam in a manner identical with standard imaging, as described in Materials and Methods. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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were exposed to UV (Figs. 2G–2I, and data not shown, respec-
tively). The induction of the green fluorescence suggests that
new forms of both dyes (photoproducts) were generated. In
an attempt to estimate the shape of the excitation spectrum of
the putative photoproducts, we exposed the cells stained with
Hoechst 33258 or DAPI to UV, generated the green-emitting
forms and recorded the fluorescence emissions using several
available excitation wavelengths (and equal intensities of the
exciting light). Figure 3 demonstrates that the fluorescence of
the photoproducts of Hoechst 33258 and DAPI have the high-
est intensities when excited by the blue light. Figures 3C and
3K demonstrate that, before an illumination of the sample
with the UV, the intensity of the green fluorescence excited by
458 nm light was very weak. Clearly, while the 405 laser line
was capable of generating photoproducts of Hoechst 33258
and DAPI, it did not excite the green fluorescence of the

photoproducts. This indicates that the excitation maxima of
Hoechst and DAPI shifted on photoconversion to longer wave-
lengths, into the region of 450–490 nm. We also measured the
emission spectra of Hoechst 33258 and DAPI photoproducts in
a confocal microscope (Figs. 1G and 1H). The emission maxima
of both photoproducts generated by the UV are in the green
region of the spectrum, with the tails of these curves reaching
into the red region. Photostability of the photoconverted deriva-
tives of Hoechst 33258 and DAPI was poor, as demonstrated by
the photobleaching curves shown in Figures 1I and 1J.

Reversal of Photoconversion of Hoechst
33528 and DAPI

Fluorescence intensity of Hoechst 33258 and its photo-
product follow a conspicuous pattern of behavior following a
short illumination with UV. Although the Hoechst blue signal

Figure 2. UV-induced photoconversion of Hoechst 33258 (D-F) and DAPI (G-I) in fixed cells. A,B: images of unstained cells before the expo-
sure to UV light exhibit no blue (A) and very weak green (B) autofluorescence; C: image of unstained cells after exposure to UV shows only
very weak green autofluorescence; D,G: images of the blue fluorescence of cells stained with Hoechst 33258 and DAPI; DNA-bound dyes
are excited by 405 nm; E,H: images of the green emission (excited by blue light) of the stained cells before the onset of UV illumination,
the green fluorescence is very weak; F,I: images of the green emission of the photoproducts of Hoechst 33258 and DAPI excited by
blue light, following a 1 minute exposure to UV-illumination (marked symbolically by the vertical line). The c-function of the images was
set to 0.3. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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was bleached out readily by the UV, within 1 hour the blue
fluorescence recovered to a level of !50% of the initial value
(Figs. 4A and 4B). At the same time the green signal of the
Hoechst 33258 photoproduct, which was induced by the UV
illumination, decreased to the level of !50% of the initial
value (Figs. 4A and 4B). These complementary changes of the

intensity of fluorescence of Hoechst 33258 and the photopro-
duct may indicate that a subpopulation of molecules of the
photoproduct reverted to the original form of the dye (i.e., the
blue emitting form). Both forms, i.e., the original dye and the
photoproduct, reached an equilibrium that lasted for at least 2
hours following the exposure to UV (Figs. 4A and 4B). A simi-
lar phenomenon was observed in the case of DAPI (Figs. 4C
and 4D).

Photoconversion of Hoechst 33258 and DAPI as a
Function of the UV Dose

The concentrations of the UV-induced photoproducts of
Hoechst 33258 and DAPI were proportional to the dose of the
delivered UV light. A continuous UV illumination of the
Hoechst 33258- and DAPI-stained cells resulted in a continu-
ous growth of the intensity of fluorescence of their photopro-
ducts, as demonstrated in Figure 5 (until the whole pool of
the dye was photoconverted). It is important to note that this
experiment required an exposure of the stained cells not only
to the UV (to generate the photoproduct) but to the 458 nm
light (in order to record the fluorescence of the photopro-
ducts); therefore, some photobleaching of the photoproducts
must have occurred during image recording. Thus, the
increasing intensities of fluorescence of the photoproducts,
which are shown in Figure 5, represent a minor underestimate
of the actual levels of the generated photoproducts.

Reversible Changes of Hoechst 33528 Emission
Induced by Hydrogen Peroxide

Several reports indicated that an exposure to exciting
light induces photooxidation of fluorescent dyes (9–13). In
order to investigate whether an exposure of Hoechst 33258 to
hydrogen peroxide will yield a molecule that exhibits fluores-
cence similar to the photoproducts, we measured the spectral
characteristics of Hoechst 33258 in a specimen of fixed cells
exposed to H2O2 (30% solution). A green fluorescence signal,
similar to the UV-induced change, was detected by spectrally
resolved confocal microscopy (Figs. 6A and 6B). In another
experiment, we used spectrofluorimetry to measure fluores-
cence spectra of Hoechst 33258 and DAPI solutions in distilled
water, after an exposure to 30% hydrogen peroxide. The inten-
sity of the green fluorescence of the putative oxidized Hoechst
33258 increased gradually during exposure to hydrogen perox-
ide. Immediately after addition of H2O2 the fluorescence in-

Figure 3. Spectral characteristics of the green fluorescence of UV-
induced photoproducts of Hoechst 33258 (D"H) and DAPI (L"P).
Light intensity reaching the sample was adjusted to 0,95 mW for
Ar-laser lines of 458, 476, 488, 496, and 514 nm. A,I: transmitted
light images of fixed MSU 1.1 cells; B,J: the blue fluorescence of
Hoechst 33258 and DAPI (excitation 405 nm); C,K: the green fluo-
rescence (exc. 458 nm) of the stained cells, before UV-illumination
(UV exposure is marked symbolically by the horizontal line); D"H,
L"P: the green emissions of UV-generated photoproducts excited
by 458 nm (em. 480—600 nm), 476 nm (em. 490—600 nm), 488
nm (em. 500—600 nm), 496 nm (em. 510—600 nm) and 514 nm
(em. 530—600 nm). The c-function of the images was set to 0.5.
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 4. Reversibility of photoconversion of Hoechst 33258 and DAPI. A,C: a partial reversal of photoconversion of Hoechst 33258 (A) and
DAPI (C). Left panels: images of stained cells before a 1 minute UV illumination (shown symbolically by the vertical line). Panels from left
to right: images collected at 30 minutes intervals following the exposure to UV. Hoechst (A) and DAPI (C): excitation 405 nm; emission
detected in the ranges 430—550 (top row) nm and 551—600 nm (middle row). Hoechst 33258 (A) and DAPI (C) photoproduct: excitation
458 nm; emission detected in the range 480—600 nm (bottom row). The c-function of the images was set to 0.5. B,D: reversal of photocon-
version of Hoechst 33258 (B) and DAPI (D) at different times after UV illumination (vertical bar). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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tensity of the blue emission of the original dye increased as
well. With time, the intensity of the blue emission decreased
again, whereas the green fluorescence continued to increase
(Figs. 6C and 6D). In the next experiment, we exposed
Hoechst bound to DNA in fixed cells to hydrogen peroxide
and subsequently replaced the hydrogen peroxide solution
with physiological saline, i.e., a solution that was devoid of
any reductants or oxidants (except for the dissolved oxygen).
In this environment the fluorescence of the green emitting
form decreased and became undetectable (Fig. 6G). Reintro-
duction of hydrogen peroxide brought about a return of the
green fluorescence. Repeating this cycle of exposures to oxidiz-
ing and nonoxidizing conditions resulted in appearance and
disappearance of the green fluorescence emission signal (Fig.
6G). A similar, but weak conversion of DAPI to the green-
emitting form was induced by hydrogen peroxide, as shown in
Figures 6E and 6F.

Photoconversion of DAPI and Hoechst 33258 in the
Absence of DNA

The UV-induced photoconversion was first observed in
Hoechst 33258 or DAPI bound to DNA in fixed cells. How-
ever, we also observed that the photoconversion of Hoechst
33258 and DAPI took place in a dye solution placed on a
microscope slide and exposed to the exciting UV light (data
not shown). In order to establish if photoconversion of
Hoechst 33258 and DAPI is indeed independent of binding
and the presence of DNA, and whether the water environment
is required, we also studied the influence of UV excitation on
Hoechst 33258 or DAPI immobilized in a polyvinyl polymer
(8), i.e., outside of water or solution, and in the absence of cel-
lular DNA. Under such conditions we also observed genera-
tion of a green-emitting form (Fig. 7). Apparently photocon-
version of both dyes can occur outside of water solution and
in the absence of DNA.

Photoconversion versus Dye Concentration and pH
We investigated whether the concentration of DNA-

bound Hoechst 33258 or DAPI has any impact on the process
of photoconversion. This experiment is complicated by
changes in the cellular staining pattern that accompany the
increasing concentrations of the dye. At high Hoechst 33258
or DAPI concentrations (3, 7, and 10 lM) fluorescence signal
of Hoechst as well as DAPI bound to DNA diminished, prob-
ably due to self-quenching, whereas the signal from RNA
became detectable. Nevertheless, the high dye concentrations
did not inhibit the photoconversion process (Fig. 8A). The
green-emitting forms of Hoechst 33258 and DAPI were
detected in both concentrations of the dyes tested.

We have also investigated the influence of pH on photo-
conversion of Hoechst 33258 and DAPI. First, the acidity itself
did have a pronounced impact on Hoechst 33258 fluorescence
emission. Acidic environment (pH 2.0 or 5.1) caused a signifi-
cant increase of the blue emission (ex. 405 nm, em. 430–550
nm) as well as the blue-excited green emission of this dye (ex.
458 nm, em. 480–600 nm). This observation can be explained
by the increase of the quantum efficiency of Hoechst fluores-
cence in a low pH environment, which has been reported (14).
Nevertheless, after the UV exposure of Hoechst-stained cells
maintained in an acidic environment, no further increase of
the green fluorescence was observed, suggesting that photo-
conversion did not occur, or that the photoproduct was highly
unstable. Alkaline pH of 11.5 caused a reduction of the blue
and green fluorescence signals of Hoechst 33258. In this envir-
onment, the UV-induced photoconversion was still detected
(Fig. 8B).

Low pH did not influence the intensity of the blue or
green emission of DAPI. Exposure to UV resulted in a clear
photoconversion of DAPI. Alkaline pH of 11.5 caused a slight
loss of fluorescence of DAPI, but it did not affect the process
of its photoconversion (Fig. 8B). We conclude that photocon-
version of DAPI can occur in alkaline and acidic environment,
whereas Hoechst 33258 can be easily photoconverted only in
alkaline environment.

Nature of the Photoconverted Derivatives of Hoechst
and DAPI

In order to identify the chemical nature of the products
of UV-induced photoconversion of Hoechst 33258 and DAPI,
we subjected Hoechst or DAPI solutions to UV illumination
(on a microscope slide) or to hydrogen peroxide (4% solu-
tion). Subsequently, the samples were analyzed by mass spec-
trometry.

The peaks originating from a single charge state of both
dyes were prominent in the MS spectra of the dyes dissolved
in water (Figs. 9A and 9B); this confirmed the presence of the
original forms of the dyes in the samples. Very weak signals
representing the double charged states of Hoechst and DAPI
were also detected. Following exposure to UVor 4% hydrogen
peroxide the ratio of the double protonated states of Hoechst
and DAPI to the single protonated states of the dyes increased
significantly (213.1/425.2 and 139.55/278.1 for Hoechst and
DAPI, respectively) (Figs. 9A and 9B, Table 1). This increase

Figure 5. Generation of the photoproducts of Hoechst 33258 and
DAPI, in fixed cells, during a continuous exposure to UV. Fixed
cells were stained with Hoechst 33258 or DAPI. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 6. Spectral characteristics of the green-emitting forms of Hoechst 33258 and DAPI induced by hydrogen peroxide. A,B: emission
spectrum of Hoechst 33258 (A) (exc. 405 nm) and its green emitting form generated by 30% H2O2 (B) (exc. 458 nm), measured in a confocal
microscope. C--F: changes of the emission spectra of Hoechst 33258 (C,D) and DAPI (E,F) and their respective green emitting forms induced
by hydrogen peroxide in solution, measured in a spectrofluorimeter. Addition of 30% H2O2 yielded an initial increase of the fluorescence
intensity of Hoechst 33258, which was followed by a decrease (C) and an increased fluorescence intensity of the green emitting form of
Hoechst; the growth continued for up to 4 hours (D). Addition of 30% H2O2 did not result in an immediate increase of fluorescence intensity
of DAPI (as was observed with Hoechst), but the intensity of the blue fluorescence decreased within 1.5 hours (E). Adding H2O2 (30%)
resulted in increased fluorescence intensity of the green-emitting form of DAPI after 1.5 hrs (F). G: induction and disappearance of the
green fluorescence emission signal during the exposure of Hoechst 33258 (bound in fixed cells) to oxidizing (30% H2O2) and nonoxidizing
conditions (PBS), measured in a confocal microscope. The c-function of the images was set to 0.5. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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indicated that the exposure to UVas well as the incubation with
hydrogen peroxide led to protonation of the molecules of both
dyes. No other prominent peaks were detected in the MS of
both dyes, suggesting that the main products of exposure to UV
or hydrogen peroxide were the protonated forms of the dyes.

DISCUSSION

Hoechst 33258 and DAPI bleach under the exciting light
and their blue emission may seem lost permanently. We
demonstrate that bleaching of these dyes has an interesting as-
pect—a change of spectral properties rather than just a loss of
the blue emission. During exposure to UV both dyes (and
Vybrant DyeCycle Violet, which we investigated in some experi-
ments) undergo photoconversion into different but still fluo-
rescent forms. The UV-induced chemical change is manifested
by a shift of the excitation and the emission bands toward the
longer wavelength. Generation of the photoproducts is propor-

tional to the dose of the exciting light. It does not require the
presence of DNA or water, and occurs at various dye concentra-
tions, in acidic, neutral, and alkaline pH (except for the acidic
environment in the case of Hoechst 33258). Spectrofluorimetry
and mass spectrometry indicate that the chemical change
induced by UV or hydrogen peroxide is protonation. This hy-
pothesis appears to agree with the earlier description of changes
of quantum efficiency of fluorescence on protonation of
Hoechst 33258 (15). The preliminary mass spectrometry data
require further refinement as it is not known if the photopro-
ducts are stable during ionization procedure. As a consequence
it is not known if the peaks in the mass spectra can be used for
accurate quantitative assessment of concentrations of the
photoproducts. The products of photoconversion are readily
bleached by the exciting blue light. It remains to be established
if this loss of fluorescence of the photoproducts constitutes fur-
ther protonation or a different chemical reaction.

Following UV-induced photoconversion, further reactions
between the dye and the photoproduct appear to take place. Af-
ter photoconversion, both Hoechst 33258 and DAPI appear to
reach some equilibrium with their respective photoproducts. It
is possible that these reactions occur spontaneously in the dark,
but we cannot rule out a possibility that small doses of UVand/
or blue light are required for this process to occur (see the con-
ditions of the experiment shown in Fig. 4).

It is conceivable that, following generation of the photo-
products, FRET between the original dye and the photopro-
duct occurs under the UV excitation. We observed an increase
of the blue emission of Hoechst and DAPI during bleaching of
the photoproduct. Such a phenomenon would be expected to
occur in the case of acceptor photobleaching. Further studies
are needed to establish if FREToccurs in this system.

