APPLIED PHYSICS LETTERS 87, 094105 (2005)

Breaking the diffraction limit with dynamic saturation optical microscopy
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A scheme of fluorescence microscopy is proposed allowing the breaking of the diffraction limit of
optical microscopy by a factor of four to five. It relies on fast temporal measurements of the
fluorescence decay after sudden switch-on of the light excitation. The observed temporal dynamics
of the fluorescence signal can be converted into information about the spatial distribution of
fluorophores within the exciting laser focus. The proposed scheme is technically simple, allows
resolution enhancement in three dimensions, and will be robust with respect to small optical
aberrations as caused by refractive index variations in real samples. © 2005 American Institute of

Physics. [DOI: 10.1063/1.2034116]

The primary limitation of the classical light microscope
is its finite spatial resolution, which is limited by the diffrac-
tion of light to about 200 nm in the lateral direction (image
plane) and about 600 nm along the axial direction (optical
axis). In recent years, several methods had been developed
aiming at the extension of the resolution limit of the classical
light microscope as set by the diffraction of light.l_4 All these
methods are still restricted in their spatial resolution by the
diffraction of light, principally not breaking the resolution
limit as set by diffraction; for a more detailed overview see
Ref. 5. Since the inception of nonlinear optics a few decades
ago,6 it has been clear that a nonlinear relationship between
the applied intensity and the measured fluorescence signal
would—at least in principle—expand the resolution capabili-
ties of a focusing (“far-field”) light microscope. However,
only in the early 1990s concrete physical concepts appeared
for breaking the diffraction barrier of resolution, resulting in
a whole family of concepts that utilize reversible saturable
optical (fluorescence) transitions which was termed by Hell
et al. RESOLFT.”®

Consider the particular case of fluorescing molecules
having a ground state S, excited state S}, and triplet state 7.
It is assumed that the transition rate from the excited to the
ground state (inverse of the fluorescence lifetime 7) is much
faster than the intersystem-crossing rate kig..

When a fluorescing sample is illuminated with some spa-
tially varying intensity distribution, the position dependent
probability s(r) to find the molecules either in the state S, or
S, is found by solving the kinetic equation

dS(I‘, t) _ Tkex(r)kisc

di 1+ k()]

(r,0) + kpp[ 1 = s(r,1)], (1)

where k., (r) is the position dependent excitation rate which
is directly proportional to the illuminations intensity distri-
bution, and k, is the inverse triplet state lifetime (phospho-
rescence rate). If the laser light is switched on suddenly, so
that at time #=0 all molecules are in the ground state S, i.e.,
s(r,r=0)=1, the explicit solution of this equation is given by
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kph Tkis (I‘)
s(r,1) =
kph + Tkis (I‘) kph + Tkiscf(r)
Xexp{— [kon + Thisof (r) ]2}, (2)
where the abbreviation
key(r)
fe)= 1 + 7k (r)

was used. For most dyes, the triplet state lifetime k;ﬁ is of the
order of a few microseconds, so that static equilibrium in Eq.
(2) is reached on that time scale, after which the position
dependent fluorescence signal F(r) is given by

_ oy - Kpnf(r)
F(r) = f(r)s(r,r — )—m- 3)

The core idea of RESOLFT is that, due to the highly non-
linear relation between the exciting illumination profile I(r)
and the resulting fluorescence profile F(r), one can generate
arbitrarily steep spatial modulations in F(r), depending only
on the intensity modulation amplitude of I(r), with much
higher frequencies in Fourier space than originally contained
in the generating distribution I(r). This directly translates
into correspondingly higher spatial resolution in an image-
forming process when scanning a sample with such a modu-
lated intensity distribution I(r). For the special case of the
singlet/triplet state transition considered above, the resulting
method of image resolution enhancement is a particular vari-
ant of the so-called saturated patterned excitation microscopy
(SPEM) as proposed by Heintzmann et al.”'® A more sophis-
ticated realization of RESOLFT is stimulated emission
depletion (STED) microscopy, developed by Hell er al..!'™"?

