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Abstract. A new method is proposed for tracking fluorescing for studying the diffusion of fluorescent molecules is wide-
single molecules diffusing within a two-dimensional mem-field microscopy, where fluorescence is detected over a large
brane. It is based on a confocal microscopy setup with a corspatial area (about 160100um), see for example [6—10].
stantly rotating laser focus, which follows the position of The spatial resolution of this method in the sense of determin-
the molecule. The optimization and efficiency of the methodng the molecule’s position is far below the diffraction-limited
are theoretically studied for a broad range of experimentallyesolution of the microscope, down to a few nm. However,
realistic conditions. The proposed method allows for a longthe time resolution of conventional high-speed single-photon
time observation of diffusing molecules while allowing the sensitive camera systems is limited to a few ms. Thus, they do
application of fast spectroscopic techniques such as fluoresot allow for studying fast molecular dynamics such as flu-
cence decay time determination or fluorescence anisotropyrescence decay or polarization anisotropy on a ns through

measurements. ps time scale, which are very important when studying the
interaction of a molecule with its environment, see for ex-
PACS: 87.16.Dg; 87.64.Tt; 87.64.Ni ample [11-13]. For example, being able to detect the ro-

tation of a fluorescent molecule by measuring fluorescence
anisotropy changes with nano- and microsecond time reso-
In recent years, the fluorescence detection of single moleculdstion could reveal information about the local viscosity of
(SMD) under ambient conditions within a liquid environmenta cell membrane [14]. Also, any change in the fluorescence
has seen a tremendous development, see for example [1—dEcay time, which is usually in the ns time range, provides in-
This is partially due to the fact that versatile laser systemdprmation about the change of local membrane properties that
ultrasensitive photoelectric detectors, and highly efficient opare quenching the fluorescence [15]. The standard technique
tical components such as high-aperture microscope objectivésr measuring fast fluorescence dynamics of single molecules
have become widely available. Further, the ability to detects time-correlated single-photon counting (TCSPC) [12, 16,
the fluorescence of individual molecules has triggered new ret7]. In this technique, fluorescence is excited by a train of
search programs that were unthinkable without the ability tshort laser pulses, and one measures the delay times between
monitor and study molecules on a single-molecule level.  the detection of a fluorescence photon and the exciting laser
There are several techniques for detecting single-moleculgulse. This method allows for the study of the fluorescence
fluorescence. Two of the most widely used techniques ardecay down to a few ps. However, for applying this technique,
confocal microscopy, and wide-field microscopy. An experi-one needs a photodetector capable of continuously detecting
mental technique similar to standard confocal microscopgingle-photons with ps time resolution, which is far beyond
was the first method successfully used for SMD, see [5the capabilities of usual camera systems. The standard detec-
and citations therein. Due to the very small detection vol{ors used for TCSPC are photomultiplier tubes and single-
ume achieved using this method, the detected intensity gshoton avalanche diodes, which do not provide any spatial
Rayleigh- and Raman-scattered excitation light can be keptsolution.
low compared with the fluorescence signal generated by a sin- Thus, it would be advantageous to have a detection
gle molecule, allowing for very high signal-to-background method for SMD that combines the high signal-to-background
ratios. The disadvantage of this method, when detecting difratio and high temporal resolution offered by confocal mi-
fusing molecules, is that due to the small detection volume&roscopy with the ability of wide-field microscopy to observe
the average transition time of a molecule diffusing throughand track individual molecules over a long time and distance.
the detection volume is very short (about 130to several In the present paper, a new method is proposed and theoret-
ms), limiting the time during which an individual molecule ically studied for tracking of single molecules moving within
can be observed and studied. The most successful techniqaglane, such as an artificial bilipid layer or a cell membrane.
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It will be shown that the proposed tracking method can exAfter every rotation, the center of the circle is moved to new
tend the detection time of single molecules by several ordersoordinategxc, Yc) according to the rules

of magnitude compared with a stationary confocal setup,

without losing the ability to perform spectroscopic studies, , , N(X > X) — N(X < Xc)

on an arbitrarily short time scale. To our knowledge, this is Niot ’
the first technique described in the literature that may allow N(Y > o) — N(Y < Vo)
such a long time spectroscopy of single molecules diffusing’c ™ Noot ) 1)

