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ABSTRACT We present a novel fluorescence lifetime imaging microscopy technique to measure absolute positions of fluorescent
molecules within 100 nm above a metalized surface based on distance-dependent fluorescence lifetime modulations. We apply this
technique to fluorescently labeled microtubules as optical probes with various unlabeled proteins attached. By measuring the
fluorescence lifetimes, we obtain the position of the microtubules and therefore determine the geometrical size of the attached proteins
with nanometer precision.
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The design of innovative applications in the field of
bionanotechnology requires tools capable of measur-
ing molecular parameters under ambient conditions.

Therefore, a number of techniques to localize fluorescent
molecules in the lateral dimension (i.e., parallel to a substrate
surface) with nanometer accuracy have been recently de-
veloped.1 However, performing this task in the axial dimen-
sion (i.e., perpendicular to a substrate surface) is still
challenging.

So far, techniques which have been used to address this
issue of absolute axial localization are: (i) total-internal
reflection fluorescence (TIRF) microscopy,2 using evanes-
cent fields to axially localize single particles3 and (ii) fluo-
rescence interference-contrast (FLIC) microscopy4 which
axially localizes molecules in an interferometric way.5 While
both techniques offer a much higher accuracy than the
diffraction limit of light, they are susceptible to intrinsic
spatial and temporal intensity fluctuations, such as inhomo-
geneous labeling and excitation, as well as photobleaching;
because in both cases the measured intensity values are
directly converted into axial distances.

To overcome these limitations, we developed a novel
method to determine the axial position of fluorescently
labeled molecules above a surface. We make use of the
decrease in fluorescence lifetime of a fluorescing molecule
when brought into the vicinity of a metal surface. This effect
is based on the physical principle of strong optical near-field
coupling that occurs in proximity to metals. The lifetime
modulation is nonlinearly dependent on the distance from
the metal surface and is quantitatively well described:6 The
lifetime of single fluorophores in direct contact to the metal
surface is zero and increases nonlinearly with increasing

distance of the fluorophore from the surface until it reaches
asymptotically the lifetime value of a free fluorophore (i.e.,
without presence of a surface). Hence, fluorescence lifetime
can be used to axially localize fluorescing molecules up to
100 nm above a surface with high accuracy. To demonstrate
the technique, we use fluorescently labeled microtubules as
rigid and straight probes.7 Microtubules, which form a large
part of the cytoskeleton found in eukaryotes, are hollow
tubular structures composed of the globular protein tubulin.
They have a typical length of several tens of micrometers
and an axial geometry of about 25 nm in diameter, known
from EM studies.8 They can be easily reconstituted in vitro,9

where they are composed of mostly 13-15 protofilaments,
changing their diameter negligibly for our purpose.10 We
mount Alexa Fluor 488 labeled microtubules at various
distances above a 15 nm flat gold surface by attaching
microtubule-associated (kinesin-1) and non-microtubule-
associated (avidin and neutravidin) proteins to their lattice
and measure their fluorescence lifetime with fluorescence
lifetime imaging microscopy (FLIM) (Figure 1). Thereby, we
are able to image and determine the absolute axial elevation
of the microtubules and hence the geometrical size of the
attached proteins (see Supporting Methods in the Supporting
Information).

A schematic of the different experiments with corre-
sponding lifetime images is shown in Figure 2. In Figure 2a
microtubules are fixed to the surface by an avidin layer. In
Figure 2b neutravidin is additionally bound via biotin to the
microtubules before surface fixation by avidin. In Figure 2c
microtubules are held by kinesin-1 motor proteins. The
obtained fluorescent lifetimes are clearly different in all three
experiments (see Supporting Discussion in the Supporting
Information for details). The mean lifetime of the microtu-
bules fixed by avidin to the gold surface is 0.91 ( 0.05 ns
(standard error of the mean (s.e.m.), n ) 24 regions from
various samples) (Figure 2a). This value is smaller than the
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mean lifetime of the microtubules additionally coated with
neutravidin 1.21( 0.08 ns (n ) 5) (Figure 2b), or the lifetime
of the microtubule-kinesin system, 1.87 ( 0.04 ns (n ) 16)
(Figure 2c). In comparison the unperturbed lifetime of Alexa
Fluor 488 labeled microtubules in free solution (i.e., .
100 nm above the surface) is measured to 3.53 ( 0.05 ns
(n ) 5). This is independently verified by measuring the
quantum yield of the Alexa Fluor 488 labeled microtubules
(see Supporting Experiments in Supporting Information).

The quantitative correlation between fluorescence life-
time and absolute distance above the surface is given by the
model of Chance, Prock, and Silbey (CPS model).6 It de-
scribes theoretically the reduction of fluorescence lifetime
above metal surfaces, allowing for localization of fluorescent
molecules with nanometer precision. Adopting this model
to our experimental geometry, particularly accounting for
an even fluorophore distribution on the contour of the
microtubules and the experimentally determined dielectric
function of the gold surfaces (see Supporting Discussion), the
distance of the fluorescent microtubules from the gold
surface (measured from the top of the surface to the bottom
of the microtubules, see Figure 1) is 7.5 ( 1.0 nm (s.e.m.)
for the avidin-fixed microtubules, 13.3 ( 1.5 nm for the
neutravidin-coated and avidin-fixed microtubules, and 26.4
( 0.9 nm for the kinesin-held microtubules (Figure 2d).
These values are expected to directly correspond to the
molecular dimensions of the microtubule-attached proteins.
Hence, we determine the geometrical size of avidin (molec-
ular weight 66-69 kDa) to about 7.5 ( 1.0 nm (s.e.m.), well
in agreement with the size of its tetrameric crystal structure
of 4.2 nm × 7.9 nm × 7.2 nm.11 We determine the size of
neutravidin to be 5.8 ( 1.8 nm, given by the difference
between the measurements in panels a and b of Figure 2.
Neutravidin is the deglycosylated version of avidin with a
molecular weight of about 60 kDa explaining the slightly
smaller size compared to avidin. The distance that kinesin-1
holds the microtubules away from the surface is 26.4 ( 0.9