Here, I propose a different approach for increasing the
spatial resolution in imaging beyond the limit of light dif-
fraction by explicitly using the temporal dynamics of fluo-
rescence. For simplicity, consider a localized excitation in-
tensity profile which is suddenly switched on at time zero. At
every point, the excited fluorescence will be proportional to
f(r) times s(r, ), where the temporal dynamics of s(r,7) is a
superposition of an exponential decay plus a constant offset
(the infinite time limit). At any position, the decay rate is
directly proportional to the excitation intensity, see Eq. (2).
The rapidity with which the fluorescence signal reaches equi-
librium directly reflects the local excitation intensity. This is
exemplified in Fig. 1: Any point along a one-dimensional
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FIG. 1. (Color online) Converting temporal into spatial information: The
upper graph shows the temporal evolution of the fluorescence intensity pro-
file after switching on a Gaussian laser beam illuminating a homogeneous
distribution of fluorophores. The photophysical parameters used are: fluo-
rescence lifetime 1 ns, triplet state lifetime 10 us, intersystem crossing rate
10%/s. Peak excitation rate (at zero position) is assumed to be 10 MHz. The
bottom graph shows the fluorescence signal decay as would be measured at
the different indicated positions: The higher the excitation intensity, the
faster the molecules are pumped into the triplet state and the faster the
fluorescence signal approaches its long-time equilibrium level.

Gaussian excitation intensity profile corresponds to a differ-
ent decay rate of the fluorescence signal. Consequently, the
temporal information contained in the dynamics of the fluo-
rescence signal is directly related to the spatial information
as given by the spatial modulation of the excitation intensity.
For the sake of simplicity, let us assume that all the fluores-
cence generated by the localized excitation intensity distri-
bution is collected by some detection optics with uniform
collection efficiency. Then for any center position r of the
excitation profile, the detected fluorescence signal is given
by the integral

I(r,t):jdr’s(r—r’,t)f(r—r’)c(r'), (4)

where ¢(r’) describes the distribution of fluorophores in the
sample. Using Eq. (2), this expression can be rewritten into a
different form,

I(r,) = Iy (r) + J dTw(D)exp(-T7), (5)

where I.4(r) denotes the fluorescence signal which is gener-
ated under equilibrium conditions, and w(I') is a weight
function defined b
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FIG. 2. (Color online) Point spread function obtained when scanning an
infinitely narrow line distribution of fluorescent molecules. Shown are the
resulting signals for a diffraction limited focus in the limit of no optical
saturation, the same focus with DOSM, and a Bessel focus with DOSM.

w(l') = (1 - ]Elﬂ—h> f dr'c(r+r')f(r")

X ke + Thisef(x') = T']. (6)

The integration extends from I'y,=ky up to Iy =kpp
+ 7k; . max[f(r)]. All the RESOLFT methods that are de-
scribed in the cited literature use solely the equilibrium part
I.,(r)
eq s

B kopf(r—r') ,
o= It -1 7

and completely ignore the time-dependent part. To our
knowledge, the only work that has ever discussed the use of
temporal information in the fluorescence signal for improv-
ing imaging resolution is Ref. 14, but within a completely
different context of a double color excitation employing a
hypothetical reversible S;« X, transition. Close inspection
of Egs. (5) and (6) shows that every decay time I' of the
signal at a given point r samples the fluorescence within
infinitely thin regions around r which are defined by the
above S-function. The important point is that a certain range
AT of decay rates defines a finite spatial region that can be
much smaller than the optical wavelength.

This is the physical principle behind the concept of en-
hancing the spatial resolution of imaging which will be
termed dynamic saturation optical microscopy (DSOM).

As a numerical example consider a fluorescence lifetime
of 7=1 ns, intersystem crossing quantum yield of 10%, i.e.,
7his.=0.1, triplet state lifetime k=10 s, and a maximum
excitation rate of f,,,,=10 MHz (at focus center position),
which is easily achieved with moderate excitation power
within a diffraction limited focus. Thus, we assume excita-
tion by a diffraction limited laser focus which is produced by
an oil-immersion objective with 1.4 numerical aperture
(NA). Calculation of the excitation intensity distribution was
done following the theory of Wolf and Richards for high-NA
optical systems.15 The resulting standard deviation of the ex-
citation light distribution along one dimension is 157 nm. As
a different excitation mode, a so-called Bessel beam gener-
ated by focusing a ring of radially polarized light through the
same objective was also considered, generating a light distri-
bution with a narrower central peak for the prize of much
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FIG. 3. (Color online) Demonstration of DSOM performance on a richly
structured sample. Top left panel shows the assumed fluorophore distribu-
tion (graph of a portrait of microscopy pioneer Antonin van Leuwenhoek),
and the length of the black bar is 1 wm. The top right panel shows an image
as obtained when scanning with the diffraction limited focus in the limit of
no optical saturation, the bottom left when using DSOM, and the bottom
right panel when using DSOM with a Bessel beam focus.

