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S1 Experimental details

Both excitation and depletion lasers (LDH-640 and VisIR 765 "STED") were operated in

pulsed mode.1 The repetition rate of the excitation laser was 40 MHz (i.e., one pulse every

25 ns), while the STED laser was operated at half of this frequency. Therefore, STED pulse

was introduced after every other excitation pulse, so that an intrinsic, on-line non-STED

reference was recorded for each measurement (cf. upper panel of Fig. S1). Each recorded

photon was assigned either to the excitation-only or excitation-with-STED pulse.

In the STED section of the histogram, the �uorescence decay had another fast com-

ponent, which mostly originated from the bleed-through of the stimulated emission to the

detection channel. Because these photons were from the depleted region (outside the in-

tended observation volume), we disregarded them and only included in the autocorrelation

photons recorded between 2.6 and 25 ns (patterned area in the upper panel of Fig. S1) to

increase the resolution and data quality of STED-FCS.2�4 Since the delay between pulses

was at least three orders of magnitude shorter than the di�usion time, the pulsed mode

operation did not in�uence the autocorrelation in the range of di�usion-related lag times.

The �uorescence intensity of ATTO647N under STED condition (ISTED) was gradually

reduced as the increasing of STED power, comparing to its non-STED reference (IFCS) in the

same measurement (see the lower panel of Fig. S1). The saturation power of ATTO647N,

PSAT, was determined by �nding the value of PSTED at which the �uorescence intensity

dropped by half according to the de�nition of PSAT. The determined saturation power for

ATTO647N was 11 mW.

In addition to STED-FCS, non-super-resolution FCS measurements (Section S4 were

performed on a Nikon A1 confocal microscope with a 60× /1.27 water immersion objec-

tive (Nikon Plan Apo). The system was equipped with PicoQuant upgrade kit comprising

MPD SPAD detectors and PicoHarp 300 TCSPC module. For excitation of ATTO647N

and Alexa647, a 643 nm diode laser was used (Melles Griot, 56RCS series, constant wave).

SymPhoTime 64 software and gnuplot (version 4.5) were used for data analysis.
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Figure S1: Upper panel: representative TCSPC histogram recorded during a STED-FCS
measurement (PSTED/PSAT = 1.7) of ATTO647N in PBS. STED pulse was introduced only
in the �rst part (1.7−2.2 ns) synchronizing with the excitation pulse, while in the second part
of the cycle only excitation pulse was applied (from 26.7 ns). Photons were assigned to the
STED and non-STED sections using time-tagging. Thus, an intrinsic non-STED reference
was recorded within every measurement. Lower panel: The ratio of �uorescence intensity
of ATTO647N under the STED condition, ISTED, to the non-STED condition, IFCS, as a
function of STED power PSTED. The PSAT = 11 mW was determined by �nding the value
of PSTED where ISTED/IFCS = 0.5.
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S2 Autocorrelation model for di�usion-reaction systems

The molecular interaction between component A and B can be treated as binary reaction:5,6

A + B
K−−⇀↽−− C

where C stands for complexes. The equilibrium constant K is related to the association

and dissociation rate constants (k+, k−) and the concentrations of each component at the

equilibrium state ([A]eq, [B]eq, [C]eq) as K = k+/k− = [C]eq/[A]eq[B]eq. The relaxation rate

R of the interaction, which describes the rate of the reaction returning to the equilibrium,

is de�ned as R = k+([A]eq + [B]eq) + k−.
6

Derivation of the model for di�usion-reaction systems is based on the framework of