within a liquid phase. Thus, the proposed technique may be
compared to the electromagnetic [18] or optical traps [19wherex; andy. are the Cartesian coordinates of the circle’s
widely used in high-vacuum single atom and molecule speccenter within the planeN(x > x¢) is the number of detected
troscopy. Unfortunately, these traps are not applicable tphotons along the focus’ motion on the half circle witk x¢
single molecules having small dipole moments and diffusingetc., Nyt is the total number of detected photons during one
within a liquid at room temperature. cycle of rotation, and is an appropriate step width. By mov-
ing the center of the circle of rotation according to the rules
of (1), the circle will follow the motion of any sufficiently
1 Theory and numerical results slowly moving fluorescing particle, once the particle has first
come close enough to the circle to give rise to a detectable
The general idea for the detection method to be proposefiiorescence signal. There are three geometrical and one tem-
stems from a quite different field of research: the study ofporal parameters of this detection scheme: the diametsr
the motion of individual flagellate bacteria. In a seminal pa-the laser focus that is assumed to have a Gaussian intensity
per [20], Berg described an elegant approach for trackingrofile, the radiusR of the circle of rotation, the step parame-
the motion of single bacteria under a microscope. He obter«, and the period of one rotation.
served free swimming bacteria with a camera attached to The first question to be considered here is what are the
a microscope. However, instead of extracting the individuabptimum values of the geometrical parameters for tracking.
bacterium’s motion from the recorded images by the help ofn SMD experiments, one usually tries to keep the laser fo-
some image-processing algorithm, the microscope stage beas as small as possible to minimize the detection volume and
ing the microbial sample was moved in regular time intervalghus the background scattering signal. In all subsequent calcu-
in such a way that the observed bacterium remained alwayations, the value of the focus diameter was always assumed
within the center of the field of view. It was then possible toto be 1um (close to diffraction-limited focusing for lasers at
reconstruct the bacterium’s motion by evaluating the microvisible wavelengths). Furthermore, the larger the radties
scope stage adjustments made. the circle is the better the spatial distribution of fluorescence
The SMD method proposed here works in a similar wayis probed by the rotating laser focus. However, if that radius
Its general scheme is depicted in Fig. 1. The fluorescings larger than a critical value, a fixed point source at the center
molecules to be studied are considered to be confined withiof the circle is less excited, when averaged over time, than an-
a plane, within which they can freely diffuse (for example flu- other fixed point source some distance away from that center.
orescently labeled proteins within a phospholipid cell memdf the tracking works well the tracked particle will be always
brane). A laser beam is tightly focused into this plane, andlose to the center of rotation. Thus, an optimum radius value
this laser focus is rotated around a circle. The numbers ofill be as large as possible for optimally probing the spatial
detected photons are recorded during each rotation with suposition of the particle, but without “under-exposing” the cen-
ficiently high temporal resolution (time binning being at leastter of the circle. Consider the average light intensity that
one order of magnitude smaller than the period of rotation)a molecule, placed at a fixed distanc&om the center, re-
ceives from the rotating laser focus. Let the spatio-temporal
intensity distributionP(x, y) of the moving laser focus be
proportional to

P(x, y, t) ocexp (— S

2(x— Rcogwt))2 +2(y — Rsin(a)t))2>
” ,

(2)

wherew = 27/T is the angular frequency of the rotation, and
(X, y) are Cartesian coordinates. Then) can be computed
as

T -
I(r) oc/ dtP(x, y, t) = Texp[—%(rZ_}_ RZ)} Jo <@> ,
w w
0

3
Fig.1. General scheme of the proposed experimental setup. A Gaussian
laser beam is tightly focused into the plane of diffusion of the moleculgyhere the relation? = X2+ y2 holds, andJ; denotes the

to be observed. The laser focus is moved around a circle with ralius : ’ .
After each rotation, the center of the circle of rotation is adjusted to a ne%/emth'order Bessel function of the first kind. The shape of

position according to the photon detection intensities observed along thél) _for different values oRis ShOW!’] !n Fig. 2. For values of
rotation R slightly larger than Bw a local minimum ofl (r) occurs at

Trajectory of diffusing molecule Rotating laser focus
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R=02]" ‘ ‘ ‘ ‘ the circle of rotation, and was stopped as soon as the num-
R=03 ber of detected photons during one period of rotation dropped
belownpg. Thus, the final result of one calculation is the num-
R=04 ber of rotation cycles until the molecule is lost, which will
R0 be denoted by . Repeating the calculation many times, one
‘ obtains the mean value of this number for a given set of pa-
Py rameter values. As already mentioned above, the value of

was set to Jum, and the values oR anda were set both to
R=07 0.6 um. The diffusion constant of the molecule was assumed
to beD = 1072 um?/ms, a typical value for protein diffusion

I(r) (au.)

2:22 in cell mer_nbranes [21]. It will be shown below that the fi-
R=1.0 nal numerical results can be related to other valueb dfy
‘ appropriate rescaling of the time scale. The average number
of background photons detected during one period of rotation
0 03 | s 5 was always set thpg = 10, a typical value for confocal SMD.

