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Abstract

Equilibrium and rate constants are key descriptors of complex-formation processes in

a variety of chemical and biological reactions. However, these parameters are di�cult to

quantify, especially in the locally con�ned, heterogeneous, and dynamically changing

living matter. Herein, we address this challenge by combining stimulated emission

depletion (STED) nanoscopy with �uorescence correlation spectroscopy (FCS). STED

reduces the length-scale of observation to tens of nanometres (2D)/attoliters (3D) and

the time-scale � to microseconds, with direct, gradual control. This allows to distinguish

di�usional and binding processes of complex-formation even at reaction rates higher by

an order of magnitude than in confocal FCS. We provide analytical autocorrelation

formulas for probes undergoing di�usion-reaction processes under STED condition. We

support the theoretical analysis of experimental STED-FCS data on a model system of

dye-micelle, where we retrieve the equilibrium and rates constants. Our work paves a

promising way towards quantitative characterization of molecular interactions in vivo.
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Although non-covalent interactions are generally much weaker than covalent bonding,

they signi�cantly a�ect the physicochemical properties of matters and play a crucial role

in the processes of complex formation in biochemical and supramolecular systems.1 Deter-

mination of equilibrium and rate constants of these interactions can provide quantitative

information on these systems.2,3 Complex formation processes are often extremely fast (up

to the di�usion-controlled limit) and require highly advanced techniques to study them

quantitatively.4�7 The main methods used previously, e.g. NMR, titration, sometime gave

relatively inconsistent results since individuals' behaviours of molecules were averaged in

the experiments.3,8,9 Single-molecule techniques are ideal tools for the characterization of

molecular interactions. One of the most promising experimental solutions is the �uorescence

correlation spectroscopy (FCS).7,9�11 In FCS, �uctuations of �uorescence originating from

probes di�using through an observation volume are recorded. Autocorrelation of the signal

reveals the characteristic time-scales of the �uctuations. Combined with a proper theoret-

ical model, such analysis may o�er various information on the physicochemical properties

of the system,9,12 such as di�usion coe�cients of the probes and dynamics of any reaction

they are involved in. Due to the di�raction limit, the length-scale of observation volume in

standard FCS experiments cannot be reduced below ∼200 nm. However, this limitation can

be circumvented by means of stimulated emission depletion (STED).

STED nanoscopy o�ers spatial resolution down to ∼20 nm by employing a depleting

laser beam (shaped into a "donut" with zero intensity at center) coaxial to the excita-

tion beam.13�15 In principle, the depleting laser suppresses spontaneous �uorescence from

the outer part of the confocal volume, trimming the e�ective observation volume to sub-

di�raction size. Combination of STED with FCS (STED-FCS) allows to perform experi-

ments at higher probe concentrations and shorter length-scales of observation volume than

confocal FCS.16 This is particularly useful for biological17�19 and anomalous di�usion4,20

investigations. A number of such studies have been reported in 2D systems (e.g., lipid mem-

branes).4,11,21,22 For instance, Eggeling et al revealed the single-molecular reaction dynamics
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in the plasma membranes of live cells with STED-FCS.23 The on/o� rates of the binding

of lipids to other membrane constituents were determined by the reaction-dominated model

for the autocorrelation function. However, few studies using STED-FCS in solutions have

been published. This is largely due to troublesome analysis and interpretation of STED-FCS

data, related to non-3D-Gaussian observation volume and lack of the analytical form of au-

tocorrelation function (ACF) for such systems.24�26 A recently proposed solution,25 based on

realistic description of the 3D observation volume under STED and empirically justi�ed ap-

proximation of the ACF, allows to overcome these issues. Here, we develop this solution for

quantitative studies of di�usion-reaction processes at sub-di�raction length-scales. A unique

advantage of STED-FCS for binding/unbinding kinetics studies is direct, gradual control

over the size of observation volume. This allows to cross in a single experimental system be-

tween the large "observation volume" regime, where multiple binding/unbinding acts occur

while the probe resides in the observation volume and a single, e�ective di�usion coe�cient

is observed, and the "small observation volume" regime, where distinct populations of free

and bound probe are observed.9�11

In this Letter, we demonstrate a successful application of STED-FCS to quanti�cation of

the equilibrium and rate constants of supramolecular interactions on a simple model of �uo-

rescent dye reversibly binding to surfactant micelles. The particular advantages of this model

system have already been introduced previously:9 high stability of each component, simple

interaction mechanism, no side-products, large di�erence in the di�usion coe�cient between

the free and bound probe, and full reversibility of the process. The molecular interaction

between surfactant micelles (Octaethylene glycol monododecyl ether, C12E8 denoted by A)

and the dye (ATTO647N, denoted by B) can be treated as a pseudo-�rst-order reaction:9,27