Magde's theory and our previous work.5�7 In our dye-micelle systems we assume that the

size of micelles is roughly uniform (within the concentration range investigated) and much

larger than that of the dyes, so the di�usion coe�cient of micelles is not a�ected by attach-

ment of a dye molecule, namely DA = DC � DB. The quantum yield of the dye does not

change signi�cantly after binding to the micelle. The full expression for was presented in

our previous paper,7 here we show the simpli�ed form as:
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(S1)

where τ± = ω2/4D±, τ∆ = ω2/4D∆, τA = ω2/4DA, τB = ω2/4DB are the e�ective di�usion

times within the observation volume of a radius ω. The corresponding e�ective di�usion

coe�cients D+ = DAβ + DB(1 − β), D− = DA(1 − β) + DBβ, ∆ = DA − DB, where

β = k+[A]eq/R = K[A]eq/(1 + K[A]eq). κ is the structure parameter (describing the axial

elongation of the observation volume) known from calibration. The model features only one

free parameter (R) which needs to be �tted, while the rest of the parameters (τ±, τ∆, and
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β), whose values depend on the size of observation volume, equilibrium constant and the

micelle concentration, can be exactly �xed during the �tting procedure.

In case of dyes di�using in relatively concentrated solutions of micelles (large value of R)

within a large observation volume (large value of τ∆), the value of Rτ∆ → ∞ according to

the de�nition of both quantities. Then, Eq. S1 reduces to the known form for the single-

component di�usion:

G∞(τ) = G(0)(1 + τ/τ+)−1
(
1 + τ/

(
κ2τ+

))−1/2
, (S2)

whereby only a single value of the e�ective di�usion time can be obtained from autocorre-

lation �tting. This expression is equivalent to the typical single-component model for FCS

(see Eq. 4 in the main text).

For dyes di�using in the dilute solutions of micelles (small value of R) within small

observation volumes (small value of τ∆), Rτ∆ → 0 and Eq. S1 reduces to

G0(τ) = G(0)
[
β (1 + τ/τA)−1 (1 + τ/

(
κ2τA

))−1/2
+ (1− β) (1 + τ/τB)−1 (1 + τ/

(
κ2τB

))−1/2
]
,

(S3)

This expression is equivalent to the standard two-component model for FCS,8 where β

represents the fraction of complexes in the system.

S3 Observation volume pro�le in STED-FCS

We describe the pro�le of the depleting beam, pSTED(r) visualized in middle panel of Fig. S2,

as:9

pSTED(r) =
1√

1 + z/zR

(
r

ωSTED(z)

)2

exp

(
−2r2

ω2
STED(z)

)
(S4)

where zR is the Rayleigh length expressed as zR = πω2
0/λ and ω0 is the STED beam waist. To

obtain the e�ective detection pro�le peff(r) we need to overlay the confocal detection pro�le
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Figure S2: Calculated detection pro�les for the STED-FCS setup used in this study (exci-
tation wavelength: 640 nm, beam waist: 230 nm, confocal aspect ratio: 8). Left: confocal
detection pro�le pconf(r); middle: STED depletion pro�le pSTED(r); right: e�ective detection
pro�le peff(r). The detection and depletion pro�les are independently normalized to exhibit
value of 1 at the brightest point.

in 3D Gaussian distribution pconf(r) = exp(−2r/ω2
conf) exp(−2z/z2

conf) with the depleting

beam pro�le pSTED, including the non-linear dependence of depletion e�ciency on STED

intensity:10

peff(r) = pconf exp(−apSTED) (S5)

where a is a dimensionless parameter de�ning the total STED intensity. The total sponta-

neous �uorescence intensity corresponds to the integral of peff(r) over the whole space. For

any given z position, peff(r) maintains a Gaussian distribution. However, the width of this

Gaussian is a function of z and peff(z) is not Gaussian (see Fig. S2).

Obviously the focal plane of observation volume created by the excitation beam is the

most e�ectively depleted while the axial section is relatively elongated. Additionally, due to

the lack of pinhole for the STED beam, the shape of observation volume becomes broader

and dimmer along the axial direction. As a consequence, the �uorescences originating from
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Figure S3: Experimental autocorrelation curves (ACFs) of ATTO647N and Alexa647 di�us-
ing in water using FCS.

these dim fringes are more likely to be recognized as background noise rather than signals.