Thus, there remained two free parameters: The period of rota-
Fig. 2. Shape of the average intensityr) received by a molecule at a fixed tion, T, and the fluorescence detection IntenS.N(y, Vz_alues of
distancer (in units of w) from the center of rotation during one period T betweerT =1 ms andr =20 ms. We.re studied. Finally, the
of length T. Different curves correspond to different values of the rotation/alues of the fluorescence detection intenslgywere chosen
circle radiusR (indicated on the left side of each curve) within a range of values so th&{Tvaried between 50 and
500, corresponding to signal-to-background ratios between
5 and 50, also typical values for confocal SMD. It emerged
r = 0. Thus, in all subsequent calculations, the valuRwfas  that theT-dependence of follows a exgB/T )-law, where
chosen to bdr = 0.6w. B is a characteristic factor independenflofThis can be un-
The value of the step parametewill be optimum if the  derstood if one realizes that the probability that a molecule
adjustment steps as prescribed by (1) move the center of thiiffuses a fixed distanca away from some original position
circle as close to the actual position of the molecule as pogduring timeT is given by
sible. Consider the special casexgt= y. = 0 and a molecule

on thex-axis at a distancg,, from the center of the rotation <% r r2 1 a2

circle. For small values af,,, (1) shows that a fair estimate dr ———ex =—expl—-——=]. 6

! values atr, (1) show Irest / 27DT p( ) p( 4DT) ©)
a

r/w

of the optimunx-value is given by 4DT 2r
1_d < N(x > 0) — N(x < 0)> ‘ (4) tcan be expected that this probability is proportional to the
a  Oxm Niot Xm:O’ probability of losing the molecule during one period of ro-

, ) tation, so thatL should be proportional to the inverse of
where the brackets denote temporal averaging. Notice that thgjs probability. In Fig. 3, the determined dependencyLof

N-values in (4) implicitly depend on the coordinate of  ponT is plotted for different values dflg /Mg, and Fig. 4
the molecule. When approximating the average of the fraction

in (4) by the fraction of the averages, and assuming that the
average number of detected photons is proportional to the ex- s
citation intensity as given by (2), an analytical result can be
found fora which reads

Tw?

=5 ()

Next, the efficiency of the tracking method for different
values of T will be studied. The measure of the tracking ef-
ficiency can be defined as the time of how long it is possibl
to follow a molecule before ‘losing’ it (neglecting photo-
bleaching here). In a real experiment, it has to be taken int 10° 1 4
account that not only photons caused by the molecule’s fluo2
rescence are detected but also background photons stemm@
from light scattering and dark counts of the detector and the
electronics. Thus, by ‘losing’ the molecule it shall be under-
stood the case when the detected number of photons during ;(° ‘ ‘ ‘ ‘ ‘ ‘
one period of rotatio is equal to or lower than the mean 0.1 0.2 0.3 04 03 0.6 0.7
number of background photommsg detected during timd . /T (msec™)

For quantifying the tracking efficiency, Monte Carlo simu- _

lations of the proposed detection and tracking method wergig- 3. Dependence of the mean numHepon the inverse of the period
performed. In all calculations, the photon detection was aI9,\I rT(}tgt'O"FTmra tshhe°b"‘c')rt‘tj‘r;ecﬂr’\r,‘éetsof?r:edt'gsrg:rtVZ'g&?'&ﬁfﬁ?{ﬁ’/"ﬁd ratios
ways assumed to obey Poissonian statistics. One calculati@ﬁimggi from 5 to 50 in steps of 5. The absolute valug,pivas eqf]%|
always started with the molecule positioned at the center ab 10 photons

—_
(=}

o

yz

niber o? rotation periods)
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2 Conclusion

A new method of tracking a fluorescing single molecule dif-
fusing within a two-dimensional membrane was proposed
and theoretically studied. The proposed method offers the
possibility of performing TCSPC measurements with high
temporal resolution while following the molecule’s motion.
Thus, it offers a completely new direction of gaining in-
formation about molecule—-membrane interactions or local
membrane properties by measuring for example fluorescence
anisotropy changes afar excited state lifetimes.