Photoconversion of fluorescent proteins and reversible re-
dox reactions of low molecular weight dyes attracted consider-
able attention recently because of potential applications of

Figure 7. Photoconversion of Hoechst 33258 and DAPI immobilized
in a polymer. Generation of a green emitting form in the part of the
polymer block which was illuminated with the UV emitted by a
mercury metal halide lamp (beam intensity 11 mW, 60 s exposure)
is shown. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 8. Photoconversion of Hoechst 33258 and DAPI vs. dye concentration (A) and acidity of the environment (B). A: changes in the cellu-
lar staining pattern can be observed when various concentrations of fluorescent dyes are used. Despite of the complications resulting
from the changed staining patterns, an increased dye concentration did not inhibit the photoconversion process. The green-emitting forms
can be detected. B: low pH causes a significant increase of the intensity of the blue emission as well as blue-excited green signal of
Hoechst 33258. Photoconversion of DAPI can occur in alkaline and acidic environment, while Hoechst 33258 can be easily photoconverted
only in an alkaline environment. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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these phenomena in superresolution microscopies (16–18).
Because photoconversion of Hoechst 33258 and DAPI is
apparently reversible, both dyes may become useful in super-
resolution microscopy approaches that rely on photoswitching
of fluorescent probes. Another interesting aspect of photocon-
version of Hoechst and DAPI is their potential use for detec-
tion of oxidative stress exerted on DNA. Preliminary experi-
ments conducted in our laboratory demonstrated that such an
application is feasible.

A less welcome aspect of the photoconversion of Hoechst
33258 and DAPI is the issue of generation of unexpected green
fluorescence signals in microscopy specimens labeled with the
UV-excited and some other green, yellow or red emitting dyes.
Even a small dose of UV may cause an increase in the green
fluorescence signal derived from the investigated DNA dyes.
This emission can be mistaken for a green fluorescence
emitted by a different, blue-excited probe like fluorescein,
Alexa 488 or GFP.

Figure 9. Mass spectrometry spectra of Hoechst 33258 (A) and DAPI (B) in solution, and the dyes exposed to UV or hydrogen peroxide
(4%). The insets show the enlarged areas of the MS spectrum representing the double protonated state of Hoechst 33258 and DAPI. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 1. Mass spectrometry analysis of UV- or H2O2-generated products of Hoechst and DAPI.

A. Mass or mass-to-charge values of the original blue-emitting dyes and their H2O2-generated products of protonation

IONS MONOISOTOPIC MASS (Da) MASS-TO-CHARGE (1H1) MASS-TO-CHARGE (2H1)

Hoechst 33258 !424.20 !425.2 !213.1

DAPI !277.13 !278.1 !139.5

B. Proportional contents of double-protonated forms

2H1 IONS In H2O In 4% H2O2 AFTER UV ILLUMINATION

Hoechst 33258 !0.4% !6.0% !1.5%

DAPI !1.75% !13% !27%
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Abstract DNA-bound Hoechst 33258 is readily excited with
UV light and emits blue fluorescence, however, upon expo-
sure to UV, the dye undergoes photobleaching as well as
photoconversion to a blue-excited green-emitting form. We
demonstrate that the UV-generated green-emitting form of
Hoechst 33258 exhibits spectral properties very similar to
the form of the dye that can be obtained by subjecting it to
an acidic environment (pH 0.5–3.0). We also demonstrate that
exposure of Hoechst 33258 to UV light (or hydrogen perox-
ide) leads to generation of the protonated (1+, 2+, 3+ and
possibly the 4+) forms of the dye. Photoconversion of
Hoechst 33258 has recently been exploited in single molecule
localisation microscopy, thus understanding photophysics of
this process can facilitate further development of high resolu-
tion optical imaging.

Keywords Photoconversion . Hoechst . DNA .

Super-resolutionmicroscopy

Introduction

Hoechst 33258 is a common fluorescent dye used for staining
and visualisation of DNA by fluorescence wide field and
confocal microscopy. DNA-bound Hoechst 33258 is readily
excited with UV and emits fluorescence in the blue region of
the visible light spectrum (exc./em. maxima 355/465 nm). We

have recently reported that, upon excitation with UV, Hoechst
33258 undergoes photoconversion [1]. Although a typical loss
of fluorescence (photobleaching) was observed, apparently a
fraction of the blue-emitting dye molecules did not lose their
ability to fluoresce, but were converted to a blue-excited,
green-emitting form. We have also demonstrated that the
amount of the photoproduct is proportional to the dose of
exciting light delivered, and that photoconversion does not
require the presence of DNA or water [1]. Preliminary mass
spectrometry data suggested that the observed spectral chang-
es were associated with UV-induced protonation of Hoechst
molecules [1].

Protonation of Hoechst occurring in solutions of low pH
has been described in several reports [2–6]. The hypothetical
protonated forms of Hoechst 33258, as described in [3], are
redrawn in Fig. 1. To our knowledge, changes of spectral
properties of Hoechst that accompany single, double and triple
protonation have not been described in detail so far. It is
known, however, that the quantum yield of the fluorescence
of Hoechst increases 20-fold upon a shift of pH from neutral to
4.5, and falls 80-fold when pH decreases from 4.5 to 1.5 [5].
Based on the available photophysical data one may postulate
that it is a protonated form of DNA-bound Hoechst that
contributes predominantly to the blue emission typically ob-
served in fluorescence microscopy images of cells maintained
in neutral pH. In fact it is known that the blue signals of
Hoechst in cell nuclei are more intense if the mounting medi-
um has a low rather than neutral pH.

So far the green emission of photoconverted Hoechst
33258 molecules has been recognised as a nuisance in multi-
color fluorescence microscopy, however our recent findings
suggest that it can be exploited in super-resolution microscopy
[7]. The key to a successful use of the phenomenon of
photoconversion of this dye is an understanding of the
photophysics of this process. Therefore, in this report we
focus our attention on photophysical phenomena underlying
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the spectral changes induced by UV excitation of Hoechst
33258. We demonstrate that the UV-generated green-emitting
form (or forms) of Hoechst 33258 exhibit the same spectral
properties as the forms of the dye that can be obtained by
subjecting it to a highly acidic environment (pH 0.5–3.0). By
using mass spectrometry and spectrofluorimetry we demon-
strate that exposing Hoechst 33258 to UV light (or hydrogen

peroxide) leads to generation of several protonated forms of
the dye. While the 1+, 2+ and 3+ forms of the dye appear to
exhibit strong affinity to DNA (binding to RNA is very weak),
the protonated form which exists in pH 0.5 (presumably the
4+) exhibits affinity to RNA.

Materials and Methods

Cells

MSU 1.1 human fibroblasts [8] were grown in Dulbecco’s
Modified Eagles Medium (Sigma-Aldrich, Poland) supple-
mented with 10 % fetal bovine serum, penicillin (50 units/
ml) and streptomycin (50 μg/ml), in tissue culture Petri dishes
(Techno Plastic Products AG, Switzerland) at 37 °C, in a
humidified atmosphere of 95 % air and 5 % CO2. Cells were
grown on 20 mm-diameter coverslips (Menzel-Gläser,
Germany).

Cells were fixed with 4 % formaldehyde (Electron Micros-
copy Sciences, USA) using standard formaldehyde fixation
protocol and subsequently stored in 1 % formaldehyde solu-
tion for 1–2 weeks prior to the experiment.

Cell Staining

Preparations of fixed cells were rinsed three times with PBS,
permeabilised with 70 % ethanol (30 s) and incubated with a
solution of Hoechst 33258 [9–11] (2 μg/ml; Sigma-Aldrich,
Poland) for 30 min at room temperature (RT).

Acquisition of Fluorescence Images

Images were recorded using Leica TCS SP5 confocal micro-
scope (Leica Microsystems, Germany), equipped with a 63×
1.4 NA oil immersion lens. 512 × 512 pixel images (field of
view 145 × 145 μm) were recorded. PMT gain was set at
860 V; confocal iris was set at 1 Airy disk. When studying the
process of UV-excited dye photoconversion, coverslips with
the attached fixed cells were mounted in custom made steel
holders, placed in a microscope stage and imaged at RT in
PBS or solutions of various pH (fixed cells). For excitation a
100 mW Ar ion gas (458 nm) and 405 nm diode (3 mW
output) lasers were used. For imaging Hoechst green-emitting
products, the intensity of light in the 458 laser line was adjusted
to 0,95mW. Light intensities were measured with a FieldMaxII
Laser Power Meter (Coherent, USA). Fluorescent dyes were
photoconverted using UVemitted by a Leica EL6000 mercury
metal halide lamp, which passed through a 360/40 nm filter
(11 mW).

Fig. 1 The sequence of protonation of Hoechst 33258 and pKa values,
based on Ladinig et al. 2005. Note that the structures proposed here do not
include a number of other possible forms, for instance the neutral form,
which contains one negative and one positive charge, as described in
Aleman et al. 2005, or the 3+ form with protons on different nitrogen
atoms
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Data Analysis

Images were analysed and processed using LAS AF Lite
(Leica Microsystems, Germany) and MacBiophotonics
ImageJ (http://rsbweb.nih.gov/ij/) software. The displayed
images were not manipulated beyond adjusting the γ-
function, as noted in the figure legends.

Mass Spectrometry (MS)

Mass spectra were collected with Agilent Technologies 6410
Triple Quad LC/MS mass spectrometer equipped with
Electrospray Interface (ESI). Drying gas temperature was set
at 350 °C with flow 12 l/min. Nebuliser pressure was 35 psi,
capillary voltage 3,000 V. Mass spectra were collected in
positive ion mode in the m/z range from 50 to 1,000. Various
fragmentor voltages were checked and 10 V was selected as
the best one; this provided the highest signal and the lowest
fragmentation of the investigated molecules. 5 μl of each
sample was injected through an automatic autosampler, a
continuous flow of 1:1 mixture of A and B was set, where
(A) was water with 0.01 % formic acid and (B) was
acetonitryle/methanol (1:1 v/v). The flow was forced with
the HPLC pump (Agilent Technologies 1260 series) with flow
rate of 0.1 ml/min. The concentration of Hoechst used in
mass-spectrometry experiments was 25 μM. Mass spectra
were collected and analysed at the point of the highest signal
using Mass Hunter software (Agilent Technologies).

For time course mass spectrometry measurements
(Fig. 2c,d) Hoechst 33258 solutions were placed in a small
glass container (the total volume of 2 ml) and 60 μl of the UV-
illuminated solution or 1 ml for the solution of Hoechst treated
with hydrogen peroxide was used. An automatic autosampler
collected 5 μl of the dye solution and injected into the mass
spectrometer at 30min intervals. The photoconverted forms of
Hoechst 33258 needed for these MS analyses were produced
by illuminating a solution of the dye with UVon a microscope
stage (Nikon Optiphot, equipped with an HBO mercury arc
lamp, 330–380 emission filter and a 100x NA 1.3 objective
lens). A solution of Hoechst 33258 was prepared (25 μM) and
subsequently the samples of approximately 2–3 μl were
placed on a microscope slide and each one was illuminated
with UV for 30 s. Subsequently the drops of the illuminated
dye solution were collected, pooled together and placed in a
small glass container, from which the autosampler collected
the samples for mass spectrometry analyses.

Solutions

Solutions of various pH (0.5–12.5) were prepared using dis-
tilled water with pH adjusted with NaOH and HCl or HCOOH
and NH3.

Spectrofluorimetry

Hoechst 33258 (10 μM) was dissolved in solutions of pH 0.5,
2.0, 3.0, 4.0, 7.4 and 11.5. Samples were placed in quartz
cuvettes and analysed using Perkin Elmer LS50B
spectrofluorimeter.

Results

UV- and H2O2-induced Generation of Protonated Forms
of Hoechst 33258

We have recently described spectral characteristics of Hoechst
33258 after illumination with UV, as well as after subjecting it
to highly oxidative conditions (30 % H2O2) [1]. In both cases
the dye was converted to forms that were excited with blue
light, and emitted green fluorescence (Fig. 2a,b). In order to
verify and extend the preliminary studies of the chemical nature
of these green-emitting forms, we performed mass spectrome-
try analyses of solutions of Hoechst 33258 subjected to UVor
oxidising conditions. In samples containing the original and the
photoconverted forms of the dye three peaks were detected by
mass spectrometry. They correspond to three protonated forms
of the dye: a mono-, di- and tri-cation, with their respective
mass-to-charge ratios: 425.2, 213.1, 142.4 (examples of MS
spectra are given below). A similar result was obtained when
Hoechst 33258 was exposed to hydrogen peroxide (Fig. 2b).

Mass spectrometry analysis demonstrated that exposure to
UV resulted in a significant decrease of the abundance of the
detectable di-cation, a small decrease of the mono-cation, and
an increase of the tri-cation (Fig. 2c). Analysis of the ratios
between the abundances of different protonated forms indicate
that the ratio of 3+/1+ increased, while the 2+/1+ ratio de-
creased significantly. It is important to note that MS determi-
nations of the abundance of the protonated forms prior and
after the UV exposure was done on 2 separate samples, thus
the accuracy of a direct comparison between these abundances
is limited. Moreover, the total amount of detectable photo-
products generated by UV is fairly limited too, due to their
photobleaching which occurs upon exposure to UV. Thus, the
actual abundance of the photoconverted forms detected by
MS, following exposure to UV, was dependent not only on
their generation rate, but on their susceptibility to
photobleaching as well. Nevertheless, these data hint at a
possibility of UV inducing a single, double and triple proton-
ation of the neutral form and suggest that these forms of the
dye are quite stable in solution. A slight increase of the
abundance of the 2+ and 3+ form seen in Fig. 2c is likely a
result of a slow evaporation of the sample which was main-
tained in the mass spectrometer. The volume of this sample
was only approx. 60 μl, since it was not practical to generate
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the Hoechst photoproducts by UV in larger quantities (see
Materials and Methods). Small amounts of the solution were
taken from this sample at time intervals for MS analysis. The
evaporation led to an increase of the concentration of the
protonated forms in the sample which was maintained in the
spectrometer. The volume of the sample in which Hoechst
33258 was exposed to hydrogen peroxide was much larger
(1 ml), however the exposed surface was the same as in the
small sample treated by UV, thus evaporation had a negligible
effect on the concentration of the protonated forms of the dye
in this case (Fig. 2d).

Unfortunately mass spectrometry analysis does not provide
information about the abundance of the neutral form, therefore

the yield of its photoconversion into a single protonated form
remains unknown.

Exposing Hoechst to oxidising conditions resulted in a
dramatic increase of the abundance of the 3+ and 2+ forms
(Fig. 2d). The ratio of 2+/1+ and 3+/1+ increased significant-
ly. The abundances and the ratios between different forms
remained unaltered for 2.5 h after adding hydrogen peroxide
to the sample (Fig. 2d). This observation is consistent with a
notion that exposure to H2O2 induced protonation of the
Hoechst molecule, resulting in high levels of di- and tri-cation.
All the protonated forms appeared quite stable in water. It
remains unknown, however, if oxidation also led to destruc-
tion of some of the dye molecules, for instance to breakage of

Fig. 2 Conversion of Hoechst 33258 to green-emitting forms induced by
exposure to UV or hydrogen peroxide in fixed MSU 1.1 fibroblasts
stained with Hoechst 33258 (2 μg/ml), detected by fluorescence confocal
microscopy (a,b) and mass spectrometry (c,d). a, b – Images of the green
emission of Hoechst-stained cells prior and following exposure to UV (a)
or hydrogen peroxide (30 %) (b) Excitation: 458 nm, emission: 480–
600 nm (as demonstrated previously [1], Figs. 2–4 and 6). The γ-function
of the images in (a) was set to 0.5. c, d – Conversion and stability in time

of the protonated forms of Hoechst 33258 measured by mass spectrom-
etry. Three peaks corresponding to m/z=142.4 (Hoechst 3+), m/z=213.1
(Hoechst 2+) and m/z=425.2 (Hoechst 1+) were prominent in MS
spectra. Abundances of the protonated forms of Hoechst 33258 measured
after illuminating the sample with UVor after subjecting it to 4 % H2O2

confirm the induction of protonation and indicate that the protonated
forms are stable in solution
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the rings or fragmentation of the molecule. Although the
peaks representing degradation products were not seen on
mass spectra, such a possibility cannot be excluded entirely,
since small fragments of less than 100 mass-to-charge ratio
were not detectable.