nm in our measurements. This value, which is much shorter
than the kinesin-1 contour length of about 60 nm,5 is similar
to previously described FLIC measurements (15.2 nm).5 This
indicates a high flexibility of the stalk domain of the kinesin-
1. The difference between FLIM and FLIC measurements
most likely originates from the different surfaces used in
both techniques: in the FLIM approach kinesin-1 motors are
coupled to a gold surface, whereas in the FLIC approach the
motor proteins are attached to silica surfaces.

Finally, we sensitively visualize local changes in the axial
distance along individual microtubules. Therefore, we re-
constitute fluorescently labeled microtubules, where the
center (but not the ends) is biotinylated12 (Figure 3). After
incubation in a neutravdin solution, these microtubules are
avidin-fixed to the gold surface. The center, which binds
neutravidin, can clearly be identified as elevated in the
lifetime image. For the depicted microtubule, the average
lifetimes of the center and end regions are 1.34 ( 0.13 ns
(s.d.) and 0.97 ( 0.08 ns (s.d.), respectively. This corre-
sponds to distances of 15.8 ( 2.5 nm (s.d.) and 8.7 (
1.0 nm (s.d.), yielding a height difference of 7.1 ( 2.7 nm
(s.d.). This example demonstrates that the technique is
capable of picking up minute height differences even from
a single experiment. The precision of these measurements
can be increased by averaging over several experiments.
When investigating the results from six individual microtu-
bules, we obtain distances of 14.5 ( 0.7 nm (s.e.m.) and
8.6 ( 0.2 nm (s.e.m.) for the center and ends, respectively.
The associated height difference of 5.9 ( 0.7 nm (s.e.m.) is
in good agreement with the size of the neutravidin molecules
of 5.8 ( 1.8 nm (s.e.m.) determined above.

The exactness of our technique is given by the accuracy
inherent to the technique and the precision of the individual
measurements. For our setup, we have determined the
accuracy of the lifetime measurements to (0.15 ns (see
Supporting Discussion in Supporting Information), which
converts into an error in axial distance of about (3 nm. This

FIGURE 1. Schematic diagram of the experimental setup. Fluorescently labeled microtubules are elevated via different spacer molecules (not
shown) at axial distances above a 15 nm gold surface in a microscope flow cell. Fluorescent lifetimes, measured with a FLIM system (example
exponential decays for two different distances z shown on the upper right) are used to obtain and image the axial position of the microtubules
with nanometer exactness.
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significantly improves the exactness of(5 nm achieved with
FLIC5 or (30 nm with TIRF,3 discussed above. The precision
is governed by the standard error of the mean (s.e.m.) since
the standard deviations of the individual data sets, being less
than 0.2 ns, show low variation. This implies a high repro-
ducibility and reliability of the technique.

Our technique offers the intrinsically high exactness of
an optical near-field technique combined with an increased
robustness compared to techniques such as FLIC and TIRF.
In particular, our FLIM approach does not require an in situ
calibration and is insensitive to (i) fluorescence intensity
variations due to varying labeling ratios (see Table 1 in
Supporting Information) and/or bleaching, (ii) spatially in-
homogeneous excitation light, and (iii) defocusing (see Sup-
porting Table 1 in Supporting Information). Furthermore, the
presented technique is easy to implement on any fluores-

FIGURE 2. Influence of various spacer molecules on fluorescence lifetime and determination of axial distance. (a-c) Microtubules are elevated
to different axial positions above a gold surface by avidin (a), neutravidin and avidin (b), or kinesin-1 (c). Shown are experimental schematics
and corresponding lifetime images. (d) Measured lifetimes for all experiments (s.e.m.) are converted to absolute distances using the CPS
model. Scale bars are 5 µm.

FIGURE 3. Single microtubule elevated to different heights. Sche-
matic and fluorescence lifetime image of a microtubule partially
coated with neutravidin. The change in axial distance between the
coated and the uncoated part is clearly revealed by different
lifetimes. Scale bar is 5 µm.
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cence lifetime imaging microscope. When fluorescently
labeled microtubules are used as probes, our technique can
provide information about the geometrical size, and there-
fore the conformation, of biomolecules. As demonstrated by
our experiments, these measurements are not limited to
proteins that naturally bind to microtubules. Rather, any
biomolecule can be linked to microtubules via chemical
cross-linkers, antibodies, or aptamers. This underlines the
versatile use of microtubules for nanotechnology as pre-
sented in other studies.7,13,14

We therefore expect the presented technique for molec-
ular measurements to become a versatile tool in fluores-
cence microscopy and, applied in combination with fluo-
rescent microtubules as probes, to be an important technique
for nanobiotechnology.
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