The circular steering of the laser beam can be realized
by existing technigues such as acousto-optical modulators or
galvano-optical mirrors as used in confocal laser scanning mi-

B (msec)

15 L L L L L L L L H - H H
S 0 15 a0 25 30 35 a0 45 so croscopes. The adjustment steps for re centering the rotating
3 laser beam can be done by the same deflection technique or
N T/, by an additional high-resolution displacement table, moving
Fig.4. Dependence of the characteristic exponential fagtarpon signal- the Who',e sample with respect to the OptICS.. The speed Of the
to-background ratid\yT/fing for Mg = 10 andw = 1 pum electronics necessary for fast photon counting and the adjust-

ment calculations lies also within the proper range of existing
counting cards and microprocessors. Thus, a technical real-

shows the dependence of the characteristic fagtgpon the ization of the proposed tracking method does not demand any

signal-to-background ratiblo T/Npg. When interpreting these non—sta.nq‘j:lrd te_chmcal components. - .
figures, one has to keep in mind that for the chosen simy- " initially finding a molecule it is sufficient to switch
lation p;arameters the characteristic time 125 ms, being on the detection system and to wait until a molecule diffuses

a rough estimate of the mean residence time of a diﬁusingy.Chance into the detection r_egion, similar to what one is
molecule within a stationary laser focus with a diameter o oing in fluorescence-correlation spectroscopy. A more so-

1pm. The ratior/T is a measure oL for SMD without phisticated initial scanning procedure for finding a molecule

tracking, to which the_-values determined for tracking have €&" also be envisioned. Once the detection system has en-

mpared. D h T)- nden he val cogntgred a single molecule, !t will automatically track it until
Lc; bfeir(lzc?regseeripidlfs\ﬁtth ggﬁéas)ir?geﬁemede ce, the values losing it, or until the molecule is photobleached. It should also

The calculated numerical results can be readily adopted e noticed that Fig. 3 yields information about upper limits of

other values of the diffusion constant. If the new value is de-t e tracking efficiency: if, for a given rotation period of the

noted byD’, then the results of Figs. 3 and 4 will not changelkf‘esir cl;)c?;sn;f Totlregcullgé Vg'rt]hagévr:ned'gﬂss'g%goeﬂggrgf‘t’yme
when rescaling the time scale by a factoiyfD’. Of course, u ully » On average, peri Ime,

one has to take into account that by this rescaling, the detectélaan any molecule with smaller diffusion coefficient will be

photon intensities will also change if the exciting laser powe racked even longer. Thus, it is not necessary that the real

is held constant. This will not affect the signal—to-backgroundnOIeCUIe motion is a perfect Brownian diffusion (as assumed
ratio, but the absolute values dbT andmny. However, by in the Monte Carlo calculation), one has to make only sure

changing the exciting laser power by the same fag¢p’, that the rotation period is small enough to keep up with the

the two situations become completely equivalent. Thus, thgastest motion (.)f the m'olecules to be studied.
found relations as depicted in Figs. 3 and 4 represent ver, It would be interesting to extend the proposed method to

general resullts for the tracking method e tracking of molecules diffusing in three dimensions. The
For the worst studied signal-to-background ratio valudMiting factor for doing so is not so much the ability to move

of 5 and the diffusion constai = 10-2 um?/ms, a rotation a laser focus quick enough along a three-dimensional path, or

period of 14 ms corresponds to a mean tracki,ng time valu he speed of the necessary calculations and adjustment steps.

of 1P rotation periods or 140's, compared to abouBigs he main limitation will be the maximum number of fluores-

without tracking. Thus, the time one is able to follow cence photons that can be detected within a given interval of

a molecule is more than four orders of magnitude longefMe: This number is limited by the optical saturati%r; of the
than without tracking. This situation improves with increas—detecmd fluorophore, leading to a maximum value of d&-

ing signal-to-background ratio, and reaches its optimum fc)Eected fluorescence photons per ms under optimal conditions.

ratio values near 50, as can be seen from Fig. 4. These rBecause tracking is performed on the basis of information

sults were obtained on the assumption that the fluorescen@@inéd by measuring the fluorescence intensity at different
emission has a strictly Poissonian character and that no photBQSltlons of the laser focus, tracking efficiency is directly
bleaching occurs. For many real fluorophores, effects such &9'"€ated to the number of detectable fluorescence photons.
blinking (repeated transition into non-fluorescent intermittent. 'emains to be studied in future work whether a realistic
states) may occur, which will decrease the tracking efficienc _rack!ng §cheme can .be de\(lsed allowing for single-molecule
But even in that case tracking still promises an extension Ot'racklng in full three dimensions.

the observation time far beyond its value for a non-tracked

molecule. The ultimate limit of the tracking is, of course, acknowledgements. | thank Martin Bshmer and Thomas Ruckstuhl for
always set by the photobleaching of the tracked molecule. many inspiring discussions. | am grateful to Richard Ansell for his linguis-



tic support. | would especially like to thank Eike Stedefeldt for his enduring 9.
and exceedingly helpful support of my work.
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