In our previous report we demonstrated that the equilibri-
um between the photoconverted, green-emitting form of the
dye, and the original, blue-emitting form [1] was reached
60 min after UV exposure. In this experiment all measure-
ments of the relative amounts of both forms were based on
their fluorescence intensities. However, it is important to note
that in order to induce and measure fluorescence intensity of
the original and the photoconverted dye, the samples had to be
exposed periodically to UVand blue exciting light. This raised
a question as to the possible role of these short light exposures
in further modifications of the original and the photoconverted
molecules. The potential influence of these short illuminations
on the production and a final concentration of the
photoconverted forms can be eliminated in samples that re-
main and are analysed without exposure to intense light, as it
is done in a mass spectrometer (Fig. 2c,d). We note that, in the
MS experiments, in the absence of exposure to UV and blue
exciting light, the abundance of the UV-induced photoprod-
ucts and the forms induced by exposure to hydrogen peroxide
were stable for the duration of the experiment (2.5 h). This
observation suggests that the forms of Hoechst 33258 that
were generated by UVor H2O2 were stable in solution.

An issue to consider, when interpreting the MS experi-
ments (Fig. 2c,d), is the fact that mass spectrometry detects
the protonated forms of the dye, but does not directly provide
any information about the neutral form, which is most likely
the parental molecule in the UV- or oxidation-induced proton-
ation processes. Hoechst 1+, 2+ and 3+ that are detected by
MS most likely represent only a subpopulation of the whole
population of the dye in the investigated solutions. Unfortu-
nately, the relative concentrations of the protonated and the
neutral form remain unknown. Another issue that needs to be
taken into account is the fact that a large portion of Hoechst
33258 molecules may undergo irreversible photobleaching to
a nonfluorescent form. The MS data alone do not provide the
information if and which of the protonated forms are fluores-
cent, and whether other molecule rearrangements occur as a
result of photobleaching. Some of these missing pieces of
information can be extracted from analysis of MS and
spectrofluorimetry data, as described below.

Hoechst Green and Blue Fluorescence in Various pH
Environments

Blue and green fluorescence emissions of Hoechst 33258
(DNA-bound and in solution) are strongly dependent on pH
(Fig. 3 and 4a,b, see also Fig. 5 and 6b, c below). Subjecting
MSU 1.1 Hoechst-stained (2 μg/ml) fixed cells to

environments of various pH (0.5–3.5) resulted in generation
of a green fluorescence signal, which became detectable at
pH 3.0, and was very prominent in a highly acidic environ-
ment (pH=0.5–2.0) (Fig. 3a). The shapes of the emission
spectra of the forms of the DNA-bound Hoechst, that were
excited by blue light, were measured in a confocal micro-
scope, in environments of pH 2.0, 4.0, 6.0 and 7.4 (Fig. 3b).
No green fluorescence was detected at pH 6.0 and 7.4, but a
clear green emission was detected at pH 2.0. A comparison
between the green emission spectra of DNA-bound Hoechst
33258 subjected to an acidic environment (pH 2.0) and the
dye exposed to UV is shown in Fig. 3c. The spectra overlap
well and have their maxima at approximately 540 nm, sug-
gesting that the form (or forms) of the DNA-bound Hoechst
molecule, which is generated in a highly acidic environment,
exhibits the spectral properties that are very close to the form
which is induced by UV illumination of Hoechst 33258 in
solution.

Further confocal microscopy and mass spectrometry mea-
surements confirmed a very strong dependence of Hoechst
33258 blue and green fluorescence emissions on acidity of the
environment (Fig. 4a-d). Confocal microscopy demonstrated
that, as the pH decreased from 7.4 to 4, the intensity of
fluorescence of the original blue-emitting DNA-bound form
increased gradually. As pH decreased further, from 3.5 to 3.0,
the intensity of blue fluorescence of the DNA-bound Hoechst
increased sharply and fell again as pH decreased from 2.5 to
1.5 (Fig. 4a,b). A similar pH-dependent behaviour has been
demonstrated in the case of 1+ and 2+ form of the dye bymass
spectrometry, in solutions of various pH (Fig. 4c,d). Their
abundance also increased as pH decreased from 7.4 to 4 (1+
form) and 3 (2+ form) and fell sharply below pH 3.0 (Fig. 4d).
A comparison between the spectrofluorimetry and mass spec-
trometry data suggests that the 1+ form is likely the one which
emits blue fluorescence. It remains unclear, however, if the 2+
form emits blue or green fluorescence. It is also important to
consider that the existing body of data does not allow to
exclude a possibility that the protonated forms are completely
nonfluorescent and the green emitting forms have no electric
charge, and are, therefore, not detected by mass spectrometry.
Such a possibility seems highly unlikely, however, since very
small fragments of the original Hoechst 33258 molecule
would not be expected to be fluorescent and exhibit affinity
to DNA. One should also note that mass spectrometry exper-
iments provide no information about the concentrations of the
parental, uncharged form of Hoechst 33258, which may also
exhibit blue emission.

A different pH dependence was observed for the DNA-
bound green-emitting form. Fluorescence intensity, and pre-
sumably the concentration of this form, was very weak at
neutral pH and increased sharply in pH range 2.5 to 0.5
(Fig. 4a,b). In mass spectrometry data a similar pH depen-
dence was seen for the 3+ form only. It was abundant at
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pH 2.5, which was the lowest pH investigated by MS. The
abundance of the 3+ form was very low at neutral pH, and
increased sharply when pH decreased from 3.5 to 2.5
(Fig. 4c,d). Therefore it is possible that the green emitting
form of Hoechst 33258, which is induced by a high concen-
tration of protons at pH 2.5–3.5, may be the 3+ form. It is also
possible that a 4+ form is generated at pH below 2. This form
might be difficult to detect in solution, in the presence of the
abundant 2+ and 3+ forms, but could become readily detect-
able in a microscopy experiment, due to binding and

accumulation in cells. Interestingly, the staining pattern at
pH 0.5–2.0 differs from the typical Hoechst 33258 staining
of nuclear DNAwhich is seen at pH 2.0–7.4. At pH 0.5–2.0
nucleoli become brightly stained, while chromatin exhibits
only very weak signals (see also Fig. 6b). Thus a possibility
exists that a highly protonated form of the dye which predom-
inates in the pH range of 0.5–2.0 has an affinity to RNA.
However, the abundances of various protonated forms at pH
below 2.5 remain unknown. Although we conducted mass
spectrometry studies at lower pH, we noticed a strong

Fig. 3 Spectral properties of the
green emitting form of Hoechst
33258 generated by UVor acidic
conditions. a – DNA-bound
Hoechst 33258 green
fluorescence in various pH
environments. Confocal
microscopy images of the green
emitting form (or forms) of the
dye generated after subjecting
MSU 1.1 fixed cells, stained with
Hoechst 33258 (2 μg/ml), to
solutions of various pH (2.0, 4.0,
6.0 and 7.4). b – Hoechst 33258
green emission curves in various
pH environments. Fluorescence
spectra measured in a confocal
microscope after subjecting the
fixed, stained cells to solutions of
various acidity (pH 2.0, 4.0, 6.0,
7.4) demonstrate a weak signal at
pH 4.0 and a strong green
emission at pH 2.0. c – DNA-
bound Hoechst green emission
spectra recorded after exposure to
UV (squares), and in low pH
solution (circles). The spectra
show significant similarity
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Fig. 4 Dependence of the
intensities of Hoechst 33258 blue
and green fluorescence, and the
abundances of the protonated
forms, on acidity of the
environment, analysed by
fluorescence confocal
microscopy and mass
spectrometry. a – Fluorescence
microscopy detection of blue and
green emissions of the DNA-
bound Hoechst 33258, in
solutions of various pH. In both
sets (blue and green) the top rows
present control images - the blue
or green fluorescence of Hoechst
in PBS. The γ-function of the
images presenting blue
fluorescence of Hoechst was set
to 0.75. The bottom rows show
images of the same preparations
submerged in solutions of various
pH. Detection conditions for blue
emission – exc. 405 nm, em. 430–
470 nm; green emission: exc.
458 nm, em. 480–600 nm. b –
Intensities of green and blue
fluorescence of DNA-bound
Hoechst 33258 derived from
fluorescence images. The
maximum intensity of the green
emission is detected in pH range
0.5-2.5, while the maximum
intensity of the blue emission in
pH range 2.5–3.0. c – Mass
spectrometry detection of various
Hoechst 33258 protonated forms
in solutions of different acidity. d
– The abundances of various
protonated forms of Hoechst
33258 in solutions of various
acidity, based on mass
spectrometry data
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fragmentation of the dye molecule (data not shown). This
phenomenon complicated interpretation ofMS spectra record-
ed at low pH.

Fluorescence Spectra of the Original Blue-Emitting
and the Converted Green-Emitting Forms

The spectrally resolved microscopy data of DNA-bound
Hoechst (Fig. 3 and Fig. 4a,b) were supplemented with
spectrofluorimetry data of the dye solutions of different pH
(Fig. 5). Intensity of the blue emission of Hoechst 33258 (we
hypothesize that this emission can be attributed to the 1+ and
possibly the 2+ form) in solution reached the highest value at
pH 4. This was similar to microscopy measurements that
showed the strongest blue emission of DNA-bound Hoechst
in the buffers of pH 2.5–3.0. Note that the pH scales of
microscopy and mass spectrometry experiments do not direct-
ly correspond to each other, as discussed below.

Spectral properties of the green-emitting form were more
difficult to study, as demonstrated by Fig. 5. The low pH
solution of Hoechst 33258 placed in a spectrofluorimeter most
likely still contained all forms of the dye (0, 1+, 2+ and 3+ and
possibly even the 4+), as might be inferred from the data
obtained for the DNA-bound dye (Fig. 4). Thus, the putative
triple-protonated green-emitting form of Hoechst 33258 was
probably only a minor subpopulation of a large pool of mol-
ecules in all protonation states. It is reasonable to expect that
the predominant form of Hoechst 33258, which is represented

in such a solution, is still the original blue-emitting form. Thus
the unprocessed emission spectrum of the solution is a con-
volution of emissions of all protonated forms and contains
only a small contribution from the green emitting form or
forms. Spectral separation of the blue and the green emitting
forms is much easier in the case of a DNA-bound dye in a
microscopy experiment. In this setting the photoconverted
form is concentrated on nuclear DNA. Photoconversion of
the DNA-bound dye is readily detectable and the blue and
green emissions can be efficiently separated by using appro-
priate combinations of excitation wavelengths and the emis-
sion filters.

Reversibility of the Process of Hoechst 33258 Protonation

We demonstrated previously that subjecting Hoechst 33258 to
a highly oxidising environment (30 % H2O2) resulted in
generation of a green-emitting form of the dye, and that this
process was fully reversible [1] (Fig. 6a). Here we hypothesize
that the 3+ (and possibly the 2+) protonated forms of Hoechst
33258 induced by the environment of pH below 4 might be
similar or identical to the green emitting forms of the dye
induced by UVand, possibly, by oxidising conditions as well.
We also presume that the 4+ form might be generated at pH
below 2.0. Thus, we have examined the reversibility of the
protonation of Hoechst 33258 which was induced by low pH.

We subjected the DNA-bound dye to a highly acidic envi-
ronment (pH=1.0) in turns with a neutral-pH environment

Fig. 5 Excitation and emission
spectra of the original blue-
emitting form of Hoechst 33258
(10 μM) and the protonated forms
of the dye in solutions of different
acidity (0.5, 2.0, 3.0, 4.0, 7.4 and
11.5) measured in a
spectrofluorimeter. The highest
intensity of the green emission is
detected at pH 4.0
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(pH=7.4) (Fig. 6b). As described previously, this low pH led
to generation of the green emitting form which stained nucle-
oli rather than DNA in chromatin. Repeating this cycle of
exposures to highly acidic and neutral environments resulted
in appearance and disappearance of the green emitting form of
the dye, suggesting that this process (i.e. generation of the
protonated forms, including the putative 4+ form) was indeed
fully reversible (Fig. 6b). Moreover, when cells stained with
Hoechst 33258 were illuminated with UV, using a standard
mercury metal arc lamp (360/40 nm emission filter, 11 mW),
the green-emitting form was generated as expected (Fig. 6c).
This form stained DNA in chromatin, suggesting that this was
the 3+ form. When a sample treated according to this proce-
dure was subjected to the repeated cycles of a highly acidic
(pH 1.0) and neutral environment, a concomitant appearance
and disappearance of Hoechst 33258 green fluorescence in
nucleoli was detected. This observation and the previously

described data (Fig. 4) indicate that the UVexposure as well as
pH of approximately 2 to 4 may be inducing the 2+ and the 3+
form, which have affinity to DNA, while the pH 0.5–2.0 may
induce the 4+ form which exhibits affinity to RNA.

Discussion

In thework described abovewe investigated generation of green-
emitting forms of Hoechst 33258 (DNA-bound and in solution)
by UV, oxidising conditions and by environments of low pH. In
interpretation of our data we consider the 1+, 2+, 3+ and 4+
forms of the molecule. It is important to recognise, however, that
the presence of the protophilic atoms of nitrogen in the molecule
of Hoechst 33258 provides conditions for inducing many forms
within a group embraced by a given net electric charge. For

Fig. 6 Reversibility of changes of intensities of the blue and green
emissions of DNA-bound Hoechst 33258 in fixed cells. a – Induction
and disappearance of the green fluorescence emission signal during
exposure of DNA-bound Hoechst 33258 to oxidising (30 % H2O2) and
nonoxidising conditions (PBS), detected by fluorescence confocal mi-
croscopy (as shown in [1], Fig. 6). Theγ-function of the images was set to
0.5. b – Induction and disappearance of the green fluorescence emission
signal during exposure of Hoechst 33258 to low (pH=1.0) and neutral
(PBS, pH 7.4) acidity environments (PBS), measured in a fluorescence

confocal microscope. The γ-function of the images was set to 0.5. c –
Acidity-induced reversible changes of the intensity of UV-induced
Hoechst green fluorescence. The green emission of Hoechst was induced
by UV in the same way as in the previously described experiments.
Subsequently the photoconverted form of Hoechst was subjected to
changes of acidity. The photoconverted, green emitting form of the dye
exhibits reversible changes of the green emission, in response to changes
of acidity of the environment. The γ-function of the images was set to 0.5
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instance, the fully protonated 4+ form may actually represent a
mixture of several forms from among 128 possible protonation
states [3]. Also, the neutral form may actually represent a mol-
ecule with one deprotonated and one protonated nitrogen atom
[2]. Thus, the various protonated forms to which we refer in the
text should be understood as potentially representing one of the
structures described in Fig. 1 and based on [3], or othermolecular
structures that also yield a given net charge.