A+B
K−−⇀↽−− C

where C stands for dye-micelle complexes. The equilibrium constant K is related to the asso-

ciation 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
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rate R of the interaction, which describes the rate of the reaction returning to the equilib-

rium, is de�ned as R = k+([A]eq + [B]eq) + k−.
27 Because in the discussed experiments the

micelle concentration is always much higher than the dye concentration, [A] � [B] ≈ 10−9

M, we introduce the following approximation:

R ≈ k+[A] + k− = k+[A] + k+/K. (1)

It follows that the higher the micelle concentration, the larger the relaxation rate of dye-

micelle interaction (i.e., the shorter the time of the return to the equilibrium).

Depending on the ratio of the average time spent by the dye in the observation volume

(determined by the volume size) and the relaxation rate, qualitatively di�erent regimes can

be distinguished in terms of autocorrelation data analysis. In the large volume regime, the

e�ective residence time of probes is substantially longer than the relaxation time (1/R),

namely τ∆ � 1/R. Then, equilibrium is established within the observation volume while

the probe is detected. A single, e�ective di�usion coe�cient is obtained, including multiple

association/dissociation acts, as well as di�usion of free dyes and dye-micelle complexes

in the intervening periods. Contrarily, in the small volume regime, the residence times are

shortened and equilibrium is not attained inside the observation volume. There is not enough

time for association/dissociation acts to occur before the probe di�uses out of the observation

volume (i.e., τ∆ � 1/R). Hence, motions of dye-micelle complexes and free dyes (DA and

DB) are recorded separately. In the regime where τ∆ ≈ 1/R, neither of the two simpli�cations

is valid and the full autocorrelation model including di�usion of the two species as well as

the reaction needs to be applied. With a system characterized by an appropriate relaxation

rate, it is possible to observe the transition between the aforementioned regimes, simply by

controlling the size of the observation volume using STED (see Fig. 1a).

To allow for quantitative STED-FCS analysis in solutions, we apply the recently devel-

oped methodology based on a realistic model of the non-3D-Gaussian observation volume
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Figure 1: a) Schematic illustration of the complex formation processes in a dye-micelle
system within a large and small observation volumes of STED-FCS. In the large volume,
multiple association/dissociation acts occur during a single passage of the dyes through the
observation volume and a single, e�ective di�usion coe�cient is measured. In the small
volume, di�usion overruns the reaction and two distinct components (free dyes and dye-
micelle complexes) are observed. b) Representative pro�les of e�ective observation volumes
of STED-FCS under various STED powers PSTED. For details on the excitation, depletion,
and observation pro�les see section S3 in SI and Ref. 25. c) Experimental STED-FCS
autocorrelation curves for ATTO647N di�using in PBS (open symbols) under various values
of PSTED/PSAT and the �ts using Eq. 2 (solid lines). ATTO647N features high photostability
and extremely low triplet state contribution to the ACF, so the triplet fraction is not included
in the �tting processes. Insert: changes in the e�ective radii of the observation volume under
various STED conditions determined from Eq. 3.
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shape.25 Brie�y, the radial pro�le of a STED beam is given by a �rst-order Laguerre-Gaussian

function.28,29 Its width evolves along the axial direction (see Fig. S2 in SI), causing most

e�cient depletion at the focal plane and relatively weaker in�uence on STED on the o�-focus

regions. This leads to the hourglass-like shape of the observation volume (see Fig. 1b and

Fig. S2 in SI), as well as a decrease in the e�ective signal-to-noise ratio with increasing STED

power due to high contribution of the �uorescence from the dim yet extensive fringes.25 Still,

each radial section of the observation volume retains a Gaussian pro�le. Due to strong elon-

gation of the e�ective observation volume, the contribution of axial di�usion of the probes

to the autocorrelation function is negligible. These factors justify application of a simple 2D

autocorrelation �tting model, which for free dye di�usion is expressed as:

G2D(τ) = G(0)(1 + τ/τB)−1, (2)

where G(0) is the ACF amplitude and τB is the residence time of the dye. This approximation

has been validated by computer simulations and a series of experiments with di�erent probes

(radii ranging from 0.7 to 6.9 nm) and di�erent medium compositions.25

For free dyes di�using in three dimension, τB appearing in Eq. 2 depends on its di�usion

coe�cient DB and the radius of observation volume ω as:

τB = ω2/4DB. (3)

