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ABSTRACT We investigate the cooperative effect of molecular tilt and defocus on fluorophore localization by centroid calculation in
far-field superresolution microscopy based on stochastic single molecule switching. If tilt angle and defocus are unknown, the
localization contains systematic errors up to about (125 nm. When imaging rotation-impaired fluorophores of unknown random
orientation, the average localization accuracy in three-dimensional samples is typically limited to about (32 nm, restricting the
attainable resolution accordingly.
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The currently most prevalent far-field fluorescence
nanoscopy (superresolution) methods overcome the
diffraction barrier by employing a molecular mech-

anism that precludes fluorescence emission when the fluo-
rophores are exposed to excitation light.1 This mechanism
is utilized so that features closer than the diffraction barrier
become fluorescent sequentially in time. Whereas in stimu-
lated emission depletion (STED),2 ground-state depletion
(GSD),3 saturated structured illumination (SSIM),4,5 and
related methods the fluorescence ability is prepared at a
predefined location,1 in stochastic optical reconstruction
microscopy (STORM),6 (fluorescence) photoactivation local-
ization microscopy ((F)PALM),7,8 ground-state depletion with
individual molecule return microscopy (GSDIM),9 or direct
STORM (dSTORM)10,11 the fluorescence ability of only a
single molecule within a region smaller than about half the
wavelength of light is released stochastically in space. Since
in the latter case the molecular position is unknown, the
fluorescence of these individual molecules is projected onto
a camera from which the lateral molecular coordinate is
determined by centroid calculation, i.e. by localization.12

Clearly, the reliability of the images consisting of indi-
vidual molecular positions critically depends on the precision
and accuracy of the localization, making it important to
investigate all parameters influencing this procedure.13

Notably, it is well-known that the dipole characteristics of
fluorophores generally yield asymmetric focal excitation and
fluorescence patterns, which are often (somewhat inac-
curately) referred to as point-spread functions (PSFs). While

this asymmetry is usually negligible in diffraction-limited
imaging, we now show that it can seriously limit the ac-
curacy of the superresolution methods employing single
molecule localization.

High-precision localization has been employed to esti-
mate the step sizes of myosin motor proteins,14,15 whereby
it has been shown that nanometer precision can only be
achieved when molecular orientation is taken into account.
Furthermore, Bartko and Dickson16 and Aguet et al.17

demonstrated that the perceived molecular position in total
internal reflection fluorescence (TIRF) microscopy depends
on molecular orientation, leading to errors as large as (50
nm. In these studies, the molecules of interest were close to
the glass/water interface, and also defocused by a known
amount to measure the molecular orientation and position.
Mortensen et al.18 localized single molecules in a TIRF
microscope and accounted for asymmetries in the intensity
patterns generated by single molecules at the glass-water
interface located in the focal plane.

However, if TIRF conditions are now abandoned, which
is actually required for a method to be truly far-field, the
position of the fluorescent molecules along the optical axis
(z) is largely unknown within the range of the axial full width
at half-maximum (fwhm). Here we show that, in this case,
a systematic error comes into play when the transition
dipole of the fluorophore is tilted by an angle � with respect
to the focal plane (z ) 0), and the fluorophore is at the same
time not in focus (z * 0) (Figure 1). While the precision of
the centroid determination still scales inversely with the
square root of the number of detected photons,12 the loca-
tion of the centroid strongly depends on the position of the
fluorophore along the z-axis.
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To investigate the effect, the PSFs rendered by single
molecules in a high-aperture microscope were numerically
calculated using a vectorial theory.19 In epifluorescence
imaging, the illumination can be assumed homogeneous
over the object plane. The molecular orientations were taken
into account by projecting the electric field vectors E of the
excitation and detection field onto the molecular dipole p.
The resulting field was squared to obtain the effective
intensity distribution of the spot image. In typical (F)PALM,
STORM, and GSDIM recordings, the excitation light is fo-
cused with low angle, in which case the electrical field vector
has a negligible z-component.

