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Abstract
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Progress in nanosciences and life sciences is closely related to developments of high resolution imaging
techniques. We introduce a technique which produces correlated topography and fluorescence lifetime images
with nanometer resolution. Spot sizes below 5 nm are achieved by quenching of the fluorescence with silicon
probes of an atomic force microscope which is combined and synchronized with a confocal fluorescence lifetime
microscope. Moreover, we demonstrate the ability to locate and resolve the position of two fluorescent molecules
separated by 20.7 nm on a DNA origami triangle with 120 nm side length by correlating topography and
fluorescence data. With this method, we anticipate applications in nano- and life sciences, such as the
determination of the structure of macromolecular assemblies on surfaces, molecular interactions, as well as the
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Introduction

Nano- and life sciences progress in tandem with
developments of high resolution imaging techniques.
During the last decades, the invention and improvement
of scanning probe microscopy techniques like atomic
force microscopy (AFM) (Ando, 2012; Binnig et al,
1986; Engel & Muller, 2000; Garcia & Herruzo, 2012;
Hinterdorfer et al.,, 2012) have offered new views onto
nanoscale materials. Optical microscopy has been
pushed beyond the diffraction limit and the observation
of single molecules has evolved into a standard technol-
ogy (Betzig et al., 2006; Dertinger et al., 2009; Dertinger
et al., 2010b; Eggeling et al., 2009; Frey et al., 2006; Frey
et al, 2004; Gustafsson, 2005; Hell, 2007; Hell &
Wichmann, 1994; Hillenbrand & Keilmann, 2002;
Moerner & Fromm, 2003; Rust et al., 2006; van de Linde
et al, 2012). Several approaches for simultaneous high
resolution topographical and optical imaging have been
realized (Harke et al., 2012; Hartschuh, 2008; Novotny,
2007; Noy & Huser, 2003; Yang et al,, 2000). Most of
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these high resolution approaches exploit local field en-
hancement effects near sharp tips to increase the fluor-
escence emission of fluorophores in close proximity
(Hartschuh, 2008). Optical resolutions below 10 nm are
difficult to achieve. In a rare example, Quake et al.
reported an optical resolution of 8 nm using tip induced
fluorescence enhancement (Ma et al., 2006). However,
enhancement of fluorescence depends strongly on the
orientation of the molecule to the probe, which
introduces uncertainty in the location and respective dis-
tance of molecules of different orientation. Xie and
Dunn, and Ambrose et al. combined near field scanning
optical microscopy (NSOM) and fluorescence lifetime
imaging microscopy (FLIM) using metal coated near
field probes to study the fluorescence emission of single
dye molecules on surfaces with spatial resolutions in the
range of about 100 — 300 nm (Ambrose et al., 1994; Xie
& Dunn, 1994). They observed a dependence of the
fluorescence lifetime from the relative position of the
near field probe, indicating quenching due to the metal
coating.

In this work, we take advantage of localized fluores-
cence quenching of sharp silicon tips to create a novel
high resolution imaging technique. We exploit this effect
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to spatially and temporally correlate optical and topo-
graphical imaging at sub 5 nm resolution. Standard, non-
modified AFM tips can be used for this tip induced
quenching imaging (TIQI) ensuring high optical, as well as
topographical resolutions. We present measurements with
individual fluorophores and DNA origami (Rothemund,
2006) triangles with 120 nm sides into which two
fluorophores are incorporated at 20.7 nm from each other.
We were able to resolve the morphology of the DNA tri-
angle and to confirm the localization and distance of the
fluorophores.

The energy of an electronically excited fluorophore
can either be used to emit a photon (radiation), or the
energy can be transferred to another object or the envir-
onment (ie. fluorophore, surface, solvent molecule, etc.)
resulting in non-radiative decay. Several mechanisms are
known to alter the fluorescence of a molecule by chan-
ging both the radiative and the non-radiative pathways.
Quenching is the term used whenever this alteration
results in detection of less fluorescence light. The
process behind quenching can amongst others be
explained by either dipole-dipole interaction, direct en-
ergy or electron transfer (Dexter, 1953; Forster, 1948). It
has been shown that quenching can be utilized to probe
distances in the nanometer or sub-nanometer range
(Berndt et al., 2010; Marme et al., 2003; Selvin, 2000).
The impact of metal tips or nanostructures close to
fluorophores has been well characterized (Ambrose
et al, 1994; Anger et al., 2006; Ebenstein et al., 2006;
Eckel et al,, 2007; Krug et al., 2005; Kuehn et al., 2006;
Xie & Dunn, 1994; Yoskovitz et al., 2011). Here, we ex-
ploit the quenching of organic fluorophores by sharp n-
doped silicon tips to record topographical and optical
images simultaneously with nanometer resolution.