Mass spectrometry data presented in our report indicate
that UV, exposure to oxidising conditions and low pH gener-
ate protonated forms of Hoechst 33258. Under the conditions
we used, UV as well as oxidation appeared to induce 1+, 2+
and 3+ forms. Acidity led to generation of 1+, 2+, 3+ and
possibly 4+ form as well. The protonation states that we
observed were dependent on pH as would be expected.

MS and spectrally resolved data describing Hoechst 33258
in various pH environments were gathered in order to provide
more information about the chemical nature of the green-
emitting form (or forms) of the dye. This approach was based
on an assumption that not only the parental molecule of the
dye, but also the protonated forms of Hoechst 33258 emit
fluorescence. In principle one should also consider a possibil-
ity of the protonated forms being nonfluorescent. In this case
any attempt to link fluorescence changes (the observed shift to
longer wavelength) with the protonation states would have no
ground. As mentioned before, such a scenario is unlikely,
since one would have to assume that all the protonated forms
of Hoechst 33258 are nonfluorescent, while some other forms
that carry no electric charge and are undetectable by MS
would exhibit blue and green fluorescence. Such a possibility
is highly improbable. Thus, in our reasoning we assume that
the protonated forms are indeed fluorescent, and their spectral
properties depend on their protonation state.

A comparison between the pH-dependent changes of abun-
dances of various protonation forms of Hoechst 33258, as
demonstrated by MS, and changes of fluorescence properties
measured with spectrally resolved microscopy and
spectrofluorimetry, leads us to postulate that the 1+ form emits
blue fluorescence, while the green-emitting form induced by
UV or low pH is the 3+ form (and possibly the 4+ form as
well). This reasoning is based on the observation that the
abundance of 3+ form detected by MS, and the intensity of
fluorescence of the green form detected by spectrally resolved
microscopy, increase rapidly as pH falls from approximately 4
to 2. The ranges of pH at which the increases occur are similar,
however we note that the local pH in the immediate vicinity of
DNAmay differ slightly from the pH in the bulk of the buffer.
This putative difference may mean that the DNA-bound
Hoechst reside in an environment of somewhat different pH
than the bulk solution i.e. different than the value given on the
axis of the graph in Fig. 4. Moreover, it is not known if any
quenching of fluorescence occurs in the case of DNA-bound
Hoechst, and how acidity influences this process and the

overall detected fluorescence intensity. While the green fluo-
rescence can be attributed to the 3+ form with fair confidence,
unfortunately, the available MS and fluorimetry data are not
sufficient to assign blue or green emission to the 2+ form.

It is possible that the 4+ form was induced at pH below 2.
MS studies of Hoechst 33258 in such a highly acidic environ-
ment were complicated by fragmentation of the molecule.
Moreover, according to Ladinig et al. 2005 [3] the 4+ form
of Hoechst becomes significantly represented only at pH<0.
Therefore, in order to visualise it onMS spectra it is necessary
to generate a very high concentration of this form in solution,
which is technically cumbersome. In contrast, microscopy
visualisation of the 4+ form is easier due to a high local
concentration of this form bound to nucleic acids, and an
ability to spectrally separate green and blue emissions using
carefully selected excitation wavelengths and emission filters.
Microscopic spectrally resolved data indicate that the form of
the dye which is present at pH 0.5–2.0, that is a putative 4+
form, exhibited affinity to RNA. Conspicuously, the nucleoli
of the fixed cells were brightly stained (green emission), while
the areas rich in DNA emitted only very weak fluorescence. In
this context it is important to mention that Hoechst 33258, as
most if not all fluorescent probes used for labelling DNA,
exhibits also some affinity for RNA [12]. Thus, the putative
4+ form may differ from 1+, 2+ and 3+ forms by having a
higher affinity to RNA than DNA. Such a phenomenon,
although unexpected, agrees with the fact that small modifi-
cations of the bis-benzimidazole molecule have been shown to
result in strong changes of affinity and mode of binding to
DNA [13, 14]. Interestingly, the issue of a relationship be-
tween protonation of Hoechst 33258 and a conformation of
the molecule appears to remain unresolved, since minor as
well as substantial conformation changes were postulated [2].
There is another factor which may have contributed to the
nucleolar staining we observed. It is possible that under the
acidic conditions self-quenching of fluorescence of Hoechst
bound to DNA becomes very efficient, while quenching on
RNA is poor. Such a phenomenon could contribute to the
pattern of staining observed at pH below 2. More experimental
work is required to resolve this issue. Another factor whose role
is difficult to assess is denaturation of DNA at low pH, poten-
tiated by exposure to exciting light [15]. However, we postulate
that this phenomenon was not responsible for the staining
pattern we observed, since acid denaturationwould be expected
to generate single stranded DNA. Such denatured DNA might
be expected to be stained green, as RNA in nucleoli, at low pH.

Our observation of changes of the blue fluorescence emission
accompanying protonation are in agreement with the previous
reports, suggesting that changes in the chemical structure of
Hoechst 33258 result in significant changes of the electronic
charge distribution and, as a consequence, the spectral properties
of the dye [5]. Also the data reported here are consistent with the
view that the predominant form of Hoechst 33258 in a neutral
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pH is the single-protonated form, while in a low pH environ-
ment it is the triple-protonated form [3], and at pH 4.5 Hoechst
33258 exists in a double-protonated form. Hoechst 33258 fluo-
rescence emission spectra, excited by 365 nm, recorded at four
different pH values (7, 4.5, 1.5 and 11) were reported before [5].
It is reasonable to expect that at this excitation only the emission
component whichwe briefly refer to as ‘blue’was detected. This
study showed that lowering the pH value from 7 to 4.5 resulted
in a significant increase in fluorescence yield of Hoechst 33258
and in a red-shift of the emission spectrum by ~22 nm. Presum-
ably this shift was associated with generation of the 3+ proton-
ated form of the molecule. Further lowering of the solution pH
did not result in any further increase, but on the contrary, it led to
a decrease of the fluorescence intensity. We have also seen an
increase in the blue fluorescence of Hoechst in solution treated
with solution of pH value 4.0 (Fig. 5) and Hoechst 33258 on
DNA in the pH value of 3.0 (Fig. 4), nevertheless we have not
noticed any increase of the blue (or green) fluorescence of
Hoechst in a strongly alkaline environment. Mass spectrometry
showed that in a strongly alkaline environment (pH ~11.0)
Hoechst 33258 underwent strong ionisation with no prominent
peaks of the protonated forms visible on MS-spectra (data not
shown). Microscopy and spectrofluorimetry also confirmed that
when Hoechst was subjected to a highly alkaline environment
its blue fluorescence was significantly decreased (Figs. 4 and 5).

The dependence of the intensity of Hoechst 33258 blue
fluorescence on pH was also reported by Görner and collab-
orators [16]. These experiments showed that Hoechst reached
the highest intensity of the blue fluorescence around pH value
4.0. In our experiments the highest blue fluorescence intensity
of Hoechst 33258 was observed near pH value of approxi-
mately 3.0 (Fig. 4). This difference may arise from the fact that
in our experiments DNA-bound Hoechst was investigated
while the data in the report [16] describe measurements of
Hoechst 33258 in solution.

Conclusions

Upon exposure to UVDNA-bound Hoechst 33258 undergoes
photoconversion to a blue-excited green-emitting form. Mass
spectrometry revealed that UV, as well as exposure to
oxidising conditions, result in generation of the protonated
(1+, 2+, 3+ and possibly the 4+) forms of the dye. While the
1+, 2+ and 3+ forms of the dye exhibit affinity to DNA
(fluorescence of nuclear DNA is strong, while RNA is very
weak), the protonated form which exists in pH 0.5 (presum-
ably the 4+) exhibits affinity to RNA.
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Introduction

In order to study the functional architecture of chromatin 
at the nanoscale, highest resolution light microscopy of DNA 
in intact 3D cell nuclei should prove to be a major source 
of information. Several attempts to investigate chromatin 
nanostructure by super-resolution microscopy have been 
undertaken either by detecting the GFP-tagged core histones,1-3 
or by imaging fluorescently labeled DNA, using cyanine 
intercalators4,5 (YOYO-1, TO-PRO-1), minor groove binders4,5 
(SYTO, PicoGreen), or by a special bleaching-based approach 
termed generalized single molecule high-resolution imaging with 
photobleaching (gSHRImP) on POPO-3 labeled DNA.6 DNA 
intercalators, however, can interfere with the DNA structure.24 

Recently, super-resolution on the single molecule detection 

level using a DNA precursor analog, 5-ethynyl-2 -́deoxyuridine 
(EdU), was reported, following incubation throughout a complete 
cell cycle.7 EdU was labeled with a standard fluorophore using 
a “click” reaction. However, such long-term incorporation of 
DNA precursor analogs results in toxicity8 (affecting cells before 
fixation) and in a variety of staining patterns.

So far, all methods for direct single molecule localization 
microscopy of nuclear DNA have suffered from serious 
drawbacks. The lack of a proper tool for accurate direct imaging 
of DNA nanostructures poses a major obstacle to the investigation 
of nuclear processes such as studies of spatial relationships 
between global DNA distribution and specific replication 
units, transcription and splicing complexes, or linker DNA 
and nucleosome core proteins (for a review see9). The recently 
described UV-induced photoconversion of standard DNA 
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Several approaches have been described to fluorescently label and image DNA and chromatin in situ on the single-
molecule level. These superresolution microscopy techniques are based on detecting optically isolated, fluorescently 
tagged anti-histone antibodies, fluorescently labeled DNA precursor analogs, or fluorescent dyes bound to DNA. 
Presently they suffer from various drawbacks such as low labeling efficiency or interference with DNA structure. In this 
report, we demonstrate that DNA minor groove binding dyes, such as Hoechst 33258, Hoechst 33342, and DAPI, can 
be effectively employed in single molecule localization microscopy (SMLM) with high optical and structural resolution. 
Upon illumination with low intensity 405 nm light, a small subpopulation of these molecules stochastically undergoes 
photoconversion from the original blue-emitting form to a green-emitting form. Using a 491 nm laser excitation, 
fluorescence of these green-emitting, optically isolated molecules was registered until “bleached”. This procedure 
facilitated substantially the optical isolation and localization of large numbers of individual dye molecules bound to DNA 
in situ, in nuclei of fixed mammalian cells, or in mitotic chromosomes, and enabled the reconstruction of high-quality 
DNA density maps. We anticipate that this approach will provide new insights into DNA replication, DNA repair, gene 
transcription, and other nuclear processes.
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minor groove binding dyes opens new opportunities in super-
resolution imaging of chromatin in situ. In combination with 
the aforementioned questions related to nuclear nanostructures, 
this UV-induced photoconversion of DNA minor groove binding 
dyes promotes super-resolution imaging of chromatin in situ.10,11

Among a wide variety of DNA stains applied in fluorescence 
microscopy, the DNA minor groove binders bisbenzimide 
Hoechst and DAPI are the two most commonly used. Both 
have their excitation maxima around 360 nm and their emission 
maxima around 460 nm. Recently it has been shown that both 
dyes can be readily converted from the blue-emitting state to their 
green-emitting derivatives upon illumination with UV10,11 or  
405 nm laser light.11 Mass spectrometry studies demonstrated that 
under these circumstances Hoechst 33258 and DAPI undergo 
protonation.11 Interestingly, conversion of the blue-emitting into 
the green-emitting forms of these dyes may be driven by hydrogen 
peroxide as well.11 When excited with a 458 nm Ar+ laser line, 
these photoconverted forms of Hoechst 33258 and DAPI emit 
green fluorescence, with the emission maxima shifted from  
465 nm to 530 nm (Hoechst) and from 454 nm to 505 nm 
(DAPI).11 Furthermore, the photoconverted green-emitting 
forms of the dyes are bleached readily under blue excitation.11

Here we took advantage of these exceptional features of 
Hoechst and DAPI dyes, and employed them in single molecule 
localization microscopy (SMLM)12 of DNA in situ. A special 
SMLM approach, Spectral Position Determination Microscopy 
(SPDM) with physically modified fluorochromes,12,13 was 
applied. In this SMLM variant, blinking of standard fluorophores 
is induced by appropriate high illumination intensities at suitable 
excitation wavelengths, in the presence of a chemical environment 
favoring the processes of both blinking and photoconversion. In 
this blinking-based imaging approach molecules emit fluorescent 
bursts3 after stochastic recovery from a “non-emitting” form until 
they are bleached. Because of the possibility of multiple bursts 
being emitted from a single fluorophore, we use the term “signals” 
rather than “molecules” throughout the text. Means to eliminate 
such multiple detections in our experiment are described in 
Materials and Methods.

Interestingly, upon illumination with a high intensity 491 nm 
laser light, the green-emitting forms of Hoechst- or DAPI-stained 
DNA exhibit such stochastic blinking, which can be detected in 
the green-yellow channel. Thus, in a given field of view and at a 
given moment (under suitable illumination and environmental 
conditions), only a few, optically isolated molecules reside in the 
green-emitting fluorescent state. The emission induced by the 
491 nm excitation light can be recorded until the molecules are 
bleached. The center of an individual fluorescent burst designates 
the position of a single fluorescing molecule in the object space.12 
Subsequently, other molecules stochastically undergo the 
transition from the blue-emitting to the green-emitting form 
under simultaneous illumination with 405 nm light, again to 
be recorded individually. This enables the optical isolation of a 
number of closely spaced single molecules, and assignment to a 
joint localization map.

Here, we report on the first successful “nanoimaging” of the 
positions of Hoechst and DAPI molecules, using localization 

microscopy of chromatin in fixed mammalian cells, with an 
average precision of localization of 15–25 nm. Consequently, 
this new approach allowed us to perform optical imaging of 
the local distribution of DNA in the cell nucleus and in mitotic 
chromosomes with a high optical and structural resolution, down 
to a few tens of nanometers.

Results

Under the conditions used, we could not obtain blinking-
based superresolution images from the standard blue-emitting 
forms of the dyes. In a previous paper we noted that the signals 
of the green-emitting forms of both dyes, Hoechst 33258 and 
DAPI, are rather weak under standard experimental conditions.11 
Under these conditions the vast majority of the molecules bound 
to DNA remains in their blue-emitting form, except for a small 
fraction of the green-emitting form, which presumably remains 
in equilibrium with the parent form of the dye.11 The population 
of molecules in this green-emitting form can be enriched by  
405 nm-induced photoconversion.11 Controlling the power of 
the 405 nm illumination, the number of molecules in the green-
emitting form can be adjusted to fulfil the criterion of optical 
isolation required for localization based superresolution.