Calculations were performed for 1.4 numerical aperture
(NA) oil immersion lenses with oil refractive index n ) 1.518
and assumed excitation and emission wavelengths of 532
and 600 nm, respectively. A molecule is most efficiently
excited and detected if its transition dipole is parallel to the
focal plane. Spots with peak intensities <10% of the brightest
spot (found for z ) 0, � ) 0) were omitted, because this
threshold level is commonly used in practice. Displacement
along the z-axis (defocusing) dims the peak brightness of the
molecule; at z ≈ (300 nm, it appears half as bright as that
at z ) 0. Likewise, a molecule at z ) 0 becomes dimer the
more it is tilted out of the focal plane (Figure 2). For example,
at � ≈ 33°, the peak intensity is half of that of the untilted
dipole (� ≈ 0°).

Importantly, defocused, tilted dipoles yield asymmetric
diffraction spots having centroids that are shifted from the
actual molecular position by ∆r, depending on � and z. The
apparent shift is zero at � ) 0° and 90°, reaching its
maximum at � ≈ 52°. Figure 3 displays the shift for � )

45°. The localization precision still scales inversely with the
number of detected photons, as expected. However, for
molecules randomly oriented in space, the average localiza-
tion is inaccurate by ∆r ) 32 nm in the direction of the
molecular tilt.

The left-hand side of Figure 3 shows xy-images corre-
sponding to slightly different z-positions. Note that the spots
appear markedly shifted with respect to the real molecular
position. At a rather moderate defocus of z )(200 nm (see
focus series in Figure 3, top left), where the tilted molecule’s
brightness amounts to 20% of its maximum (at z ) 0, � )
0), the localization error ∆r is (65 nm. In other words, if
the molecule is located in the range from z )-200 nm to z
) 200 nm, the error spans over 130 nm.

The mislocalization is easily recognized in an xz-view of
the tilted fluorescence spot (PSF) in the center panel of Figure
3, showing the optical axis (z) along with the position of the
centroids (tilted black line) of their xy-sections (PSF in the
xy-direction) with increasing defocus z. For a small defocus
of z ) (100 nm, where the molecular brightness amounts
to 94% of its value at z ) 0 and � ) 45°, the error ∆r is
(33 nm.

Figure 3b also shows a calculated subdiffraction “effective
PSF” in STED microscopy rendered by a doughnut-shaped
STED beam (wavelength 647 nm), again from a molecule
tilted by 45°. The doughnut is produced by a helical phase
ramp ranging from 0 to 2π, illuminated with circularly
polarized light; otherwise the same conditions apply as in
the wide field case. Interestingly, the shape and location of
the effective PSF rendered by STED is essentially not affected
by the severe molecular tilt. If the centroid is calculated from
a range of the effective PSF amounting to 3 times its fwhm,
the lateral shift is <2 nm.

Thus it becomes clear that, unless the illumination of the
sample or the sample itself is artificially restricted to ultrathin
slices, which means abandoning a genuine far-field optical
setting, or the fluorophore is tumbling within the fluores-
cence “on” time, in the single molecule switching methods
the accuracy with which the molecular coordinate is estab-
lished strongly depends on the molecular tilt. For molecules
covering the relevant orientation space by rotation within
the fluorescence “on” time, the effect of tilt and defocus is
averaged out, rendering a spot that is just slightly larger. In
this case, the position is still accurate, but the precision is
reduced, which can be compensated for by a larger number
of detected photons. If the emitting molecules cannot cover
the full orientation space around the z-axis with nearly equal
probability, the localization error needs to be observed. Of
high practical relevance is the situation in which tilt and
z-position are fully unknown. In this case, an average
localization error of ∆r ) 32 nm limits the realizable resolu-
tion to 30-60 nm. The error of the position of individual
molecules can be as large as ∆r > (100 nm.