Methods

The experimental setup consists of a MicroTime200
confocal fluorescence lifetime microscope (PicoQuant)
with an inverted optical microscope (Olympus IX-71)
onto which a sample scanning atomic force microscope
(MFP-3D, Asylum Research) is mounted (Koenig et al.,
2009). The setup, synchronization, and alignment have
been described in detail (Schulz et al., 2010). Pulsed
diode lasers were used for excitation at 640 nm and
470 nm. The polarizations were linear along the slow
scan axis (vertical in the images) for the single
fluorophore images and circular for the DNA origamis.
The circular polarization increased the chance to excite
both fluorophores on one DNA origami equally. The
alignment of the AFM probe with the confocal volume
is realized by monitoring the laser light that is reflected
back from the sample surface. Imaging the back
reflected light creates a specific pattern, which is
distorted by the AFM tip. For alignment, the objective is
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moved until the distortion is centered in this pattern.
This procedure is quick, requires only low laser intensity
(to reduce photo bleaching) and is reliably accurate
within 10 nm.

For the combined AFM/FLIM experiments with DNA
origami triangles, a thin sheet of muscovite mica was
deposited on a glass coverslide as described (Ma et al,
2006). These surfaces were incubated with 10 pl of a
solution of TAE buffer containing 10 pM Mg>* and
0.4 nM DNA origami for 5 min and then successively
rinsed with 200 pl TAE buffer, 200 pul MgCl, (200 mM)
in water, and 400 pl ethanol and then dried in a stream
of nitrogen gas. The origami samples were prepared as
described in (Rothemund, 2006) and Additional file 1.
For the single dye experiments, a drop of solution
containing the fluorophores was deposited on a glass
cover slide to give a density of active fluorophores of
about 1 molecule per 1 um? The drop was allowed to
dry on the surface, and the sample was used without fur-
ther treatment. All combined experiments were
performed under ambient conditions in contact mode.

Results and discussions

We utilize an AFM combined with a confocal fluorescence
microscope with pulsed laser excitation (Figure 1a). The
AFM collects information about the sample topography
whereas the optical microscope records fluorescence inten-
sity and fluorescence lifetime while scanning the sample.
The alignment of the AFM probe and the microscope ob-
jective in combination with the synchronization of the two
microscopes allows for the acquisition of temporally and
spatially correlated topographical and fluorescence data
(Schulz et al., 2010). In the combined measurements, the
AFM tip, which is in direct contact with the sample sur-
face, alters the optical response of the sample fluorophores.
Figure 1b shows a line scan over a single fluorophore on a
glass surface excited with a wavelength of 640 nm. The
Gaussian shape of the curve reflects the diffraction limit of
optical resolution in far field fluorescence microscopy.
Additionally, a sharp dip that stems from the localized
fluorescence quenching by the silicon AFM tip can be seen
in the curve. The width of this dip and not the size of the
diffraction-limited spot define the optical resolution.
Figure 1c shows a fluorescence intensity image of single
molecules on glass. The shapes of the spots reflect the
shape and polarization of the excitation laser beam in the
sample plane and the orientation of the molecule. Inside
these spots, small quenching dips are visible. Figure 1d
shows a smaller scan range of the same sample. Single dye
molecules with quenching spots are clearly visible in this
area. In Figure le the same area is scanned as in (d), but
now with retracted AFM tip. The identical dye molecules
not showing quenching dips are visible in this confocal
fluorescence image.
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Figure 1 Combined setup and tip-induced quenching imaging. In the combined AFM/fluorescence experiments, the AFM tip is aligned with
the laser focus in the center of the microscope objective (a). When the scanning motion moves a fluorescent molecule into the laser focus,
fluorescence can be detected (1 in (b) and inset in (a)). As the molecule approaches the AFM tip, the fluorescence is quenched (2). A sharp dip
appears in the section through a single molecule fluorescence spot in (b). (c) Fluorescence intensity data of a sample containing single dye
molecules with the AFM tip approached to the surface. Diffraction limited spots with black dots close to the center are visible. (d) Smaller scan
range of the same sample. (e) The same individual molecules are imaged with retracted tip. The comparison between the scans in (d) and