For detection of the green-emitting molecules, we used  
491 nm illumination with appropriate intensities. Without 
405 nm illumination, a lower blinking rate in the green-yellow 
emission channel was observed (see Fig. S1) (approximately 
11 signals per frame corresponding to 0.08 signals per µm2). 
Nonetheless, after the registration of 10 000 frames, the total 
number of approximately 110 000 detected fluorescent bursts 
was already sufficient to reconstruct an image based on molecule 
position information (see example in Fig. S1). Then, the 405 nm 
excitation was switched on, and in the following 10 000 frames, 
a substantially higher number of optically isolated fluorescence 
signals was recorded in the same sample region. Hence, at a 
given number of frames registered, the structural resolution 
was further enhanced due to a higher number of detected 
molecules. Subsequently, the 405 nm laser line was used in all 
further experiments resulting in a continuous replenishment of 
the population of the green-emitting photoproducts during the 
measurement.11 The different illumination modes using two 
lasers at 405 nm and 491 nm are compared in Figure 1. The 
emission spectra of the original (blue) and the photoconverted 
(green) forms of Hoechst or DAPI overlap significantly (Fig. 2G; 
Fig. S2). We selected a detection band in the green-yellow range 
(585–675 nm) to minimize crosstalk from the long-wavelength 
emission tail of the blue-emitting form.

Furthermore, our imaging protocol allows for significantly 
extended measurement times. The main reason for this is the fact 
that 491 nm light is only marginally absorbed by the original (blue) 
forms of the dyes (absorption maxima: Hoechst; λexc = 355 nm,  
DAPI; λexc = 364 nm). After the localization measurement 
including 405 nm illumination, the fluorescence intensity of the 
Hoechst 33258 blue-emitting form dropped to 89 ± 4% normalized 
to 100% prior to the experiment, while in the case without  
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405 nm illumination the fluorescence intensity decreased to  
88 ± 5% (n = 10 cells, the detailed protocol is described in Materials 
and Methods). A related approach, simultaneously utilizing two 
laser lines (for excitation and for induction of the blinking-
“on”-state), was already described for other fluorophores and 
was named STORM14/dSTORM.15 In contrast, in our protocol 
the two laser lines are used for generation and excitation plus 
reversible bleaching of the photoproduct (DAPI and Hoechst).

In order to perform single molecule localization microscopy 
experiments based on blinking of the green-emitting 
photoconverted form, the imaging buffer composition must 
be carefully adjusted in order to obtain a suitable blinking 
rate (frequency of switching between the non-emitting state 
and the state in which they emit fluorescent bursts, become 
detected and later localized). We observed a strong dependence 
of the blinking behavior in the green-yellow channel on the 
oxygen content of the embedding medium, when excited with  
491 nm light (Fig. S3). Oxygenation was modified by an oxygen 
scavenging system consisting of glucose oxidase and catalase in 
glycerol. We then determined the optimal concentrations of these 

enzymes (see Materials and Methods for details) and were able 
to obtain a 50-fold increase in the number of fluorescent burst 
signals detected, and a 200-fold increase in comparison to PBS 
(for detailed effects of the imaging buffer, see Supplementary 
Materials and Fig. S3). The optimized embedding medium 
was then used for all further experiments and resulted in the 
optical isolation and detection of numerous blinking molecules 
that stochastically emitted fluorescence bursts (for further 
information see Fig. S3).

We examined three bisbenzimide dyes (DAPI, and two forms 
of Hoechst) for use in localization microscopy of DNA with the 
aforementioned imaging protocol. We found that DAPI was less 
efficient for SMLM than Hoechst dyes, possibly due to higher 
crosstalk between blue-emitting and green-emitting forms which 
resulted in lower signal-to-noise ratio for single fluorescent 
molecules (Fig. 2G; Fig. S2). Thus, we favor Hoechst dyes for 
SMLM rather than using DAPI. Both Hoechst and DAPI exhibit 
a similar qualitative behavior under different illumination 
schemes as summarized in Figure 1. The use of these effects for 
SMLM is assessed experimentally in the following.

Figure 1. A putative scheme suggesting a photophysical mechanism for single molecule localization microscopy of photoconverted DNA minor groove 
binders, proposed on the basis of our experimental observations. Enlarged insets in (A) indicate DNA-bound dye molecules in a small subdiffractional 
area (rectangle) where only one fluorescent burst can be discerned per frame (t = 1, 2, 3, ...). Depiction of the effects of several modes of illumination:  
(i) High intensity 491 nm light applied after an intense 405 nm pulse: photoconverted molecules “blink” for several minutes after the pulse (in absence 
of the 405 nm excitation), indicating the existence of a light induced, non-emitting, reversibly bleached state; immediate saturation at the beginning of 
acquisition (t = 1) prevents the extraction of most single molecule signals. Closely spaced signals registered in the same frame are extracted incorrectly 
as a single point emitter due to diffraction (t = 2). Position coordinates are assigned to the fluorescent bursts detected in the green-yellow channel 
(red dots). (ii) When only high intensity 491 nm illumination is applied on the sample, blinking is rarely observed due to the low content of natively 
present green-emitting form of the dyes. This results in rather few localized signals in the green-yellow channel (Fig. S1). Spontaneous conversion 
of molecules to the green form might be possible; however we have no experimental proof. (iii) Simultaneous illumination of the sample with high 
intensity illumination at 491 nm plus low intensity illumination with 405 nm light as described in Materials and Methods. This approach allows not only 
an immediate registration of the blinking photoproduct after stochastic recruitment upon 405 nm illumination, but also the concomitant preservation 
of photophysical properties of the standard form. Time of acquisition may be freely expanded in order to register a large number of molecules in 
several tens of thousands of frames (t = …). We anticipate that Hoechst and DAPI can easily be applied to localization microscopy involving sequential 
pulse photoconversion (405 nm) and pulse excitation (491 nm). (B) Proposed schemes of photoinduced reactions: SF, Standard Form; PP, green-emiting 
photoproduct; PPrvbl , Reversibly bleached photoproduct; PPirvbl, Irreversibly bleached photoproduct. The reverse reaction of photoconversion can be 
proposed on grounds of a chemical equilibrium. Direct transition from the reversibly bleached state to the irreversibly bleached state can, e.g., be 
caused by photooxidation or photolysis.
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An application of the principle of blinking of bisbenzimide 
dyes is shown in Figure 2. It illustrates that a careful adjustment 
of the intensities of the 405 nm and the 491 nm lasers along 
with suitable imaging buffers and camera settings enabled precise 
localization of Hoechst 33258 molecules bound to DNA in the 
nucleus of a HeLa cell. All structural features of the widefield 
fluorescence image of the original, blue-emitting form of the 
dye (emission filter 470[70]) (Fig. 2C) are readily visible also in 
the localization microscopy image (Fig. 2A); however, the latter 
provides much better contrast and optical/structural resolution 
with much more recognizable details (Fig. 2, Fig. S4). Note that 
our acquisition system is optimized for SMLM measurements in 
terms of pixel size. Therefore, the widefield images presented as 
raw data are not optimal. In line with previous SPDM studies 
of histone H2B stably expressed with GFP,1 the nucleus shows 
a pattern of higher chromatin density regions adjacent to the 
nuclear envelope (Fig. 2B and F) and around the nucleoli 
(Fig. 2D), likely representing heterochromatin. An expected 
lower signal density of the photoconverted form of the dye is 
detected in the euchromatic regions, in agreement with the wide 
field image.

Furthermore, we applied our photoproduct-based localization 
microscopy method to “nanoimaging” of mitotic chromosomes, 
having a higher chromatin density than in interphase. To perform 
highly efficient DNA localization imaging under these conditions, 
it was necessary not only to adjust the intensities of both laser 
lines (491 nm and 405 nm), but to adjust the dye concentration 
as well, taking into account the resulting signal density of the 
structure of interest. Typically, in densely labeled objects, we 
observed a significantly reduced precision of signal acquisition 
and localization due to a high fluorescence background. Hence, 
we used a much lower concentration of Hoechst 33342 to acquire 
satisfactory SMLM images of the highly condensed mitotic 
chromosomes. A comparison between images recorded in the 
conventional resolution widefield mode and in the single molecule 
localization mode based on the Hoechst 33342 photoproduct 
explicitly demonstrates that the density of DNA in a condensed 
chromosome is non-uniform at the nanoscale, and small regions 
of higher and lower DNA density can be readily recognized 
(Fig. 3). Such microdomains of different DNA densities have 
been anticipated in metaphase chromosomes on the basis of 
transmission16 and scanning electron microscopy data,17 as well as 
near-field optical microscopy.18 Small chromatin subdomains are 
also predicted in chromatin coarse grain models.19 In the case of 
the localization images obtained here, dense chromatin clusters 
are readily distinguishable in the density map in Figure 3D.

The mean localization accuracy in this experiment (which 
quantifies the precision of position estimation in localization 
microscopy and hence impairs the achieved optical resolution) was 
estimated to be approximately 14 nm using the same evaluation 
algorithm as in Figure 3, in contrast to ca. 25 nm in the case 
of data obtained in intact nuclei stained with Hoechst 33342. 
We ascribe this difference to the lower background intensities 
(the absence of out-of-focus contributions) and to a short 
distance between the imaged object and the coverslip (possibly 
resulting in less detectable optical aberrations originating from 

differences in refractive indices). Both are due to the drastically 
reduced sample thickness in the case of mitotic chromosomes as 
compared with an interphase nucleus. However, using a different 
statistical noise model for the changed imaging conditions (for 
details see Materials and Methods), the localization precision was 
estimated to be 45 nm (see Fig. 3) (46 nm when the Thompsons’ 
assumptions were followed20). Similar values for the localization 
precision were also obtained in localization microscopy 
experiments using fluorescent proteins.21

Discussion

It is generally accepted that nuclear chromatin is organized on 
several levels of compaction. While the structure of the nucleosome 
is well known, the higher levels of chromatin organization are 
a matter of continuous debate. It is also broadly believed that 
these structures are difficult to preserve on the nanoscale. 
Thus, a promising approach to study chromatin structure must 
include careful fixation of the whole cell rather than attempts to 
isolate chromatin in a native state for further studies. Electron 
spectroscopic imaging has opened a new avenue to localize 
precisely certain elements, such as phosphorus or nitrogen inside 
a cell nucleus.22 However, the labeling specificity on a level of 
compounds, rather than elements, can be easily implemented 
using fluorescence microscopy. Nevertheless, until recently 
the optical resolution of conventional fluorescence microscopy  
(~200 nm in the image plane and ~600 nm axially) has been 
far too low to precisely study the nanostructure of chromatin. 
The recent progress of super-resolution optical methods such as 
STED, SIM, and SMLM (PALM, STORM, SPDM, GSDIM, 
and a number of related techniques; for review see Cremer and 
Masters23) generated the methodological basis for 3-dimensional 
imaging of chromatin nanostructures. The localization 
microscopy described in this report, based on “nanoimaging” of 
minor groove binding DNA dyes, constitutes the next step in this 
direction.

Localization microscopy of a low molecular weight fluorescent 
dye, which is tightly bound to DNA, offers potential advantages 
over the techniques that have been proposed so far. Super-
resolution imaging of chromatin based on detection of the core 
histones is promising, but is also affected by the limited access 
of an antibody or detachment of histones during replication, 
transcription or repair. The possibility to study the DNA 
conformation on the nanoscale may provide key information 
regarding the accessibility of chromatin to these factors. 
Another possibility is to label the total DNA directly by means 
of introducing DNA precursor analogs, a technique which is 
expected to be limited by the toxicity of the modified nitrogen 
base,8 but which could effectively be combined with our protocol. 
In our experiments, cells were first fixed in a way that preserves 
the original configuration and structure to a high degree, and 
then fluorescently labeled, constituting a viable option in high 
resolution imaging. For successful localization microscopy 
experiments, the fluorescence emission rate of the single molecule 
emitters must be high, and the blinking rate of these emitters must 
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Figure  2. Structure of HeLa cell nucleus imaged by means of single molecule localization microscopy of the Hoechst 33258 photoproduct. Image 
acquired with high intensity laser excitation 491 nm combined with low intensity 405 nm light. (A) Localization microscopy of an optical plane through 
the entire nucleus allowed identification of approximately 400 000 signals. Localized points were blurred with the respective localization precision. Scale 
bar represents 1 µm. (B) Magnifications of a heterochromatic region in the vicinity of the nuclear envelope: (B1) widefield mode, (B2) photoproduct-
based localization mode. Inserts correspond to 2.7 µm × 6.5 µm. (C) Raw data of a widefield preaquisition of the regular Hoechst form (λexc = 405 nm, λem 
= 450–490 nm). (D) Magnified inserts of a 1.8 µm × 1.8 µm region embracing a nucleolus: (D1) widefield mode, γ = 3, (D2) photoproduct signal positions 
blurred with the corresponding localization precision; (D3) point representations of localized signals. (E) The histogram of localization precision reveals 
an average value of roughly 27 nm, corresponding to an optical two-point resolution of individual molecules of about 70 nm. (F) Plot profile through 
the heterochromatic region indicated in (B) using widefield (red) and localization microscopy (black). (G) Emission spectra of DNA bound Hoechst 33258 
(λexc = 405 nm, black) and its photoproduct (λexc = 458 nm, red) obtained with a confocal microscope equipped with an adjustable emission spectra 
(10 nm step size) as described previously.11 The transmission band of the fluorescence emission filter used in the SMLM acquisitions is marked in green.
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provide for optical isolation, i.e., a sparse distribution of a few 
detected molecules in any acquired frame. These preconditions 
have been fulfilled so far by YOYO-1 and YO-PRO-1 cyanine 
dyes intercalating between DNA bases.4,5 These dyes were applied 
to high quality localization imaging of small DNA structures 

such as bacterial chromosomes 
or single chromatin fibers, 
however with lesser success to 
eukaryotic nuclei.5 The influence 
of intercalation between DNA 
bases on the overall structure 
of chromatin in a cell fixed 
by crosslinking methods is 
expected to be low, but needs 
to be investigated. Moreover, a 
prospect of imaging the structure 
of chromatin in live cells ought 
to be explored. It has been shown 
that DNA intercalators disturb 
interactions between the linker 
histone (H1) and DNA, while 
minor groove binders do not 
have such an effect.24 Histone 
H1 is a key factor in the control 
of chromatin higher order 
structures. Removal of a fraction 
of the H1 population from 
the DNA results in chromatin 
aggregation and disturbs the 
nuclear structure entirely. Thus 
DNA intercalators do not hold 
promise for super-resolution 
imaging of DNA in live cells. 
In contrast, DNA minor groove 
binders do not interfere with the 
interaction between histone H1 
and DNA in vivo, and do not 
cause chromatin aggregation 
and various subsequent adverse 
effects.24

As we have demonstrated in this 
report, three popular DNA minor 
groove binding dyes, Hoechst 
33258, Hoechst 33342, and 
DAPI, can be used to reconstruct 
localization microscopy images 
of DNA by exploiting the 
phenomenon of their UV-induced 
photoconversion.10,11 The 
localization microscopy images 
presented here depict regions of 
high and low DNA concentration 
at molecular optical resolution: 
on average, the smallest detectable 
distance between two individual 
Hoechst/DAPI molecules can be 

estimated by converting the localization accuracy to the width 
of the probability distribution of the position of the detected 
molecule (which equals ca. 2.3 times the localization accuracy 
achieved),25 namely approximately 50 nm. This method of 
imaging cell nuclei outperforms previous conventional (Fig. S5) 

Figure  3. Single molecule localization microscopy of mitotic chromosomes stained with Hoechst 33342. 
Comparison of (A) the widefield image (raw data, collected in 450–490 nm range) and (B) the localization 
image of chromatin assessed by application of low intensity 405 nm together with high intensity 491 nm 
light shows the superiority of the latter. The localization image (B) depicts the density map of chromosomes 
obtained from blinking Hoechst 33342 photoproduct molecules. Common background signals stem from 
cellular debris containing DNA, possibly originating from detached chromatin fibers and mitochondria. 
Scale bar corresponds to 1 µm. (C) Density map assessed by means of triangulation performed on the data 
set acquired in the photoproduct SMLM measurement of a single chromosome. Scale bar represents 500 nm. 
(E) Plot profile through both chromatids for widefield and localization images taken from the rectangular 
region indicated in (C). Enlarged inserts indicated with the dashed line on (C): (D1) enlarged fragment of the 
density map, (D2) point representation of the data set processed for density maps, circles indicate examples 
of signal clusters. Scale bar in (D) is 200 nm. In (E) a spatial modulation of the signal below the diffraction limit 
is observed. Emission spectra of Hoechst 33342 and its photoproduct are available in Figure S3A.
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and localization-based methods in terms of resolution, sampling 
rate of the labeled DNA containing structure, photostability of 
the dyes, and simplicity of application in any laboratory without 
need of additional complex evaluation software as previously 
reported.6 Moreover, preliminary data (not shown) suggest that 
combination with other SMLM compliant dyes (e.g., Alexa, 
Atto, etc.) is possible and in the near future shall provide a novel 
tool for investigations of DNA associated proteins.