In many samples it is not a priori clear whether the
tumbling of the fluorophore is free enough. If it is, the

FIGURE 1. A fluorescent molecule whose transition dipole is parallel
to the focal plane (xy) appears at the very same lateral position in
the image plane irrespective of its position along the optic axis (z)
(a). Molecules that are tilted by an angle � with respect to the focal
plane illuminate the aperture of the objective lens asymmetrically
(b). As a result, the PSF is tilted with respect to the optical axis. If
the molecule is also defocused, it appears shifted in the image by
∆r (times the magnification M of the optical system). The apparent
location is no longer the actual molecular position.
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question arises whether the orientation cone is covered
uniformly. Testa et al.,20 in their samples containing Mowiol,
as well as Gould et al.21 performed anisotropy measure-
ments in serialized recordings of switchable emitters show-
ing that a fraction of molecules is fixed in orientation.

To exemplify the shift in molecular position experimen-
tally, we imaged and localized single perylene molecules
multiple times at various z-positions. Perylene was selected
because of its extreme photostability. The molecules were
immobilized in a thin (∼400 nm) spincoated polystyrene
layer on a microscope coverslip. To minimize drift effects,
the sample was mounted directly at the front end of the
objective lens. Figure 4a shows the superposition of indi-
vidual molecular positions of a defocus series covering the
range between z ) -300 nm and z ) 300 nm. As a drift
control, the bottom image shows the superposition of the
molecule positions taken before and after the series at z )
0. The molecules appear at the same locations again, proving
that drift was negligible.

Along with the different directions of the localization
spread in the top image, Figure 4b vindicates that the
localization spread observed in Figure 4a is not due to drift,
but is inherent to the recording. Molecules forming es-
sentially circular localization distributions can be attributed
to a small tilt angle, whereas pronounced line shaped
distributions indicate a large �. Here the positional uncer-
tainty amounts up to ∆r )( 100 nm. Thus, the experiment
confirms that, when molecules cannot rotate adequately, the
centroids of their spots do not yield their coordinate
accurately.

Since the inclination of the dipole to the focal plane and
the z-position are rarely known for labels attached to a three-
dimensional biological structure, a solution is to use low-
viscosity embedding media that facilitate random rotation.
TIRF microscopy is less affected because the axial range is
restricted to ∼150 nm, although the emission field at the
optical interface must also be considered.22 If multiple focal
layers are used to determine z-positions of a molecule,23

FIGURE 2. The systematic error ∆r of molecular position gained by centroid calculation depends on the tilt angle � with respect to the focal
plane (x,y) and on the axial coordinate (z). (a) Dependence of ∆r on z and �. Black contour lines depict areas where the molecular brightness
is above 10% or 50% of the maximum brightness of the molecule found at z ) 0 and � ) 0. (b) ∆r as function of � at z ) 200 nm and (c) ∆r
as function of axial position z at � ) 45°. Defocus and tilt reduce the peak intensity of the diffraction spot (red curve).
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then fixed tilted molecules are likely to appear at different
xy-positions. The signal obtained from a single molecule may
even be misinterpreted as being two molecules at different
positions. Since the spots from an oriented molecule appear
slightly elliptical, molecular orientation also needs to be
observed when localizing the z-position of molecules using
astigmatic beams.24 However, the highest care has to be
exerted for colocalization measurements, especially when
the combinations of defocus and tilt are unfavorable. Since
we have exemplified these effects with oil immersion lenses,
one should note that in the case of water immersion lenses,
additional effects come into play as a result of the glass-water
interface.

An alternative to ensuring free rotation is to determine
the PSF in three dimensions by shifting the image plane,
which is viable when sufficient photons can be gained from

a molecule. By considering the nearly linear relationship
between defocus and shift (Figure 2), measuring the PSF
displacements at different z-levels jointly with the corre-
sponding intensity variations is an effective solution for
retrieving the correct molecular coordinate by localization.

