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This document provides supplementary information to "Quantitative fluorescence correlation 
spectroscopy in three-dimensional systems under stimulated emission depletion conditions," 
https: //doi.org/10.1364/optica.4.000982. It provides explicit formulation of the autocorrelation func-
tion used for data analysis, details on application of time-correlated single photon counting, 
absorption spectra of Atto 647N and its conjugates, STED-FCS experimental details, expanded 
discussion and images concerning depletion, illumination, and detection profiles upon STED, 
expanded justification of application of the 2D diffusion model to STED-FCS data, reference bead 
scanning data, reference confocal FCS data, as well as information on sizes and diffusion coefficients 
of probes used in the study. © 2017 Optical Society of America
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S1. AUTOCORRELATION FUNCTION

Autocorrelation function is given by [1]

G(τ) =
B2 ∫∫ pconf(r)pconf(r′) 〈δC(r, 0)δC(r′, τ)〉 dVd′V(
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∫

pconf(r)dV
)2 ,

(S1)
where B is the probe brightness, δC(r, t) is the variance of probe
concentration at position r and time t, 〈〉 denotes averaging over
the whole experiment, and

∫
dV – integration over the whole

volume. Non-primed values relate to an arbitrary moment t=0,
while primed ones to t=τ. For the usually assumed 3D Gaussian
profile of pconf(r), a simple analytical form of Equation S1 can
be obtained:
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where τD is the average time of diffusion of a probe through the
detection volume and zconf and ωconf denote axial and radial
dimensions of the detection volume, respectively. In the above
formulation of the autocorrelation function, diffusion along the
optical axis is fully decoupled from diffusion across the detection

volume (perpendicular to the optical axis). Therefore, for 2D
systems the above equation is reduced to

G(τ) = G(0)
(

1 +
τ

τD

)−1
. (S3)

Such approximation is valid e.g. for highly elongated detection
volumes (see Section S6). The only prerequisite for utilization
of Equation S3 is that the characteristic time retrieved from the
autocorrelation curve corresponds to diffusion across (and not
along) the focused laser beam – which may stem just from the
parameters of the detection volume. It does not imply that
the diffusion process itself is two-dimensional. Therefore, if
only such approach is justified by the geometry of the detec-
tion volume, Equation S3 may still be used in conjunction with
Equation 1 (main text; τD = ω2/4D), which contains a numeric
coefficient characteristic for a 3D diffusion process.

S2. APPLICATION OF TCSPC

All FCS and STED-FCS experiments were realized in the time-
correlated single photon counting (TCSPC) mode, which al-
lowed to perform fluorescence lifetime analysis.
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When no STED was applied, spontaneous fluorescence of
Atto 647N in buffer followed a single-exponential decay with a
characteristic time of 3.59 ns. In 20% PEG, its lifetime shifted to
3.71 ns. Upon binding to proteins, the decay pattern of the dye
became double-exponential, with lifetimes of around 3.9 and
1.4 ns for BSA and 3.4 and 1.0 ns for apoferritin. This indicates
that the fluorescence properties of Atto 647N indeed change
upon shifting its chemical environment – therefore, also changes
in STED saturation power between different samples can be
expected.

Upon introduction of the STED beam, another short-time (less
than 1 ns after the laser pulse) component in the TCSPC curves
appeared. This component was mostly due to partial bleed-
through of the photons originating from stimulated emission to
the detection channel. An arbitrary limit was imposed on the
STED data to exclude all the photons recorded earlier than 0.9 ns
after the excitation pulse. Exemplary TCSPC histogram along
with the adopted limits is given in Figure S1. For all samples,
the remaining part of the STED TCSPC pattern corresponded to
the spontaneous fluorescence decay observed in the non-STED
reference data.