In our study, we have shown that the method is capable to 
produce nanoscale images of the nuclear DNA distribution using 
standard dyes, without the need to introduce foreign genes (e.g., 
for GFP) or base analogs (as e.g., EdU). The single molecule 
localization data sets will allow a large variety of quantitative 
evaluations (e.g., radial density analysis26), as well as tests of 
numerical models of the mammalian genome. It may be noted 
that the large DNA density fluctuations (up to almost two orders 
of magnitude) observed on the nanoscale (see Fig. S4) are not 
in contradiction to mutually disjunct chromosome territories 
(potentially giving rise to a specific interchromatin compartment). 
Both numerical model calculations and experimental evidence 
indicate that such chromosome territories (except a relatively 
small border zone of typically a few hundred nanometers) result 
in nuclear zones of very low DNA density. Such zones are clearly 
observed in the localization images presented here. We expect 
that future quantitative SMLM studies will allow measurements 
of the extent of the interchromatin domain compartment at 
substantially higher resolution than conventional fluorescence 
microscopy.

The reconstructed images obtained by means of localization 
microscopy have pointillistic features, hence, discrimination of 
fine details depends on the density and precision of position 
estimation of the molecules detected.27 A somatic cell genome 
consists of 6 × 109 base pairs,28 which comprises roughly 108–109 
putative binding sites for DNA minor groove binding dyes.29 
Assuming a nuclear volume of ~300 µm3 (ellipsoid with a lateral 
radius of 6 µm and an axial thickness of 4 µm) and an observation 
volume of ~50 µm3 (acquisition of the central cross-section in 
an optical section of ~0.5 µm thickness), approximately one 
sixth of these binding sites are present in the observed volume, 
corresponding to about 2 × 107 to 2 × 108 putative minor groove 
binding sites. At the present state of the art, the yield of the 
localization method described here allowed the identification 
of approximately 106 signals (assuming fluorescent bursts to 
represent individual molecules) with a concomitant loss of only 
10% of fluorescence intensity after an acquisition series, which is 
quite difficult to achieve in localization microscopy (Fig. S3C). 
This means that even the one million of localized dye binding 
sites which we detected in our experiments still constitutes only 
a minor fraction of all the dye molecules in this region. It should 
be noted that the fraction of dye molecules remaining in the blue-
emitting state for the entire acquisition time did not contribute 
to our localization images. However, it is also important to note 
that if one million of molecules are detected in a nuclear area of  
100 µm2 (and 500 nm thickness) the number of detected 
molecules amounts to 100 × 100 per 1 µm2 in the image. This 
also means that the projected image of this slice of the nucleus 

contains on average one localized molecule every 10 nm in the 
image (the distances in 3D space are obviously larger). Therefore, 
it seems reasonable to state that extending the amount of data 
collected (i.e., recording a larger number of fluorescence bursts) 
will eventually enable 3-dimensional super-resolution microscopy 
of chromatin on the single molecule level. Thus, we anticipate 
that this approach holds promise for solving structure and 
function questions that were not accessible to optical microscopy 
so far. Additionally, such microscopic data will provide the basis 
for quantitative evaluations of the distribution of chromatin also 
with the help of computer models of chromatin organization.

The method can be developed further and several questions 
still need to be answered. These include the importance of the 
AT-rich sequence preference of the three dyes used here for imaging 
of the entire nuclear chromatin.30,31 Studies of Hoechst 33258 in 
solution revealed that the fluorescence emission intensity in the 
presence of GC containing sequences is only half of that in the 
presence of AT repetitions.30 The latter are most often involved 
in the formation of heterochromatin and the different emissivity 
presumably leads to an overestimation of heterochromatin signal 
density and an underestimation in euchromatic regions.

Undoubtedly, many of the photophysical effects in SMLM of 
DNA binding dyes are still far from understood. Developing this 
technology requires better comprehension of the photoconversion 
mechanisms and of the blinking behavior for Hoechst dyes and 
DAPI. Their green-emitting forms appear to be more susceptible 
to light-induced changes, one of which being the exploited 
formation of a reversibly non-emitting form (Fig. 1; see also 
Fig. S2A). Such a non-emitting state was already reported for 
many standard fluorophores such as Alexa dyes or fluorescent 
proteins.1,12,32-34 One could also anticipate that, upon 405 nm 
illumination, the investigated dyes are converted into several 
chemically different forms that may interact, so cooperative effects 
underlying the process of blinking cannot be excluded.35 Apart 
from this, the effect of the 405 nm line on the blinking behavior 
of the green-emitting form of the dyes needs to be investigated 
further (for detailed discussion see Supplementary Materials). 
In our results, multiple detection of the same fluorophore due 
to reoccurring blinking cannot be excluded, resulting in an 
overestimation of the number of molecules detected. If such 
multiple blinking events occur frequently for each molecule, 
the detected signals will form a Gaussian distribution around 
the center position indicating the true fluorophore position. 
Due to the high labeling density we could not investigate such 
a distribution in our experiments, however on some individual 
fluorophores we recognized multi-blinking behavior.

As we have shown in this report, oxygen has a major influence 
on the blinking characteristics of green-emitting photoproducts 
of DNA dyes (Fig. S3), and only the utilization of oxygen-
depleted media may facilitate blinking rates suitable for SMLM. 
Interestingly, once an oxygen scavenging system is employed, 
blinking becomes apparent only in a narrow window of oxygen 
concentration. We attribute this fact to the necessity of establishing 
an optimal proportion between the populations of irreversibly 
bleached photoproduct molecules (involving oxygen36) and 
molecules moved toward some transient non-emitting state upon 
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high intensity 491 nm illumination (Fig. 1). The addition of the 
triplet state quencher mercaptoethylamine (MEA),37 previously 
used in dSTORM switching buffers,15 led to a nearly 40-fold loss 
in the number of fluorescence bursts detected (Fig. S3). Future 
photophysical studies will hopefully reveal the nature of blinking 
of fluorescent molecules such as the DNA-binding dyes Hoechst 
and DAPI.

We anticipate that the use of the DNA-minor-groove binders 
presented here for super-resolution localization microscopy will 
be of great value in furthering our knowledge about pivotal 
nuclear processes such as DNA replication, transcription, or 
repair. Moreover, the results described here are highly relevant to 
the contemporary challenge to acquire precise information about 
local DNA compaction on the single gene level (potentially in 
combination with fluorescence in situ hybridization, TALEN,38 
and the CRISPR/Cas system39 as recently used in superresolution 
microscopy), and to obtain super-resolution spatial maps of the 
whole genome. So far, a major limitation in the development 
of super-resolution methods for imaging of DNA is the still 
insufficient knowledge about the photophysical and chemical 
mechanisms of ‘blinking’. We believe that a deeper understanding 
herein will pave the way for true “nanoscopy” of DNA and other 
nuclear structures down to a few nanometers.

Materials and Methods

Cell culture and sample preparation
HeLa cervical cancer cells were grown on 0.17 mm thick 

coverslips in 6-well plates filled with Dulbecco’s Modified 
Eagles Medium supplemented with 10% (v/v) fetal bovine serum 
in 37 °C and high humidity. After 15 min fixation with 4% 
formaldehyde and following permeabilization using 0.5% Triton 
X-100, the cells were washed with phosphate buffered saline 
(PBS) and treated for 1 h with a 0.5 ml solution of aqueous RNase 
A (0.2 mg/ml, 37 °C). Afterwards, the DNA was stained for  
30 min with 1 ml aqueous solution of either Hoechst 33258  
(0.2 µg/ml), Hoechst 33342 (0.1 µg/ml), or DAPI 
(4’,6-diamidino-2-phenylindole, 0.2 µM), added directly to 
the 6-well plate. Such low concentrations should not provide 
unforeseen effects on the binding mode.40 Subsequently, cells 
were washed with PBS, then embedded in a solution consisting of 
glycerol with 10% imaging buffer (stock comprising 0.25 mg/ml  
Glucose oxidase, 0.02 mg/ml Catalase, 0.05 g/ml glucose in 
PBS), and immediately sealed with nailpolish. Measurements 
were performed instantly. For chromosome spreads we performed 
mitotic block on HeLa cells using vinblastine (126 µM for 4 h) 
followed by washing with medium. Afterwards the medium 
with mitotic cells was collected to 14 cm3 flask and centrifuged  
(150 g, 5 min). Subsequently, the cell pellet was resuspended in 5 ml  
75 mM KCl water solution for 10 min. Next, we added 5 ml 
fixative (3: 1 glacial acetic acid: methanol). After centrifugation 
(150 g, 5 min) cells were resuspended in ice cold fixative. This 
step was repeated at least 4 times. A cell suspension with 6 ng/ml 
Hoechst 33258 was dropped on a coverslip in horizontal position 
and air-dried until the fixative evaporated. Further sample 

preparation proceeded as mentioned above. All reagents were 
obtained from Sigma-Aldrich, Germany.

SPDM setup and measurements
The basic principle of the SMLM technique used here has 

been described in detail.12,13 Under appropriate physicochemical 
conditions, the fluorophores are driven into a long-lived “reversibly 
bleached”/“dark” state by high intensity illumination, followed 
by their stochastic recovery to the fluorescent state (SPDM with 
physically modified fluorophores, in the following abbreviated 
as SPDM). Single fluorophores returning to the fluorescent 
state remain fluorescing only for a short period of time until 
they bleach permanently or return to a reversible “dark state” 
again. This process of switching between different absorption 
and/or emission states has been termed “blinking” and allows 
for the optical isolation and localization of single molecules with 
super-resolution precision (raw images available in Fig. S2). The 
calculated localization accuracy20 (σ) is dependent on the number 
of detected photons (N), background noise per pixel (b), width of 
the point spread function (s), and pixel size (a) in the image plane 
and detection efficiency:

The structural resolution in localization microscopy (R) 
depends on the mean localization precision of individual 
molecules (< σ >) and the mean distance of detected molecules, d 
(reflecting a quality of sampling the structure of interest):

The SPDM method as described by Lemmer et al. 200812 did 
not utilize a secondary light source for conversion or activation of 
fluorophores and relied solely on suitable embedding media and 
adjusted laser parameters (wavelength and intensity) of a single 
laser light source. Using suitably high illumination intensities 
combined with a high number of registered frames, the use of 
the 491 nm excitation laser alone was in principle sufficient to 
obtain SPDM images of the green-emitting photoproducts. For 
the dyes presented in this report, however, it was advantageous 
to also use a low intensity illumination at 405 nm in addition to 
high intensity illumination at 491 nm; this allowed us to increase 
the number of signals detected by continuously recruiting green-
emitting photoproduct molecules during the measurement. 
Similar enhancements have been obtained in other cases also by 
dSTORM.15

For measurements, we used the custom built SMI-Vertico 
microscope.13 Both spectrally distinct forms of Hoechst dyes 
and DAPI were illuminated with 0.002 kW/cm2 by a 405 nm 
diode laser (Kvant Ltd) and with 1.5 kW/cm2 by a 491 nm DPSS 
laser (Cobolt AB, Sweden). The fluorescence was detected using 
a 1.4 NA oil immersion objective (HCX PL APO, 63×, Leica 
Microsystems GmbH) and a high quantum efficiency CCD 
camera (SensiCam QE, PCO Imaging). To achieve the high 
laser intensity necessary for the localization mode, an additional 
achromatic lens (f = 500mm, Chroma GmbH) was used to 
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focus the beam. The emitted fluorescence was registered after 
passing through the band-pass emission filters 470(40) (Thorlabs 
GmbH) and 630(90) (Semrock) for the 405 nm laser and  
491 nm laser, respectively. The detailed optical setup is shown in 
Figure S6.

During the experiments, raw image data stacks typically 
consisting of 20 000 images were recorded with an integration 
time of 65 ms. In these image stacks, the total number of separate 
fluorescent bursts identified per optical section of about 500 nm 
thickness through a cell nucleus ranged from about 400 000 to 
2 000 000, depending on the cell line used.

To detect and localize these single bursts, we used two different 
algorithms written in MATLAB (The Mathworks Inc). For the 
images of the interphase cell nuclei we used the fastSPDM software 
as described by Grüll et al.41 which is based on a center of gravity 
(CG) determination of the single molecule data. The software 
is particularly focused on high processing speed by efficient 
programming and possible application of field programmable gate 
arrays (FPGA).41 Single molecule fluorescence bursts that were 
localized in several subsequent frames within the radius given by 
the localization accuracy were rejected by the software with only 
one position counted in order to avoid multiple localizations of 
the same fluorophore. However, a single fluorophore may emit 
fluorescence bursts again at later times during the measurement. 
Due to the stochastic nature of the fluorescent bursts, present 
algorithms are very limited in rejecting such temporally distant 
events of the same molecule; so far this constitutes an unresolved 
problem in the SMLM imaging method.

For the chromosome images we applied an adjusted algorithm, 
which uses a more complex method for the background 
estimation as well as a more realistic noise model and is therefore 
computationally more intense. Also, a more robust detection 
routine for closely spaced signals was included in the alternative 
algorithm. The localization of single events was based on CG 
determination of the signal weighed according to the maximum 
likelihood principle. A more detailed description of the algorithm 
is beyond the scope of this paper and shall be discussed in a 
subsequent publication. The raw images of the chromosomes 
contained, due to their condensed nature, higher local densities 
of blinking signals and also a strongly fluctuating background 
signal. The more robust alternative detection algorithm was 
found to be better suited for the chromosome images than 
fastSPDM, whereas both methods delivered very similar results 
for the interphase nucleus images. For reconstruction of the 
latter we have therefore used the previously published fastSPDM 
algorithm.

The long acquisition times resulted in considerable mechanical 
drift of the stage. We corrected the lateral drift taking advantage 
of the underlying structure visible in a raw image sequence 
(averaged over 10 subsequent frames for one sample image) 
and calculating the auto-correlation between sample images 
and fitting two (for x and y) eighth order Fourier series to the 
acquired data to obtain the drift vectors.