(e) demonstrates that the influence of the AFM tip is well localized and appears as black dots in the diffraction limited spots. The scale bar for
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The width of the quenching dips and consequently the
optical resolution depend strongly on the dimensions
and shape of the AFM tip. For sharp tips, we see a dis-
tinct dark dot with a full width at half maximum
(FWHM) less than 5 nm located inside the diffraction
limited fluorescence spot (Figure 2a). The FWHM can
be used as measure for the resolution (Dertinger et al.,
2010a; Gerton et al., 2004; Huang et al., 2009; Ma et al.,
2006; Westphal et al., 2003; Yoskovitz et al., 2010). Typ-
ical spot sizes are under 8 nm (Figure 2b-d). For blunter
tips, the shape of the area of contact between the probe
and the sample surface is reflected in the shape of the
quenched dot (Figure 2e). The variation of the FWHM
for different experiments with different AFM probes
depends on many factors, including the care that is
taken when approaching the probe to the surface.

High resolution scans reveal a quenching efficiency of
up to 100% within background noise. Not only a change
in the fluorescence intensity but also a change in fluor-
escence lifetime can be observed (Figure 2f). This result
provides some physical insights into the effects that
dominate the interaction between the fluorophore and
the AFM tip. In the outer region of the dark spot, we
find an area of shortened fluorescence lifetime which
indicates that non-radiative energy transfer plays a role
at very short distances from the tip (Aussenegg et al,
1987). The intensities and lifetimes at distances further
from the tip are consistent with a radiative dipole -
induced dipole type feedback mechanism (Barnes, 1998)

and geometrical considerations as outlined in Figure 2g.
The fluorescence of a molecule near a surface depends
strongly on the orientation of its dipole relative to the
interface. The method of image dipoles can be used
graphically to exploit the impact of this effect. From de-
focused imaging, (Marshall et al., 2011) we could show
that the molecular transition dipole moments lie parallel
to the sample surface (see Additional file 1). When the
fluorophore is directly under the silicon tip and thus
parallel to the tip surface, it creates an antiparallel
oriented mirror dipole inside the tip. This creates an
electric field that leads to negative feedback. In the case
that the fluorophore is beside the tip, its dipole has a
component normal to the silicon surface leading to posi-
tive feedback (Figure 2g). For very short distances also
the vertical case results in quenching because of direct
energy transfer to the silicon. The high localization of the
quenched spot and the asymmetry in the data is related to
the orientation between the tip and fluorophore, which
changes swiftly as the molecule is scanned relative to the
AFM tip (Figure 2g). We can evaluate this model by solv-
ing Maxwell’s equations in planar structures in the pres-
ence of an oscillating electric dipole source (the emitting
molecule) by using Sommerfeld integrals (Chizhik et al,,
2009; Enderlein, 2000; Enderlein & Ruckstuhl, 2005) and
taking into account the change of the relative orientations
of dipole and AFM tip surface during the scanning motion
(Additional file 1). Comparison of our experimental data
and the calculated fluorescence intensity images obtained
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Figure 2 Resolution and mechanism of tip-induced quenching imaging. Quenching of single Atto655 molecules by the AFM tip is highly

localized. For a sharp probe, the full width at half maximum (FWHM) of the quenched spot can be less than 5 nm (@). For (b), (c), (d) the FWHMs
are 68 nm, 7.5 nm, and 5.9 nm, respectively. For blunt tips, the shape of the end of the tip can be clearly seen as a triangle (e). |
fluorescence lifetime distribution, the calculated fluorescence intensity and the measured fluorescence intensity of a quenching spot with a
FWHM of 16 nm is shown. The distribution of fluorescence intensities and lifetimes gives insight into the physical mechanisms that lead to

n (f) the

quenching. The effect of the AFM tip on a fluorophore depends on the orientation and distance between them (g). For very small separations,
parallel orientation leads to out-of-phase oscillation of the molecular dipole and its mirror image (g, middle). In the case of normal orientation
(g, right), the dipole oscillates in phase. The scale bars in (a)-(f) are 50 nm.

using this method show good agreement (Figure 2f and
Additional file 1: Figure S4).