If the number of detected photons is low, say <100, to
reliably achieve localization accuracies of <50 nm, localiza-
tion microscopy schemes in essence require rotating fluo-
rophores. While they must be attached to the target (bio)-
molecule rigidly enough to avoid resolution degradation by
motion, the fluorophores must also be tumbling. In fact, the
incomplete filling of the orientation cone could be one of the
reasons why, in many applications, images display a lower
actual resolution (i.e., separation capability) than what can
be anticipated from the plain number of photons detected
from a label. While the tumbling linker may not allow the
coverage of the full orientational space, the precision inac-
curacy may be alleviated to values significantly smaller than
50 nm. Another remedy is to resort to exceptional fluoro-
phores with a nearly isotropic excitation and emission such
as NV centers in nanodiamonds,25 or quantum dots.26 Note
that all calculations implied an infinite number of photons.
Clearly, the limited number of emitted photons and the

FIGURE 3. Calculated spots (PSFs) produced by a molecule tilted by
� ) 45° with respect to the focal plane in the x-direction, as a
function of the coordinate along the z-axis, in the image plane of a
widefield epifluorescence microscope (a) and in a STED microscope
using a vortex doughnut (b). Above, left: xy-sections of the diffrac-
tion spot at different z coordinates. The lateral deviation of the
centers of the spots from the optical axis (central vertical lines)
reveals the mislocalization ∆r of the molecules due to tilt � along
the x-axis. Above right: xz-section of the PSF. The black line
indicates the position of the centroids depending on the z-position.
(b) Left: xy-spots (PSF) rendered by a STED microscope with lateral
10-fold resolution increase above the diffraction barrier, here 25 nm,
as a function of the z-coordinate; the effective PSF is produced by a
circularly polarized doughnut-shaped STED beam on the same
molecule. Note that, unlike in the epifluorescence detection scheme
in STED microscopy, the effect of the molecular tilt is negligible (<2
nm) for all z-coordinates.

FIGURE 4. Localization error of spatially fixed fluorophores. De-
pending on defocus z and molecular tilt, single perylene molecules
appear at different xy-positions following localization by centroid
calculation. Images were first acquired in the focal plane (z ) 0) and
then in a series of seven layers with an interlayer distance of ∆z )
100 nm, corresponding to a total focal range of (300 nm. (a) Image
shows all localized positions of individual molecules taken in the
whole series, irrespective of z (i.e., an extended position image). (b)
Image displays the positions of the in-focus images (z ) 0) before
and after the series, showing that no notable drift occurred during
the z-focus series. In panel a, many of the molecules appear at
various positions. Depending on their orientation and focal distance,
the positions established for individual molecules are erroneously
shifted up to >200 nm into different directions as predicted for
molecules tilted by 50° at z ) (300 nm.
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emission statistics limits the precision (not the accuracy) of
the localization.

The fundamental difference between the nanoscopy fam-
ily comprising STED, SSIM, and reversible saturable optical
fluorescence transitions (RESOLFT) and the PALM, STORM
family is that, in the first, the position of the molecules is
not found out by localization but predetermined by a light
distribution featuring an intensity minimum (zero), i.e.,
targeted versus stochastic read-out of the emitter coordi-
nate.1 In STED and related concepts, the orientation of the
fluorophore also matters;27 the fluorophores are kept dark
by STED only if the electric field of the STED beam is
sufficiently strong along the direction of the transition
dipole.27-29 However, the effect of the dipole orientation and
defocus on the position of the STED-PSF peak amounts only
to a few nanometers. This is largely because the PSF peak
is determined by the predefined position of the zero ren-
dered by the vortex. Only the residual background stemming
from fluorescence events that have not been precluded by
the doughnut appear shifted. These findings are readily
extended to GSD microscopy and to the RESOLFT concept
relying on photoswitchable compounds.

In conclusion, unless the molecules are able to rotate
relatively freely in space or appropriate remedies are imple-
mented, in stochastic superresolution microscopy approaches
using localization, the control of the dipolar orientation is
mandatory for attaining spatial resolution and colocalization
better than 50 nm.
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