Fig. S1. Representative TCSPC histogram recorded during
a STED-FCS measurement of Atto 647N in PBS; STED pulse
power is 5Psat. STED pulse is introduced after the excitation
pulse only in the first part of a cycle (at ∼1.7–2.2 ns), while in
the second part of the cycle only the excitation pulse is applied
(at 26.7 ns). Photons are assigned to the STED and non-STED
sections using time tagging. Thus, an intrinsic non-STED ref-
erence is recorded during every experiment. In the STED part
of the histogram, the fluorescence decay has an additional fast
component, which is mostly due to the bleed-through of the
stimulated emission to the detection channel. Since these pho-
tons mostly originate from the depleted region (outside the
effective detection volume), we disregard them by including
in the autocorrelation only photons recorded between 2.6 and
25 ns (according to the timescale in this figure – shaded area).
Delay between pulses is at least three orders of magnitude
shorter than the diffusion time, so that pulsed mode operation
does not affect the autocorrelation in the investigated lag time
range.

S3. ABSORPTION SPECTRA OF ATTO 647N AND ITS
CONJUGATES

Fig. S2. Normalized UV-VIS spectra of free Atto 647N and
BSA labeled with this dye in PBS and 40% PEG. The inset
magnifies the region surrounding the wavelength of the
STED laser (marked with a solid line, which applies to both
the plots). In all cases, absorbance at the STED wavelength
is at the background level. Therefore, even considering the
high STED laser power, we can expect direct excitation of the
probes with the STED laser to be negligible.

S4. EXPERIMENTAL DETAILS

STED-FCS experiments were performed using a MicroTime 200
STED setup by PicoQuant (Berlin, Germany). Based on an Olym-
pus IX73 inverted microscope with a 100x oil immersion ob-
jective (Olympus M Plan Apochromat, NA=1.4), it comprised
a 640 nm diode laser for fluorescence excitation (PicoQuant,
LDH series) and a PMA Hybrid single photon detector. Band-
pass wavelength filter was placed in front of the detector to
exclude both the scattered excitation as well as depleting laser
radiation. The system was driven by a HydraHarp 400 TCSPC
module and data analysis was performed within the SymPho-
Time 64x software. Stimulated emission depletion was realized
using a 766 nm diode laser VisIR-765 (PicoQuant), with pulse
width of 0.5 ns (FWHM), coupled with the excitation laser into a
polarization-maintaining single-mode optical fiber. Upon pass-
ing through a set of phase plates coupled within the easySTED
system [2] the STED beam was formed into a donut of intensity
in the center of around 1% of the maximum value [3], while
the excitation beam remained unaffected. Such setup provided
radially-symmetric shrinking of the detection spot in the hori-
zontal dimension upon increasing the STED power, while the z
dimension of the detection volume was retained.

To increase the resolution and data quality, we adopted the
gated STED (gSTED) approach[4, 5]. Both the lasers – excitation
and depletion – were operated in pulsed mode, with the pulse
timing fine-tuned to maximize the STED efficiency. The repeti-
tion rate of the excitation laser was 40 MHz (pulse every 25 ns),
while the STED laser was operated a half this frequency. Thus,
STED pulse was introduced with every other excitation pulse (cf.
Figure S1). Time-tagging allowed to assign every photon count
to either the "excitation only" or "excitation and STED" pulse.
Such approach grants an intrinsic, on-line non-STED control
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recorded during every experiment.

Additional non-super-resolution FCS measurements (Sec-
tions S8 and S9) were performed on a Nikon A1 confocal mi-
croscope with 60x/1.27 water immersion objective (Nikon Plan
Apo). The system was fitted with PicoQuant upgrade kit com-
prising dual-channel MPD SPAD detectors (working in parallel
to produce cross-correlation and exclude afterpulsing issues),
PicoHarp 300 TCSPC module and SymPhoTime 64x software for
data analysis. For excitation of Atto 647N, a 643 nm diode laser
was used (Melles Griot, 56RCS series, constant wave), while
for experiments with rhodamine 110 a 488 nm diode laser was
applied (PicoQuant, LDH series, operated at 40 MHz). The exci-
tation power values reported in Section S8 were measured before
the objective using a PM100 laser power meter (Thorlabs).

Protein labeling procedure was performed according to the
protocol provided by the dye manufacturer, with purification of
the conjugate performed on size exclusion columns filled with
the BioGel P30 bed (Bio-Rad Laboratories Inc.). To ensure purity
and uniformity of the probe, conjugation and purification were
always performed less that 48 hours prior to the experiments.
Free dye was obtained by full hydrolysis of the NHS ester over
the course of at least 24 hours at room temperature in an aque-
ous solution, at micromolar dye concentration and neutral pH.
FCS and STED-FCS measurements were performed using 8-well
Nunc Lab-Tek chambered coverglass based on #1 borosilicate
glass.