The interaction between the AFM probe and the
fluorophore would be elucidated further by investigating
the fluorescence response with changing tip-surface dis-
tance. In our experiments under ambient conditions, how-
ever, it was impossible to gather such data: strong
capillary forces between the AFM probe and the surface
dominate for short distances. Thus, when one approaches
the AFM tip to the surface, a “snap-in” event can be
observed; that means, at some distance, capillary forces
start to dominate, and the AFM tip moves very quickly to
the surface, within a time that cannot be resolved in the
fluorescence data. When retracting the AFM tip from the
surface, the opposite effect occurs, and the AFM probe is
held on the surface until the restoring force of the canti-
lever exceeds the capillary forces. The length scale, at
which the snap-in and snap-back occur, coincide with the
length scale where the fluorescence is strongly modulated,
such that no interesting information could be extracted
from the force/fluorescence-distance curves that we
acquired.

The quenching mechanism does not depend on the use
of particular organic fluorophores. We observed fluores-
cence quenching with silicon tips for several different
classes of dyes over a range of excitation and emission
wavelengths. We tested successfully the oxazine derivative
Atto655, as well as the cyanine Alexa647, and the rhoda-
mine derivatives Atto647N and Alexa488 (Additional
file 1: Figure S5).

Interestingly, for quantum dots embedded in 10 nm thin
PMMA films, Ebenstein et al. did not observe quenching
for bare silicon tips (Ebenstein et al., 2006). This may be
due to the larger distance between the tip and the
quantum dot and/or the thickness of the quantum dot
shell.

To test the correlated optical and topographical reso-
lution of our novel method, we used TIQI to resolve the
position of single dye molecules on DNA nanostructures.
For this application, we chose Atto655 because it was
under our experimental conditions the most stable dye of
the four that we used (Additional file 1). At a laser excita-
tion intensity of 0.7 W in the focus, which resulted in a
count rate of a few kHz, we could image a single Atto655
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molecule’s fluorescence over several minutes. Two Atto655
dye molecules were attached to the same edge of a DNA
origami triangle with 120 nm sides. According to the DNA
design the fluorophores should be separated by 20.7 nm
(64 base pairs) (Figure 3a). A similar structure was used to
compare  super-resolution  fluorescence  microscopy
techniques by Steinhauer et al. (Steinhauer et al, 2009).
They were able to optically resolve two dye molecules
separated by 89 nm on DNA rectangles. Figure 3b shows
the fluorescence intensity of a single DNA triangle on
mica and Figure 3c the corresponding AFM topography.
The shape and position of the DNA nanostructure can be
clearly seen in the AFM image. The quality of the AFM
topography image is not as excellent as expected for high-
resolution AFM measurements. This is a result of mech-
anical noise which is coupled into the sample through the
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optical microscope, and it is a common problem for com-
bining AFM with optical microscopy. For typical scan
speeds of 2 um/s and scan sizes 1 pm?, we measure noise
values between 0.3 nm and 0.6 nm (root mean square) for
simultaneous AFM/FLIM measurements on mica samples
compared to 0.1 nm for not combined AFM imaging. The
use soft cantilevers allows us nondestructive imaging of
the DNA origami samples in contact mode with a
sufficient resolution to identify the position, size, shape,
and orientation. For samples which are more prone to
damage due to tip-sample interactions, our method can
be used under liquid conditions, allowing a minimization
of forces between the AFM tip and the sample surface.
The fluorescence intensity image in Figure 3b shows the
overlay of the undistinguishable diffraction limited spots
of the two dye molecules. A pattern that shows the outer-
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Figure 3 Combined topographic and fluorescence scans of DNA origami nanosctructures. DNA origami consists of many pieces of single
stranded DNA that fold into an interlinked double helix structure (a). Two pieces of DNA are modified with the fluorescent dye Atto655 (yellow
dots in (a)). Because of their unique position in the DNA nanostructure due to base pairing, they appear at the same position for every DNA
triangle. The bottom side of the structure (blue line) is 120 nm long. The fluorescence intensity and the AFM topography are shown in (b) and
(c), respectively. The position of the nanostructure is determined from the AFM image (d) and transferred to the fluorescence image (e) to
confirm the position of the dyes with respect to the triangle geometry. (f) shows a section through the center of the dark spots from which their
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and innermost DNA strands in the structure and the
position of the fluorophores on the DNA is shown
superimposed on the AFM image in Figure 3d. This pat-
tern is also shown superimposed on the fluorescence in-
tensity image to compare the position of the quenched
spots with the expected position determined from the top-
ography image. Figure 3e shows that the quenched spots,
within the experimental uncertainty, indeed coincide in
position with the location of the fluorophores according
to the topography image. The green circles in Figure 3
represent a 10 nm uncertainty based on the limitation of
our optical and topographical resolution. Because of the
overlapping diffraction limited spots, the fluorescence in-
tensity in the dips falls to about 50% of the signal. It is
worth noting that the topography image and the
quenching image were not translated to match each other.
This is possible because the two microscopes are
synchronized, and the data is sorted into pixels according
to the time at which it was acquired (Schulz et al., 2010).
Since the tip records the topography at the molecule’s
position and changes its fluorescence at the same time,
these features appear in the same position in both images.