Density maps of the DNA distribution in chromosomes were 
obtained using a triangulation procedure. Such an approach 
of visualization involves iterative, multiplied reconstruction 
of SMLM images and was described before.42 Figure 3 was 
reconstructed using 100 iterations.
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1. Excitation mode of the DNA dyes 

 For successful localization measurements in the SMLM technique, in general, single, 
optically isolated bursts of fluorescence are required for image reconstruction. Either 
substantially overlapping or too crowded signals will lead to a loss of positioning information 
(for details see Materials and Methods). Therefore, we optimized the 405 nm illumination 
intensity in order to identify as many resolvable signals (fluorescence bursts) of photoproduct 
molecules per frame as possible. A high 405 nm intensity (10 mW beam) applied to the 
sample caused saturation of the signal in the green-yellow channel, when intense 491 nm 
light (88 mW beam) was applied simultaneously. This stems from the fact that the 
number/density of molecules transferred from the blue-emitting to the green-emitting form 
upon illumination with 405 nm laser light became too high to be effectively read-out using 
491 nm excitation with subsequent single molecule position fitting. When the intensity of the 
405 nm laser was appropriately reduced, chromatin structures stained with the photoproduct 
became visible at an enhanced resolution in the reconstructed localization images. 
Eventually, using a very low power for the 405 nm excitation (0.05 mW beam), well isolated 
single molecule fluorescent bursts became prominent (Supplementary Figures S1, S2). Such 
a strategy takes advantage of the 405 nm-independent stochastic renewal of the fluorescent 
state (at 491 nm excitation) of the green-emitting form photoproduct upon high intensity 491 
nm illumination, since we still observed blinking of photoproduct after switching off 405 nm 
illumination. 

 

 It is worth mentioning that a detectable pool of a green-emitting photoproducts of the 
investigated dyes seems to be present even without performing stochastic photoconversion 
with 405 nm light1. Instead of using this light to carry out photoconversion one could increase 
the green-emitting photoproduct population by adjusting the composition of the embedding 
media. This means that it appears possible to eliminate 405 nm light (used for 
photoconversion so far) from our imaging protocol, and perform single excitation wavelength 
localization microscopy as originally reported in the single wavelength SMLM: SPDM 
approach.2 
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Supplementary Figure S1. The influence of illumination wavelengths on blinking rates of Hoechst 33258 bound 
to DNA in a typical HeLa cell nucleus. (A) In the first 10,000 frames, fluorescence was excited with a high 
illumination intensity with a single laser wavelength (491 nm only), and the fluorescence was detected in the 
green-yellow channel (585 - 675 nm), as described in the original SPDM approach.2,3 In the cell nucleus shown 
here, a total of about 110,000 individual molecule signals were detected. (B) Enhancement of the blinking rate per 
frame by induced photoconversion from the blue-emitting form to the green-emitting form of Hoechst 33258. After 
exposing the sample to a single 491 nm excitation illumination for 10,000 frames (and continuously acquiring 
images), an additional low intensity 405 nm illumination was applied (illumination intensity ca. 1,800x lower than 
that of the simultaneous 491 nm illumination) again acquiring 10,000 frames. This enabled us to record 
approximately 30,000 additional molecule signals (corresponding to an increase of about 30% compared to the 
single wavelength excitation approach). Usually the majority of signals during the measurement were detected at 
the beginning of the acquisition (see e.g. Supplementary Fig. S3C), due to the fact that the green-emitting 
photoproduct is originally in equilibrium with the standard form.1 The signal positions were blurred with the 
respective localization precision. (C) Number of detected fluorescent bursts; left column: total number of signals 
detected using 491 nm illumination alone (frames 1 - 10,000; an image reconstructed from these signals is shown 
in A); right column: total number of signals detected subsequently in the same cell using 491 nm excitation 
together with an additional low intensity 405 nm illumination (frames 10,001 – 20,000; reconstructed image 
depicted in B). 

 

 

 

As shown in Supplementary Figure S2, the fluorescence emission spectra of the original 
(blue-emitting) and the green-emitting form can be separated optimally in the green-yellow 
detection range. In general, a large red-shift facilitates the extraction of blinking signals from 
the background, thus in this respect the Hoechst dyes outperformed DAPI consistently. 

Frames  
# 1-10,000 

# 10,001- 
   20,000 

Frames: # 1-10,000 # 10,001-20,000 
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Supplementary Figure S2. (A) Normalized emission spectra of DAPI and Hoechst 33342. The regular form was 
excited with 405 nm laser light. The green-emitting photoproducts were excited with the 458 nm line of an Argon 
laser. Spectra were constructed using a confocal microscope with adjustable detection spectra (step size 10 nm) 
as described in Żurek-Biesiada et al. 2013.1 (B) Sequence of frames (raw image data) demonstrating single 
blinking molecules of Hoechst 33258 (first row), Hoechst 33342 (second row) and DAPI (third row) bound to 
nuclear DNA of HeLa cells. These images were obtained in widefield mode using 405 nm excitation and a 
470(40) emission filter. Blinking was observed upon simultaneous illumination with both low intensity 405 nm laser 
and high intensity from a 491 nm laser. Cells were embedded in glycerol and 5% of imaging buffer (the 
composition and the imaging protocol are described in Materials and Methods). Scale bar 1 µm. The magnified 
inserts represent 5.6 µm x 5.6 µm fields of view. 
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2. Influence of the buffer composition  

 

Supplementary Figure S3. The influence of the embedding media on blinking characteristics of the green-
emitting photoproduct of Hoechst 33258. After staining the cells with the dye (0.1 µg/ml) for 30 min the following 
media were tested: PBS, glycerol, glycerol with 10% Prolong Gold® (PG), glycerol with 5% imaging buffer (IB, 
oxygen scavenging system, concentrations given in Materials and Methods), glycerol with 5% imaging buffer 
containing 50 mM mercaptoethylamine MEA (oxygen scavenging system and a primary thiol, reported previously 
by Heilemann and coauthors4), imaging buffer scavenging oxygen and Prolong Gold®. Due to signal saturation 
and stabilisation of fluorescence, no blinking was  observed in the last two media. HeLa cell nuclei were imaged 
using 88 mW 491 nm excitation combined with 0.05 mW 405 nm excitation. The resulting images were obtained 
by recording 20,000 frames with 65 ms integration time. (A) The signal density is given in fluorescent bursts per 
unit area of cell nuclei. The mean values and standard deviation were calculated for 10 cells. (B) Typical images 
acquired in various buffer compositions. (C) The number of signals extracted per frame, averaged over 10 cells. 
For the sake of clarity, error bars are omitted. The first few frames were automatically discarded due to high 
overlapping of single molecule signals. 

 

 We investigated the influence of the following additives on the blinking rate: PBS, 
glycerol, oxygen scavenger, commercial antifade agents and thiols. For this purpose we 
employed the imaging protocol described in Materials and Methods. PBS and glycerol alone 
provide insufficient conditions for reconstructing images of nuclei due to fast bleaching 
(Supplementary Fig. S3). No fluorescence bursts could be detected after recording several 
image frames. In the case of glycerol supplemented with a small amount of Prolong Gold® 

standard antifade (Life Technologies, compatible with fluorescent probes such as Alexa 
Fluor® dyes and fluorescent proteins56), we detected much more fluorescence bursts. 
However, Prolong Gold® also gave rise to numerous cytoplasmic signals of increasing 
frequency (Supplementary Fig. S3). Nonetheless, a 10% dilution of Prolong Gold® in glycerol 
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suppressed bleaching. Our data suggest that a crucial role in blinking regulation of 
bisbenzimide dyes and DAPI is played by oxygen rather than the primary thiol. Blinking of 
Hoechst 33258 became prominent when the oxygen concentration was reduced. Such 
conditions were provided by using a medium containing glycerol with 5% imaging buffer 
(glucose oxidase and catalase system). Higher concentrations of imaging buffer were also 
tested (10, 20, 30 and 100%) but have not provided better results (data not shown, we 
cannot rule out the possibility in which slightly higher concentrations could be used 
successfully in combination with a 491 nm laser illumination intensity higher than what is 
available in our setup). We suppose that in such a system a decreased probability of 
interaction with oxygen might be a major factor also influencing blinking. However, once β-
mercaptoethylamine (MEA; 50 mM final concentration) was added to such a buffer, the 
blinking rate was reduced. It is possible that MEA interacts with oxygen, and, as a result, 
oxidation of its thiol group and formation of disulfide bonds occurs.7 Moreover, MEA is known 
to act as a triplet state quencher8. Any specific thiol reaction with the dye molecules, similar 
to the previously reported reactivity of cyanine dyes, can most likely be excluded.9 
Furthermore, in an oxygen-depleted environment (100% imaging buffer system or Prolong 
Gold®) fluorescence is stabilised and hardly any bleaching of both forms occurs, i.e. no single 
molecule signals could be extracted. Since oxygen is regarded as the major cause of 
photobleaching,10 we anticipate that adjusting the oxygen content helps to establish the 
optimal ratio between irreversible and reversible photobleaching of the photoproducts. 

 

3. Considerations on non-emitting state formation 

 ‘Blinking’ based localization microscopy procedures requires the transfer from a non-
emitting (or non-detectable) to a fluorescence emitting state and back to a non-emitting state 
('dark' state). A suggestion regarding the mechanism of non-emitting state formation in 
Hoechst dyes was put forward by Cosa and colaborators.11 They proposed a model in which 
Hoechst 33258 undergoes an intramolecular proton transfer between the phenol group and 
the bisbenzimide nitrogen under UV illumination.  As a result, an additional protonated centre 
may arise at the expense of the phenol group of Hoechst 33258 which may become 
susceptible to de-excitation in a non-radiative manner. Interestingly, previous mass 
spectrometry experiments demonstrated that UV illumination of DNA dyes in solution gives 
rise to the additional peak in the mass-to-charge spectrum, which can be attributed to the 
extra-protonated form of Hoechst 33258.1 However, this explanation of the 'dark' state 
formation seems unlikely in the light of our finding that Hoechst 33342 (phenol group 
replaced with ethyl group) and DAPI (no phenol group) also undergo photoconversion and 
blinking. 

 One may argue, however, that such a non-emitting state does not exist, and only the 
reaction which is a reversal of photoconversion, occurs. In such a case the green-emitting 
form, while exposed to a high intensity illumination of 491 nm light, would be expected to 
regain the initial spectral properties and return to the blue-emitting, standard form. Further 
studies on photophysical properties of bisbenzimide DNA dyes should test this hypothesis. 
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4. Hoechst 33258 fluorescence intensity profiles 

 In Supplementary Figure S4, four example profiles taken across a reconstructed 
localization image are shown. The profiles depicted (1-4) have a length of 1,000 nm and 
have been averaged across a width of 100 nm. Positions of the profiles taken are indicated in 
the reconstructed image. 

Supplementary Figure S4. Examples of 1000 nm long intensity plot profiles of Hoechst 33258 integrated across 
various sites within a HeLa cell nucleus (a width of 100 nm). The plot profiles are based on data taken from Fig. 2. 
The profiles were based on the individual localization data after Gaussian blurring with the respective localization 
precision. 
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5. Comparison of fluorescence microscopy techniques 

 A direct comparison of the same cell in SMLM, widefield and confocal laser scanning 
microscopy not available due to difficulties in relocating the same cell in independent 
microscope systems. In Supplementary Figure S5, we provide a comparison of similar cell 
nuclei from the three imaging devices. 

 

Supplementary Figure S5. Performance of various fluorescence microscopy approaches in independent 
measurements: Cell 1, image of human fibroblast acquired using widefield microscopy and then localization 
microscopy (SMLM), Cell 2, image of a secondary VERO-B4 monkey fibroblast taken using confocal light 
scanning microscopy (CLSM) - an approach providing best resolution in standard fluorescence microscopy. Cells 
were stained with Hoechst 33258. 

 

 

 

6. Optical setup 

 The basic optical setup (Vertico-SPDM microscope) has been described previously.3 
The laser beam enters the microscope after reflection from mirrors M1 - M6. Both laser 
beams (wavelengths: 405 nm and 491 nm) are combined using a long pass dichroic mirror 
(DM, ZT405RDC®, Chroma), which transmits wavelengths above 405 nm. The collimator 
composed of achromatic lenses (CL1, f = 30 mm, CL2, f = 200 mm) expands the beam 5x. 
The irises (I1 - I5) are used during alignment. The beam is focused into the backfocal plane 
of a 63x 1.4 NA objective by an achromatic lens (CdL, f = 60 mm) after reflection from the 
beam splitter (BS, quad-band dichroic mirror®, Chroma). The fluorescent light emitted from 
the sample passes first the beam splitter and then the emission filter (FF01-630/92, 
Semrock) mounted on a filter wheel (FW). Subsequently, the light is focused by a tube lens 
(TL, f = 200 mm) onto the CCD chip of a highly sensitive 12 bit black-and-white camera 
(CAM). In order to implement the localization mode, for high laser illumination intensity, a 
localization lens (LL, f = 500 mm) is inserted in the optical pathway, decreasing the 
illuminated area in the sample plane to a Gaussian spot of roughly 60 µm diameter at full 
width at full maximum.  
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Supplementary Figure S6. Optical setup for localization microscopy measurements. For a description of the 
parts, see section 6: Optical setup. 
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CHAPTER 3. FUTURE PERSPEC-
TIVES

As the conventional microscopic methods do not allow obtaining imaging resolution
better than 180 nm in the lateral (xy) plane, and 500 nm in the axial (z) plane [2], the
nearest future of microscopy lies in further development of super-resolution microscopic
techniques. As for now, super-resolution microscopy has brought about major progress
in visualisation of biological specimens, nevertheless, it still struggles with some major
shortcomings.

The biggest problem of single molecule localisation microscopy is the length of the
image acquisition. Assuming that around 60-70 single fluorescent bursts are registered
for one image frame, and the satisfactory number of fluorescence bursts, to successfully
reconstruct a high-quality super-resolution image of a cell nucleus, revolves around 1 mil-
lion, then one needs around 17 000 image frames to collect such measurement. If frames
are taken at 50 ms interval, registering of 17 000 frames would take around 15 minutes.
In reality this time is longer, since first of all, the applied fluorophores undergo some irre-
versible bleaching, and with time fluorescence bursts become weaker and rarer (hence, it is
preferable to lengthen the measurement). Second of all, computers that are used for soft-
ware operation are far from being perfect, and the limited RAM memory along with lack
of perfection of the operating systems, as well as, for example, slow data saving processing,
extends the theoretical 15 minutes to a much longer time. Therefore, in average, including
sample stabilisation, image acquisition, data saving and processing, one needs around one
hour or an hour and a half to collect a high quality super-resolution image of a slice of a
cell nucleus. For such an extended time the biggest threat to the acquisition of the image
is the physical drift of the microscope stage or the sample. The drift in the xy plane would
result in blurring of the image, while the drift in the z plane would result in losing the
focus, and hence, blurring of the image as well. Figure 3.1 shows a super-resolution image
of a cell nucleus that is the result of a microscopic stage drift during the image acquisition.

There are various algorithms used for correction of the drift, and Figure 3.1B,D shows
the same image as in Figure 3.1A,C after applying a drift correction algorithm. The
drift was corrected using algorithms based on cross-correlation (as described in [203]) or
underlying structure (as described for DNA SMLM imaging in PAPER 3). Nevertheless,
if not essential, one should avoid additional mathematical processing of the microscopic
data.
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Figure 3.1 A comparison of super-resolution images of a cell nucleus before (A,C)
and after (B,D) drift correction [Øurek-Biesiada et al., unpublished].