Under STED conditions, ω in the focus plane decreases with STED power (PSTED) as:
30,31

ω = ω0/
√

1 + PSTED/PSAT, where ω0 is the radius of confocal observation volume. PSAT is

the saturation power, characteristic for a given �uorophore in given conditions, de�ned as

the STED power at which the overall intensity of spontaneous �uorescence is decreased by

half.13,31 However, the e�ective ω for STED-FCS in solution corresponds to the radius of the

brightest sections of the observation volume and is not equivalent to the detection radius at

the focal plane (ω(z = 0)) due to the axial evolution of the STED pro�le.25 Therefore, unlike
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the experiments in 2D systems,4,21 ω for STED-FCS in solutions cannot be directly obtained

from bead scanning experiments. Instead, a series of FCS measurements under various STED

power settings for a reference probe with known di�usion coe�cient need to be performed

for the calibration of the dependence of e�ective ω on PSTED/PSAT. The value of PSAT of

the reference probe was determined by �nding the PSTED at which the �uorescence intensity

dropped by half. In this work we used ATTO647N (with determined PSAT = 11 mW, see Fig.

S1 in SI) di�using in phosphate-bu�ered saline (PBS), taking DB = 352 µm2s−1 � this value

was established in independent FCS measurements, performed at T = 298 K (see section S4

in SI).

As expected, experimental ACFs for ATTO647N in PBS shifted towards shorter lag time

regions as the STED power increased. The di�usion times were obtained from the �ts of

the experimental curves using Eq. 2. Based on these values, we calculated ω according to

Eq. 3. It decreased from 230 nm at zero STED to 95 nm at PSTED ≈ 1.7PSAT (see the inset

of Fig. 1c). Increasing the STED power even further led to ACFs of poor quality due to low

signal-to-noise ratio (SNR) at high STED power.25 In addition, there was no extra e�ects

such as photobleaching of the dye, heating or optical trapping introduced by the low-power

STED laser we employed in the experiments.32

When we measured di�usion of ATTO647N in C12E8 solutions with FCS (at PSTED =

0), we observed gradual shifts of the autocorrelation curves towards the longer lag time

region as the micelle concentration increased (Fig. 2). Since the viscosity experienced by

ATTO647N in these relatively dilute solutions can be treated as constant and equal to the

bu�er viscosity,33 we attributed the prolongation of the correlation time to the formation

of dye-micelle complexes. All the autocorrelation function curves could be �tted with the

simple 3D single-component model for FCS:9

G∞(τ) = G(0)(1 + τ/τ+)−1
(
1 + τ/

(
κ2τ+

))−1/2
, (4)
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Figure 2: Upper panel: normalized experimental autocorrelation curves of ATTO647N in
solutions of C12E8 of various concentrations (open symbols) and the �ts (solid lines) using
Eq. 4. Inset: measured di�usion coe�cients of ATTO647N (red dash line, FCS measure-
ments), C12E8 micelles (blue dash line, dynamic light scattering)9 and e�ective di�usion
coe�cients (D+, open rectangles) of ATTO647N in C12E8 solutions. Lower panel: equilib-
rium constant for ATTO647N/C12E8 complex formation determined from the slope of the
linear �tting using Eq. 5.

9



where structure parameter κ is the ratio of the long and short radii of the observation

volume ellipsoid, equal to 6-8 in our �tting. Since this case fell within the large volume regime

(τ∆ � 1/R), multiple attachment/disattachment acts between the dye and micelles occurred

during the probe's residence in the observation volume and averaged out to produce a single,

e�ective value of di�usion time (τ+). On this basis the e�ective di�usion coe�cient, D+,

was calculated using Eq. 3. In the low C12E8 concentration limit, D+ approached the value

characteristic for the dye di�usion in pure bu�er. With increasing micelle concentration, D+

gradually approached the value measured for self-di�usion of C12E8 micelles using dynamic

light scattering (0.34× 10−10m2s−1)9 � see the inset of Fig. 2. This proves the formation of

dye-micelle complexes in the solutions and shows that at high micelle concentrations the dye

spends most of the time as a part of the complex (and, after detachment, rapidly encounters

another binding partner).

The equilibrium constant for the ATTO647N/C12E8 complex formation was established

from the slope of the linear dependence of D+ on the concentration of micelles [A] (see lower

panel of Fig. 2), according to our previous work:9

K[A] =
D+ −DB

DA −D+

(5)

The obtained value ofK = 2.74×105 M−1 indicated a relatively stronger interaction than the

case of C12E8 and rhodamine 110, described in our previous study.9 This probably resulted

from the positive charge of ATTO647N that promoted its electrostatic attraction to the

micelle shell.