FCS simulations were performed using the SimFCS 4 soft-
ware (Laboratory for Fluorescence Dynamics, UC at Irvine, CA,
USA). Within the software, particles undergo diffusion over an
orthogonal grid in a box of defined size, in the center of which a
detection volume (described by a 3D Gaussian profile) is placed.
Photon counts are generated according to the set probe bright-
ness and position of the probe at a given timepoint over the
detection profile. Thus generated huge vector files are correlated
using a fast-Fourier-transform-based procedure. The autocorre-
lation curves are then fitted within SimFCS. Only free, isotropic
diffusion of probes in three dimensions was considered.

S5. DEPLETION, ILLUMINATION, AND DETECTION
PROFILES

We assume the excitation beam to be Gaussian, with width
changing with the z position according to Equation 3 (main
text). For the depleting (STED) beam, we assume the first order
Laguerre-Gaussian radial profile and dependence of the beam
width same as for excitation. Including the factor necessary to
satisfy the condition of equal total intensity (same photon flux)
across every lateral plane, we obtain a full description of the
STED depletion profile in the form of Equation 5 (main text).
However, earlier studies [3] of the easySTED system revealed a
non-perfect zero in the donut center, i.e. residual intensity of the
STED radiation of around 1% of the maximum intensity at r=0.
It should be noted that no STED system offers a "perfect zero"
depletion profile and the offset observed here is relatively low.
However, due to high overall STED intensity and non-linear
dependence of depletion efficiency on the flux of emission stim-
ulating radiation, it should not be neglected in a quantitative
analysis. To account for it, we introduced an empirical correction
to Equation 5. The full, corrected description of the STED profile

is

pSTED(r) =
1√

1 + z
zR
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wSTED(z)
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)2
(S4)

The proposed form of the correction factor grants a reasonable
radial distribution of the offset, its proper amplitude and depen-
dence on the z position. Bottom panels of Figure S3 depict the
effect of such depletion pattern on a coaxial fluorescence emis-
sion profile, before (left) and after (right) including the confocal
pinhole in the detection path.

Fig. S3. Sections of illumination and detection profiles ex-
pected for the experimental setup in question (excitation
wavelength: 640 nm, beam waist: 237 nm, confocal aspect
ratio: 8). Top-left: illumination; top-right: confocal detection;
bottom-left: spontaneous emission upon application of STED
(PSTED=Psat), no pinhole; bottom-right: effective detection
(STED and confocal pinhole in the detection path). In every
panel, the plotted function is independently normalized to
exhibit value of 1 in the brightest point.
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Fig. S4. Radial sections of normalized confocal detection (red)
and STED illumination (green) profiles at (a) focus plane, z=0;
(b) z=1 µm. Due to broadening of the STED beam and result-
ing reduction in overlap of the two profiles, depletion is less
effective in the off-focus regions. Legend refers to both panels.

Fig. S5. Normalized effective detection profiles for various z
planes for (a) confocal FCS and (b) STED-FCS at PSTED=Psat.
The difference in the maxima observed for the same z values at
r = 0 between the two panes is due to non-perfect zero of the
depleting beam, which causes some residual depletion even at
the center of the donut. Legend refers to both panels.
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Broadening of the STED profile away from the focus plane
entails important consequences for STED-FCS analysis. Overlap
of the confocal detection profile and STED illumination profile
is highest at the focus plane (z=0) and decreases in the off-
focus regions (see Figure S4). Therefore, the effective detection
profile broadens away from the focus plane (Figure S5(b)). This
is different to the simple confocal FCS case, where ωconf does
not depend on the z position (Figure S5(a)). Changes of the
calculated ωeff values with the distance from the focus plane for
several STED intensities are visualized in Figure S6.

Fig. S6. Dependence of the radial dimension of the effective
STED-FCS detection volume on the z position for a range of
STED intensities. We assumed a 3D Gaussian confocal de-
tection profile, STED depletion profile given by Equation S4,
depletion efficiency depending exponentially on the STED
intensity, and focus dimensions corresponding to the system
used in the experiments.