elevated side peaks.lﬁ’17 Without restriction of generality, we

will focus here on imaging in two dimensions. For measur-
ing the temporal decay of the fluorescence signal on a mi-
crosecond time scale due to the transition of the molecules
from the singlet to the triplet state, scanning and excitation of
the sample has to be performed in a discontinuous way: The
laser focus is positioned at consecutive points in the sample,
and only after positioning, the excitation light is switched on
for a few microseconds and then switched off again. Before
measuring the signal at the next position, one has to wait
long enough that all molecules have time to return from the
triplet to the singlet ground state. Thus, for the above num-
bers, a reasonable measurement mode will be a 10 us on-
time of the excitation light with =100 us off-times in be-
tween. Spatial scanning steps have also to be chosen small
enough to match the spatial resolution that one desires to
achieve. For the numerical example studied here, a step
width of 2.5 nm was chosen. Each recorded curve is fitted by
a discrete set of four exponentially decaying intensity pro-
files with 1, 2, 4 and 8 ps decay times using a simple but
efficient linear least square procedure. Although it does not
guarantee non-negativeness of the decay component ampli-
tudes, it worked sufficiently well for extracting the amplitude
of the fastest decay component (1 ws). As a first test, a two-
dimensional scan of an infinitely thin fluorescing line was
simulated. Figure 2 shows a comparison between the signal
as directly observed when scanning with the diffraction lim-
ited focus in the limit of no optical saturation, the signal as
observed when using the same profile for the DSOM proce-
dure, and the signal when using the Bessel beam together
with DSOM. For the DSOM profiles in Fig. 2, the fitted
amplitude of the shortest considered decay component is
plotted. The case of the Bessel beam-DSOM shows impor-
tant and beneficial side effect of DSOM: Because the fastest
decay in the fluorescence signal is generated by regions of
highest excitation intensity, the significant but much lower
amplitude side peaks in the Bessel beam distribution are
completely suppressed in the resulting DSOM signal. Thus,
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DSOM could be an ideal supplement for techniques such as
4Pi microscopy, where a narrow central light distribution
along the optical axis is accompanied by smaller but non-
negligible side peaks that have conventionally to be elimi-
nated by sophisticated image restoration procedures.18 For a
more intuitive visualization of the performance of the
DSOM, we will use a microscopic copy of an image of the
microscopy pioneer Antonin van Leuwenhoek. Figure 3
shows four panels: The supposed distribution of fluorescent
molecules (the original Leuwenhoek picture); the resulting
image when using conventional scanning and detection with
the diffraction limited excitation focus; the image using the
same focus but with DSOM; and the image using a Bessel
beam focus with DSOM. The increased spatial resolution in
imaging produced by DSOM is obvious. The gain in DSOM
resolution when using a Bessel beam instead of a Gaussian
beam can be seen when looking at finer image details such as
the curls of the hair. The background in the DSOM images is
caused by the rather pure performance of the simple nonlin-
ear least-square algorithm. Experimental realizations may
use more sophisticated algorithms such as non-negative least
square analysis.

Several generalizations and modifications of the DSOM
concept are feasible. Instead of using the singlet-triplet tran-
sition dynamics, one can directly employ the saturation of
the ground to first excited single state transition. For such an
implementation, fluorescing molecules or particles with long
fluorescence lifetimes from several dozen nanoseconds up to
microseconds will be preferable, such as quantum dots, dia-
mond color centers, or rare earth fluorescent dyes. Besides
excited or triplet states, any other optically saturable transi-
tion can also be employed for realizing DSOM. Furthermore,
the concept of DSOM is not restricted to scanning micros-
copy. Using spatially modulated excitation and a fast gated
camera for imaging, DSOM could be used for enhancing the
spatial resolution in whole-field imaging.

The author thanks Thomas Ruckstuhl and Ingo Gregor
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jamin Kaupp and Eike Stedefeldt for their general support of
my work.
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