For comparison, we also tried to �t the experimental autocorrelation curves with the

two-component model, which would include contributions of the free dye and dye-micelle

complexes separately. The di�usion times of both components were �xed on the basis of

calibration data. However, the �ts were of poor quality, revealing systematic deviations (see

Fig. S4 in SI). This supported the claim that the equilibrium was established within the FCS
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Figure 3: Experimental autocorrelation curves of ATTO647N in C12E8 solutions (1.11 −
10.9 µM, open symbols) under moderate STED conditions (PSTED/PSAT = 0 − 0.75). The
curves were �tted using the reaction-di�usion model of autocorrelation function (Eq. 6, solid
lines) to obtain the chemical relaxation rates R of the reaction process, plotted as a function
of micelle concentration in the inset. The association rate constant k+ = 2.95× 109 M−1s−1

was obtained from the slope of the �t according to Eq. 1 (black line), where K was �xed at
the value determined from Eq. 5.

observation volume in this case, only permitting to observe the e�ective di�usion rather than

the individual contributions of the substrate and the product.

To reach the intermediate range, where τ∆ ≈ 1/R, we performed experiments at moderate

STED power (PSTED/PSAT = 0 − 0.75) and low micelle concentrations (1.11 − 10.9 µM).

Autocorrelation curves were �tted using the full model for the reaction-di�usion processes

derived on the basis of Magde's theory27 and our previous work.9,10 The model is expressed
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as:

Ga(τ) = G(0)

{
(1 + τ+)−1 (1 + τ/

(
κ2τ+

))−1/2
[
1− exp

(
−Rτ∆(1 +

τ

τ+

)

)]
+ β (1 + τA)−1 (1 + τ/

(
κ2τA

))−1/2
exp

(
−Rτ∆(1 +

τ

τ+

)

)
+

(1− β) (1 + τB)−1 (1 + τ/
(
κ2τB

))−1/2
exp (−Rτ) exp

(
−Rτ∆(1 +

τ

τ−
)

)}
,

(6)

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

of probes within the observation volume. 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). The model features only one free parameter (R) which needs to be

�tted, while the rest of the parameters (τ±, τ∆, and β), whose values depend on the radius

of observation volume, equilibrium constant and the micelle concentration, can be exactly

�xed during the �tting procedure (e.g., K was �xed at the value determined from Eq. 5

on the basis of non-STED experiments). At the lowest concentration of micelles (1.11 µM)

we obtained the minimum R = 17.8 ms−1, implying that the average time scale of the

association/disassociation process (0.056 ms) was already much shorter than the di�usion

time of dye-micelle complexes through the non-STED observation volume (0.39 ms) but

slower than that of free dyes (0.038 ms). As expected, the relaxation rate of the dye-micelle

interaction increased with the micelle concentration: the average distance between the dye

and a micelle was shorter so that the di�usive search for another binding partner after

detachment from the former one took less time. This led us back to the τ∆ � 1/R regime,

where the reaction-di�usion model reached its limiting case of single-component model (cf.

Eq. 4, and details see section S2 in SI). Then, only a single, e�ective di�usion coe�cient

was observed, which revealed no kinetic information. To keep the full reaction-di�usion

autocorrelation model valid at higher micelle concentrations (i.e., to retain the τ∆ ≈ 1/R

condition), we reduced the di�usion times by means of cropping the observation volume using

STED. All the values of R obtained from valid ACF �ts using the full reaction-di�usion model
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were plotted in the insert of Fig. 3 as a function of micelle concentration. The association

rate constant (k+ = 2.95± 0.32× 109 M−1s−1) was obtained from the slope of the linear �t

using Eq. 1.

The retrieved k+ value was roughly one order of magnitude smaller than the theoretical

di�usion-limited value kdc = 2.29× 1010 M−1s−1. kdc was estimated from the Smoluchowski

equation: kdc = 4πDABRABNA, where NA was the Avogadro constant, while DAB and RAB

were, respectively, the sums of the di�usion coe�cients and the hydrodynamic radii of the

dye and the micelle. The di�erence between k+ and kdc stems from the mechanism of the dye-

micelle complex formation. The micelle functions as a "soft cage" that hinders both entrance

and exit of the dye molecule. We propose a simple two-step approximation to describe the

dye-micelle interaction: (1) di�usion-controlled formation of [A •B] intermediate, described

by the kdc rate; (2) complex [C] formation, realized by (at least partial) internalization of

the dye into the micelle, driven by hydrophobic and electrostatic interactions. Stage (2) is

the rate-determining step, with a rate was smaller than kdc.
9

Stability of the complex is inversely proportional to the disassociation rate constant k−.
34

k− can be calculated from the ratio of K to k+ and for the ATTO647N/C12E8 system equals

1.08±0.12×104 s−1. The equilibrium and rate constants for ATTO647N/C12E8 determined

from our experiments and model are close to the values reported for coumarine 152 and

TX100 micelles by Bordello et al.35

Further increase in the STED power in the dye-micelle systems and corresponding de-

crease in the di�usion times allowed us to reach the "small volume" regime, where τ∆ � 1/R.