S6. 2D AUTOCORRELATION MODEL FOR 3D DIFFU-
SION IN CASE OF ELONGATED DETECTION VOL-
UME

In confocal FCS, due to the properties of the assumed 3D Gaus-
sian detection profile, diffusion in the axial direction (along the
z axis) is mathematically fully decoupled from diffusion in the
radial direction. This can be directly seen from the integrated
form of G(τ) (Equation S2). Both terms contribute to the total
autocorrelation. However, the axial diffusion term influences
G(τ) with a power of−1/2 instead of−1 (as is the case of the ra-
dial component) and contains a scaling factor of (zconf/ωconf)

−2.
Therefore, for a strongly elongated detection volume, the con-
tribution of axial diffusion becomes negligible. We performed a
series of FCS simulations with a 3D Gaussian detection profile
of ωconf=0.25 µm and aspect ratio zconf/ωconf varying from 3
to 14. In all cases free 3D diffusion of probes was studied. We
performed fitting of the obtained autocorrelation functions with
a 3D detection volume model (aspect ratio fixed to the value
preset in the simulation) and a 2D detection volume model, omit-
ting the axial diffusion term (Equation S3). We calculated the
relative difference between the apparent diffusion coefficient ob-
tained from the two fits; the results are compiled in Table S1. The
error introduced by disregarding the axial diffusion component
decreases with increasing elongation of the detection volume
and for zconf/ωconf over ∼ 10 becomes negligible – especially
bearing in mind the intrinsic error margin of any FCS-based

diffusion coefficient measurements of at least several percent.
On this basis, we conclude that using the simple form of Equa-
tion S3 to describe diffusion in the highly elongated STED-FCS
detection volume is justified.

Table S1. Error introduced to the fitted apparent D values by
disregarding axial diffusion in the model for various aspect
ratios (elongation factors) of a 3D Gaussian FCS detection
volume. The given values are calculated as relative differences
between results obtained by fitting Equations S3 and S2 to the
same set of simulated FCS data.

zconf/ωconf ratio Relative error [%]

3 21.4

5 8.6

8 3.6

10 2.3

12 1.6

14 1.1

S7. STED POINT SPREAD FUNCTION – BEAD SCAN-
NING

Fig. S7. Full width at half maximum (FWHM) of the point
spread function of the STED setup measured via imaging of
immobilized, sub-resolution fluorescent beads. The solid line
is a fit of Equation 4 (main text).

We performed reference measurements of the point spread func-
tion width using a standard procedure of sub-resolution bead
scanning. The obtained full width at half maximum (FWHM)
values are presented in Figure S7. The data follow the expected
dependence (Equation 4 in the main text; solid line in Figure S7).
The fitted saturation power for such imaging experiment was
3 mW, which is less than Psat values obtained in STED-FCS
experiments (8−27 mW, depending on the sample). This is qual-
itatively in line with the expectations: since STED works most
efficiently at the focus plane, where the imaged beads are located,
less total STED intensity is required to deplete fluorescence to
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the same extent as in a 3D detection volume. However, no di-
rect quantitative comparisons can be made here due to possible
differences in the fluorophore properties.

The decrease in FWHM reached in the bead scanning test
was to about 0.1 of the non-STED value. Since ω is directly
proportional to FWHM and diffusion time scales with ω2, a
naive initial expectation for τD in FCS would be a decrease
by up to two orders of magnitude upon introduction of STED.
However, the experimentally observed decrease in τD was only
by about one order of magnitude. This difference stems from
the lowered efficacy of STED depletion in the off-focus planes,
resulting in apparent detection volume radius ωapp being larger
than ωeff(z=0), as well as increased Psat and lowered SNR for a
3D detection volume.

S8. FLUORESCENCE AUTOCORRELATION AT LOW
COUNTS PER EVENT – REFERENCE CONFOCAL
FCS EXPERIMENTS

Fig. S8. Results of reference confocal FCS experiments at dif-
ferent excitation power settings. N is the apparent number of
molecules in the detection volume (expected to be constant).
Photon counts per molecule passage event were calculated as
total countrate (diminished by the blank countrate recorded
at the same laser power) divided by the apparent number of
molecules in the detection volume and multiplied by the fitted
diffusion time. Lifetime filtering procedure allows to improve
the SNR by removal of background (non-fluorescence) counts.