The axial di�usion of the probes contribute to the autocorrelation function negligibly. These

factors justify application of a simple 2D autocorrelation �tting model.9

S4 Di�usion coe�cient of ATTO647N

Di�usion coe�cient of ATTO647N in water, Datto, was determined by FCS based on the

calibration measurements of another dye Alexa647 (purchased from Sigma), whose di�usion

coe�cientDalexa in water at 298K is known to be 330 µm2s−1 from the literature.11 The value

of Datto = 352 µm2s−1, was determined from the relation Datto = Dalexaτatto/τalexa, where

τatto and τalexa were the �tted di�usion times of the respective dye in the FCS observation

volume. Single-component model (Eq. S2) was used for ACF �tting.
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S5 Test of the two-component model in the large obser-

vation volume regime

Figure S4: Experimental autocorrelation curves of ATTO647N in the C12E8 solutions (open
symbols) and corresponding �ts of the 3D, two-component model (Eq. S3, solid lines). Ap-
parently, the �ts were too poor to rely on due to the large residuals.

We attempted to �t the recorded autocorrelation curves of ATTO647N di�using in C12E8

solutions with the two-component model for 3D systems (cf. Eq. S3). The parameters

concerning the di�usion times of dyes and micelles within the observation volume (τA and τB)

were �xed on the basis of calibration data, however, the �ts were too poor to rely on according

to the residuals (see Fig. S4). Therefore, we concluded that it was not appropriate to apply

the two-component model for the analysis of the ACFs within this concentration range. This

is in line with our predictions regarding the various regimes de�ned by the ratio of relaxation
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rate to di�usion time. In the large observation volume, fast association/dissociation processes

a�ect the signal at the time-scale of observation and the full reaction-di�usion model (see

Section S2) is required for quantitative data analysis.

S6 ATTO647N in C
12
E
8
solutions under various STED

powers

Figure S5: Experimental autocorrelation curves for ATTO647N in a C12E8 solution (293 µM)
under various STED power settings.

We recorded the di�usion of ATTO647N in C12E8 solutions under various STED powers

(PSTED/PSAT = 1 − 13.5). The PSAT of ATTO647N in phosphate-bu�ered saline (PBS),

determined by �nding the PSTED at which its �uorescence intensity dropped by half according

to the de�nition of PSAT, was equal to 11 mW. As expected, we clearly observed shifts of
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autocorrelation curves towards the shorter lag time region with the increasing STED power

(cf. Fig. S5). We were still able to collect smooth enough autocorrelation function curves

at much higher STED power (PSTED/PSAT = 13.5) in the micellar solutions compared to

those in PBS (PSTED/PSAT = 1.7). This could possibly be explained by the slower e�ective

di�usion of the dyes in the micellar solutions, which increased the average number of photons

per single passage of the probe through the observation volume and improved the photon

statistics.

S7 Regimes of applicability of di�erent autocorrelation

models

STED-FCS allows to observe the transition from the e�ective di�usion of single-component

(dyes) to the two-component di�usion (dyes and dye-micelle complexes) in a size-alterable

volume and also quantitatively determine the equilibrium and rate constants of complex-

formation using analytical models for the autocorrelation function. The regimes of applica-

bility of di�erent autocorrelation models are schematically depicted in Fig. S6.
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Figure S6: Illustration of the applicability of each model for the autocorrelation function in
a di�usion-reaction system in STED-FCS. The single-component model (Eq. S2) is suitable
for studies in the relatively concentrated solutions, while the two-component model (Eq. S3)
is the limiting case, relevant to slow reaction and small observation volume. The equilibrium
constant of the reaction can be determined in any of the cases. The full reaction-di�usion
model (Eq. S1) can be applied to the systems falling between the two limiting cases (i.e. when
τ∆ ≈ 1/R ), allowing to retrieve information on the rate constants of complex formation.
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