Long image acquisition is also one of the main shortcomings to super-resolution live
cell imaging. Even though live cell super-resolution imaging has been already performed
[26–30,143,204–206], the obtained results are still far from satisfactory. Living cells are in
motion, and if such movement takes place during the measurement, the collected image
becomes blurry. An example of application of live cell PALM was presented in [206], how-
ever, this study was facilitated by the slow motion of the investigated adhesion-complexes.
For a perfect imaging method it is crucial to maximise the number of the collected photons
per unit of time. In other words, image acquisition should be fast enough to facilitate
collection of a su�cient number of single molecule fluorescent bursts before the specimen
moves. Manley et al. [205] have reported that a high number of photons collected during
the PALM measurement was possible using EosFP, which is a very bright FP.

Another issue regarding live cell imaging is the energy carried by the laser used in
SMLM. In an approach where the majority of the fluorescent molecules should be irre-
versibly bleached, one needs to use laser beams of a su�ciently high power. Using beams
of high intensity may be harmful to living organisms. Unfortunately, most of the current
super-resolution methods apply laser powers that are still considerably high. Therefore,
a need for bright fluorophores that do not require very high laser power outputs is con-
stantly growing.
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This doctoral thesis is focused on the process of photoconversion of DAPI, Hoechst dyes
and Vybrant® DyeCycle™ Violet. However, other, unpublished data [Øurek-Biesiada et
al., unpublished] strongly suggest that the UV-activated conversion might be a common
feature of most, if not all UV-excited dyes. Figure 3.2 presents images of several UV-
excited fluorescent dyes immobilised in a polyvinyl polymer [207], and later subjected to
the process of photoconversion. DAPI (DAPI) (exc./em. 340/454 nm) [132,208], Hoechst
33258 (H33258) (exc./em. 355/465 nm) [99,209,210], Hoechst 33342 (H33342) (exc./em.
350/461 nm) [211,212], and Vybrant® DyeCycle™ Violet Stain (VdcV) (exc./em. 369/437
nm) [213] are used for DNA staining. 5-dimethyloaminonaphthalene-1sulfonyl aziridine
(dansyl aziridine) (DA) (exc./em. 340/543) [214] reacts with methionine residue in tro-
ponin C. N-iodoacetyl-n’-(5-sulfo-1-naphthyl)ethylenediamine (Et) (exc./em. 336/490
nm) [215] binds to myosin. 1,6-Diphenyl-1,3,5-hexatriene (DPH) (exc./em. 350/452
nm) [216, 217] is used for staining biomembranes. Alexa Fluor® 405 (A405) (exc./em.
401/421 nm) [218] is an amine-reactive derivative of Cascade Blue dye produced by
LifeTechnologies. Fluorescence spectra of the original forms of the investigated dyes and
their respective photoproducts are presented in Figure 3.2B.

The only fluorescent dye for which a spectral change has not been observed was DPH.
However, DPH is di�erent from other dyes used in this experiment in that its molecule
has no nitrogen or other atoms that could be protonated. Figure 3.2C presents chemical
structures of the investigated dyes. The structure of Vybrant® DyeCycle™ Violet remains
unknown.

For VdcV super-resolution imaging can be performed using single excitation wave-
length (blue light). However, in the case of Hoechst dyes or DAPI this imaging needs
to be performed using two di�erent excitation wavelengths. One laser is used to convert
DAPI/Hoechst dyes into their green-emitting forms and the second excitation is used
to image their respective photoproducts. This means that for the entire length of the
measurement a continuous UV or 405 nm illumination needs to be present. During the
measurements (conducted for the purpose of this thesis), even though this additional 405
nm illumination was present at very low power, significant imaging problems were en-
countered. The objective lenses exposed to a continuous illumination with 405 nm light
were damaged. The light was absorbed by the objective lenses changing the structure
of the lenses and leaving a visible mark in the spot where the beam was focused. This
unfortunate phenomenon led to destruction of several objective lenses, which excluded the
possibility that only one of the used objective lenses was defective. Therefore, employing
and developing dyes that are excited with light of low output power, and preferably light
of longer wavelength (and thus lower photon energy), is crucial in order to avoid damage
of the imaging equipment.

Raw data collected during one SMLM measurement contained images of the subse-
quent fluorescent bursts of the applied fluorophores. Later, these data were processed
using a specialised algorithm, which calculates the exact positions of the fluorescent
molecules. A basic approach to this precise localisation of single molecules has been
described in [42], and various methods of data representation have been so far developed
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Figure 3.2 UV-activated conversion of various UV-excited fluorescent dyes [Øurek-
Biesiada et al., unpublished]. A – Photoconversion of Alexa 405 (A405), Dansyl Aziridine
(DA), DAPI (DAPI), N-iodoacetyl-n’-(5-sulfo-1-naphthyl)ethylenediamine (Et), Hoechst 33258 (H33258),
Hoechst 33342 (H33342), Vybrant® DyeCycle™ Violet Stain (VdcV). The polymers with immobilised dyes
were illuminated with UV (360/40 nm filter) emitted by a mercury metal halide lamp (Leica EL6000, beam
intensity 11 mW, 60 s exposure). DPH (DPH) did not undergo the process of photoconversion B – Emis-
sion spectra of the original dyes of Alexa 405 (A405), Dansyl Aziridine (DA), DAPI (DAPI), N-iodoacetyl-
n’-(5-sulfo-1-naphthyl)ethylenediamine (Et), Hoechst 33258 (H33258), Hoechst 33342 (H33342), Vy-
brant® DyeCycle™ Violet Stain (VdcV) and DPH (DPH) doped in a polymer block, and their respective
photoproducts. Excitation for the original dyes was at 405 nm and their photoproducts at 458 nm.
C – Chemical structures of Alexa 405 (A405), Dansyl Aziridine (DA), DAPI (DAPI), N-iodoacetyl-n’-
(5-sulfo-1-naphthyl)ethylenediamine (Et), Hoechst 33258 (H33258), Hoechst 33342 (H33342), Vybrant®
DyeCycle™ Violet Stain (VdcV) and DPH (DPH).
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(e.g. Gaussian blurring, triangulation etc. [219, 220]). Depending on the algorithm, the
output super-resolution image may vary significantly. Figure 3.3 presents super-resolution
images of a polytene chromosome reconstructed using two di�erent algorithms (Figure
3.3A), i.e. fastSPDM [219] and (Figure 3.3B) advancedSPDM (described in PAPER3).
The di�erence in the localisation precision of the output images produced by these two
algorithms is significant. The fastSPDM algorithm produced much better localisation
accuracy (approx. 18 nm) and much higher contrast in the output images, but as it is
shown in the inset (Figure 3.3C), it did also produce a grating pattern, resulting from the
action of algorithm itself. At the same time, advancedSPDM did not produce grating,
but it provided much lower contrast and worse localisation precision (approx. 50 nm),
producing an image, which is more blurry (Figure 3.3D). Therefore, a search for the per-
fect algorithm is still continuing.

Figure 3.3 Images of a polytene chromosome (stained with VdcV at 400 nM) re-
constructed using two di�erent algorithms [Øurek-Biesiada et al., unpublished]. A
– An image reconstructed with fastSPDM algorithm. The action of the fastSPDM algorithm
produced grating. With high-density DNA staining (2470 single molecules/µm2) grating be-
came prominent. The mean localisation precision of this image was 18 nm. B – An image
reconstructed with advancedSPDM algorithm. The action of the advancedSPDM algorithm did
not produce grating. The mean localisation precision of this image was 50 nm.

Another issue worth discussing is the quantitative analysis of the visualised single
molecules in the acquired images. The interesting question that might be asked is how
many of the molecules that are attached to DNA really undergo the phenomenon of blink-
ing? To illustrate this issue the following approximation can be made. Diploid human
genome consists of 6 x 109 base pairs. Binding of Hoechst 33258 to DNA is complex
and depends strongly on the length and sequence of DNA, as well as the presence of
DNA-associated proteins. Many examples of Hoechst 33258 stoichiometry have already
been proposed. For example, a model where 1 Hoechst 33258 molecule binds per 100
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base pairs [221], or a model in which 1,2,3,4, or 6 molecules of Hoechst 33258 bind per 5
A-T base pairs [222] were described. In another study a binding ratio of [H33258]/[DNA
bp] of 0.05, 0.15, or 0.20 was proposed [111]. Adhikary et al. 2003 state that an optimal
binding [H33258]/[DNA bp] ratio is 0.05. In the case of this ratio Hoechst 33258 binds
to a minor groove of DNA (and does not partly intercalate at C-G reach regions, as in
the case of higher binding ratios). At this ratio Hoechst 33258 shows the highest increase
in its fluorescence quantum yield upon binding to DNA. Therefore, for the purpose of
calculating the proportion of Hoechst molecules detected in localisation microscopy ex-
periments described in this dissertation, the model which assumes [H33258]/[DNA bp]
binding ratio of 0.05 was used. Assuming that such staining conditions were reached,
there could be roughly 300 millions of Hoechst 33258 molecules (300 x 106) in one cell
nucleus. Our experimental data suggest that 1 million (106) single molecule fluorescent
bursts registered in a SMLM measurement is a su�cient number of individual fluorescent
signals to reconstruct a super-resolution image of a slice of a cell nucleus [52]. Therefore,
if 300 x 106 molecules of Hoechst 33258 are bound to DNA in a cell nucleus, and 106

single molecule fluorescent bursts are detected, only 0.33% of the DNA-bound Hoechst
33258 molecules are used to form an image. Hence the question arises as to what one
really sees in the SMLM images of DNA? Which part of the chromatin structure is really
visualised, and how much information (and regarding what) is being lost? What is the
real definition of resolution then? Further, if one wanted to visualise exactly the structure
of the cell nucleus, and for example, one DNA thread diameter would be represented by
one pixel in the image, then how big the computer screens would have to be in order to
present all the details?

Super-resolution has significantly improved the lateral and axial resolution of the
imaging samples. A resolution of 50-70 nm in all three dimensions has already been
achieved [33,223,224]. Nevertheless, this result is still far from the nanometre resolution.
Better resolution means more details visible in the images, and this means better under-
standing of biology. That is why, the search for the perfect fluorophore along with perfect
imaging environment has just begun. Maximisation of the number of emitted photons
per time unit is highly needed along with minimisation of the background level.

Vybrant® DyeCycle™ Violet

The last paper presented in this doctoral dissertation PAPER 3 is an example of
a successful exploitation of the DNA-binding dyes, DAPI and Hoechst 33258/33342, in
super-resolution microscopy of the DNA structures. However, I would like to point out
that another paper, entitled Localization microscopy of DNA in situ using Vybrant® Dye-
CycleTM Violet Fluorescent Probe (author list: Øurek-Biesiada D, Szczurek A, Prakash
K, Mohana GK, Lee HK; Roignant JY, Birk U, Dobrucki JW, Cremer C.) [52], has been
recently submitted to revision. This paper is focused on application of the fluorescent dye
Vybrant® DyeCycleTM Violet in single molecule localisation microscopy.

Vybrant® DyeCycleTM Violet allows visualisation of the DNA structures and obtain-
ing high-resolution images. There are several advantages that put VdcV before DAPI
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Figure 3.4 Single molecule fluorescent bursts. Single molecule fluorescent bursts de-
tected in green-yellow emission range (585 - 675 nm) during a typical experiment using high
intensity single wavelength excitation (50 mW, 491 nm). The green-emitting molecules of VdcV
(conc. 500 nM) are reversibly bleached and stochastically reappear in the detection channel of
the SPDM microscope. Note that some of the molecules appear bright with much longer lifetime
than the integration time of the camera.

and Hoechst dyes. First of all, VdcV does not require double excitation during image
acquisition. For this dye, single laser excitation (i.e. blue light) is su�cient to collect a
super-resolution image, which excludes the need for using 405 nm or UV laser, and thus,
minimises the damage inflicted on the objective lenses. This happens because even before
UV-excitation, the amount of the green-emitting product of VdcV is significant, which ex-
cludes the need for a prior photoconversion of the dye [52]. Second of all, VdcV produces
brighter and clearer single molecule fluorescent bursts, which allows for their better opti-
cal isolation (see Figure 3.4). Thus, higher localisation precision can be achieved. Figure
3.5 presents a histogram of localisation precision of the fluorescent signals collected during
image acquisition of the nucleus presented in Figure 3.6. The mean localisation precision
was 17 nm, which corresponds to spatial resolution of about 40-50 nm in the specimen
plane. This result is four to five times better than in the case of conventional microscopy.
With this dye, up to 5 x 106 single molecule localisation bursts were collected [Øurek-
Biesiada et al., unpublished]. Because the green-emitting form of the dye emits brighter
signals in comparison to Hoechst dyes and DAPI, VdcV requires lower power lasers during
image acquisition [52]. Further, VdcV is cell permeable, which along with the diminished
laser powers, makes it a potentially good candidate for future super-resolution imaging of
living cells.

Figure 3.5 The histogram of localisation precision of cell nucleus from Figure 3.6.
The histogram of localisation precision reveals an average value of roughly 17 nm, corresponding
to an optical two-point resolution of individual molecules of about 40-50 nm.
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Figure 3.6 presents a super-resolution image of a cell nucleus collected by means of
SMLM. The super-resolution image in comparison to widefield image of the same cell
nucleus has significantly improved contrast, and hence resolution. The full report on VdcV
and its application in super-resolution microscopy has been provided in the submitted
paper [52].

Figure 3.6 Super-resolution image of an optical slice of a nucleus. A - Super-
resolution image of an optical slice of a nucleus of a Vero-B4 cell stained with 1 µM Vybrant®
DyeCycle™ Violet, B – an image of the same nucleus acquired in a widefield microscope (exc.
405 nm, 450 µW, em. 450 – 490 nm).
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CONCLUSIONS

Investigations into photophysics of the UV-excited DNA-binding dyes open new av-
enues of research into structure and function of the cell nucleus. In the light of the
currently existing research all of the investigated DNA-binding dyes, i.e. DAPI, Hoechst
33258/33342, and Vybrant® DyeCycle™ Violet, have proven to be excellent candidates for
super-resolution imaging of sub-di�raction DNA structures. Under UV/405nm illumina-
tion they convert to blue-excited green-emitting photoproducts, which exhibit blinking be-
haviour that can be exploited in single molecule localisation microscopy. Because the dyes
bind directly to DNA, high-density labelling with high accuracy of localisation precision
is possible. Also, Hoechst 33342 and VdcV are good candidates for future investigation
of live specimens, as they pass through intact cell membranes easily. Investigation of the
photophysical behaviour of these dyes facilitated significantly the application of the pro-
cess of their photoconversion in super-resolution microscopy, as well as, brought to light
new facts about their binding behaviour. Only good understanding of the photophysical
properties of the investigated dyes enabled their successful application in super-resolution
techniques. Further research would include explaining the mechanism of reaching the dark
state by the dyes (to better control the blinking environment), explaining the photocon-
version mechanism of DAPI, Hoechst 33258/33342 or VdcV, and learning the structure
of VdcV as well as its binding mode to DNA. Conducting research like the one described
in this doctoral dissertation contributes to the overall development of the methods of
super-resolution microscopy. The methods are still fairly young, and still require many
improvements in the future. Nevertheless, each experiment, each newly created dye, or
each even small improvement in the equipment setting, even though sometimes not ap-
preciated at the time of creation, contributes significantly to the overall evolution of the
methods. The molecular world is still poorly understood in many aspects, and the pos-
sibility of just looking into the nanostructures with sophisticated equipment is utterly
tempting and interesting. One hundred years ago no one even dreamed about reaching an
imaging resolution better than 200-300 nm. Who knows where the science of biological
imaging will be in the next 100 years?
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