Aiming to experimentally confirm the conclusions drawn from
simulations, we conducted a series of confocal FCS experiments.
Instead of diminishing the detection volume as in STED-FCS, we
decreased the excitation power. Therefore, we could observe the
effects of the decreasing SNR and photon counts per molecule
passage without the peculiarities of non-Gaussian STED detec-
tion profile. The experiments were performed on rhodamine
110 freely diffusing in water. Fluorescence autocorrelation was
calculated for the whole recorded datasets as well the lifetime-
filtered trace. The latter procedure allows to increase the SNR by
selecting only the counts that, with a high probability, originate
from spontaneous fluorescence rather than scattered light or
electronic noise. The results are plotted in Figure S8.

Above ∼100 µW of excitation power, the apparent number of
molecules was overestimated, most probably due to dye satura-
tion effects. This was accompanied by a proportional increase in
the fitted diffusion time (data not shown). Below that value, the

fitted τD values were at a constant level so long as the data ac-
quisition time was long enough to produce a reasonably smooth
autocorrelation curve (up to 10 minutes for each curve for the
low power range). For the non-filtered data, the apparent N
steeply increased for low excitation laser power, indicating wors-
ening SNR, according to Equation 2 (main text). This effect was
almost fully eradicated by application of lifetime-based photon
filtering.

We also estimated the number of photons recorded from a
single molecule passing through the detection volume during a
period of τD. This number was for each experiment calculated
as total countrate (diminished by the blank sample countrate
recorded at the same laser power) divided by the apparent num-
ber of molecules in the detection volume and multiplied by the
fitted diffusion time. Due to the moderate brightness of the
probe and its short diffusion time (∼ 19 µs), these values were
low: of the order of 1 for high excitation power and even below
0.1 at the low power range. This would mean that from most
detected molecules we only recorded a single photon, which
could not contribute to autocorrelation. However, such simplis-
tic approach does not include the variability of photon detection
probability across the detection volume nor the excursion effects.
Also, the fitted τD values did not depend on the laser power nor
the counts/event ratio.

The above observations confirm that the autocorrelation am-
plitude dampening is indeed due to background buildup rather
than only single photons being recorded during a molecule
passage through the detection volume. Autocorrelation func-
tion, due to its intrinsic normalization, is not affected by low
counts/event ratio (so long as there is enough data to provide
appropriate photon statistics). Therefore, it is not the number
of photons per single probe that should be of concern while
analyzing STED-FCS experiments, but rather the effective de-
tection profile and the fraction of photons originating from its
low-intensity fringes.

S9. DIFFUSION COEFFICIENTS OF PROBES

Probes investigated in the STED-FCS experiments comprised
Atto 647N dye as well as bovine serum albumin (BSA) and apo-
ferritin labeled with this dye. The media used were PBS (phos-
phate buffer saline) and PBS solutions of 400 Da PEG at concen-
trations of 20 and 40%. Due to the low molecular weight of the
PEG, no length-scale dependence of the diffusion coefficients
was observed [6]. Hydrodynamic radii Rp of Atto 647N and
labeled proteins were measured in independent confocal FCS ex-
periments (performed in PBS at 298 K). For calibration, we used
Alexa 647 (purchased for Sigma), characterized by a diffusion
coefficient in water at 298 K of 330 µm2/s. Expected diffusion
coefficients of the probes in the PEG solutions were calculated
via the Stokes-Sutherland-Einstein equation (D = kBT/6πηRp),
with viscosity η=2.6 and 8.9 mPa·s for the 20 and 40% solutions,
respectively.
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Table S2. Hydrodynamic radii Rp and diffusion coefficients D
in the relevant media of the probes

Probe Rp [nm]
D [µm2/s] in:

PBS PEG 20% PEG 40%

Atto 647N 0.7 350 135 43

BSA 3.6 68 26 8.4

Apoferritin 8.1 30 11.6 3.7
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