Mica surfaces have a rather strong influence on the emis-
sion of the fluorophores; blinking and bleaching are much
more prominent compared to the single dye molecules on
glass. In fact, many of the DNA origamis that can be seen
in the AFM images do not show fluorescence above back-
ground level. Also, even when both fluorophores of an
origami are emitting during the scan, if one or both of them
blink while the AFM probe is near the fluorophore, the
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quenching would be obscured. Another problem arises
when DNA origamis with their fluorophores are too close
to each other, which reduces the signal to noise ratio.
Considering eight triangles, for which the two quenched
spots could be clearly distinguished, we found an average
distance between the fluorophores of 21 nm +2 nm (s.d.)
by measuring the distances between the two minima of the
fluorescence intensities in sections like Figure 3f This
matches exceptionally well the expected value of 20.7 nm
from the DNA design.

Figure 4 shows the overlaid fluorescence and AFM data
for two different DNA origami triangles. By comparing
the location of the quenched spots with the known struc-
ture, we can see that the triangles in a) and b) are
mirrored. In essence this means that one of them is lying
upside down on the surface. Since the fluorophores are
attached to the edge of the DNA origami, the fluorophores
are still readily accessible to the influence of the AFM tip.
The figure also shows that the exact alignment of the tip
with the confocal volume is not critical. Even for slightly
misaligned scans like b) the quenching spots can still be
observed. Figure 4b) also shows that bleaching of the
molecules, which appears as a sudden reduction in fluor-
escence, does not affect TIQ], as long as it occurs after the
AFM tip has scanned the molecule.

Conclusions

In this work, we have presented a novel method for sim-
ultaneous optical and topographical resolutions in the
sub 5 nm range. This range bridges the atomic and the

-

than zero counts.

Figure 4 Fluorescence quenching in combined scans of DNA origami. Two examples of DNA origami scans in which quenching of both
fluorophores is clearly visible. The comparison of the location of the quenched spots shows that the DNA structure in (@) is upside-down with
respect to the one in (b). Thus, using quenching imaging on asymmetric structures, we can determine their orientation on the surface without
ambiguity. The intensity scale in all images has been adjusted to give maximum visual contrast and the lowest value (black) is, in general, higher
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optical superresolution range, making it possible to ad-
dress important questions in supramolecular chemistry,
molecular biology, and nanosciences. The combination
of topography and fluorescence adds high resolution
chemical contrast to the high topographical resolution
of AFM. This approach could be extended to multicolor
imaging and to imaging under liquid conditions. The
commercial availability of the instruments and the AFM
tips should allow this method to spread rapidly into
other fields.

Additional file

Additional file 1: The supporting information contains material
about the orientation of the molecule on the sample surface, the
modeling of the tip induced quenching, the application of different
organic dye molecules and the preparation of the DNA origami
nanostructures.
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