This corresponds to the other limiting case of the autocorrelation model for reaction-di�usion,

where di�usion times of all reagents are short enough to be observed irrespective of the at-

tachment/disattachment events � at the time-scale of observation, the reaction can be treated

as frozen. Knowing the disassociation rate k− from the experiments in the reaction-di�usion

regime, we estimated the lifetime of the complexes to be ∼ 0.1 ms.34 Taking advantage of

STED, we could decrease the di�usion time of the dye-micelle complexes below this critical
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time-scale.

Therefore, at higher STED power (PSTED/PSAT > 0.75) the appropriate model for ACF

analysis is the simple two-component model:

G0(τ) = G(0)
[
β(1 + τ/τA)−1 + (1− β)(1 + τ/τB)−1

]
, (7)

where β is the fraction of complexes. Other parameters, such as the di�usion times of

complexes (τA) and free dyes (τB) under STED condition can be calculated by Eq. 3 on the

basis of calibration results. Results for ATTO647N di�usion in low-concentration micelle

solutions at PSTED/PSAT = 1.7 are presented in Fig. 4. The two-component model (with β as

the sole �tting parameter, τA and τB as �xed parameters) provided high quality �ts, with no

systematic deviations. As expected, the fraction of dye-micelle complexes (β) increased with

the micelle concentration. The equilibrium constant K = 2.14 × 105 M−1, was determined

on this basis as:

K[A] =
β

1− β
. (8)

This value is closely comparable to the value determined from the single-component model

analysis of the non-STED experiments (2.74× 105 M−1).

Overall, we demonstrated the utility of STED-FCS for quantitative determination of

equilibrium and rate constants of supramolecular interaction in solution. We provided a

full analytical model for the autocorrelation function in a reaction-di�usion system upon

STED conditions. Altering the size of observation volume, we were able to observe both

limiting cases of the model: where a single, e�ective di�usion time is observed (equilibrium

establishes within the time-scale of observation), and where separate contributions of free and

bound dyes were observed (reaction slower than the time-scale of observation). The values of

equilibrium constant determined for the ATTO647N/C12E8 system in the two limiting cases

were in reasonable agreement with each other. The association/dissociation rate constants

were obtained from analysis of the experiments in the τ∆ ≈ 1/R regime based on the full
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Figure 4: Upper panel: Normalized experimental (open symbols) and the �tting curves
(solid lines) of ATTO647N di�using in low concentrated C12E8 solutions under high STED
power (PSTED/PSAT = 1.68). The two-component model gave good �ts to the experimental
curves apparently. Lower panel: fractions of the dye-micelle complexes determined from the
two-component model. Insert: equilibrium constant obtained from the slope of the linear �t
using Eq. 8.
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ACF model for reaction-di�usion. By demonstrating the applicability of STED to enhance

the capabilities of FCS in kinetic studies, we showed a promising perspective for experimental

realization of molecular interactions in simple solutions as well as biomimetic and biological

complex systems.

Experimental Section

ATTO647N was purchased from AttoTec GmbH (Siegen, Germany). Surfactant C12E8 (pu-

rity: 99%) was purchased from Fluka. All chemicals were used without further puri�cation.

STED-FCS experiments were conducted with MicroTime 200 (PicoQuant, Berlin, Ger-

many) time-resolved �uorescence microscope with a STED add-on and a 100×/1.4 oil im-

mersion objective (Olympus M Plan Apochromat). The system was equipped with the

easySTED phase plate set36 to form a depletion beam in donut-shape where the intensity of

the depleting beam at the center was around 1% of its maximum, while the excitation beam

was una�ected. Excitation and depletion lasers (LDH-640 and VisIR 765, PicoQuant)37

were operated in pulsed mode. To increase the data quality and resolution of STED-FCS,

long accumulation time of measurements (2-4 minutes) and time-gated approach was ap-

plied32,38�40 (for details see section S1 in SI). The frequency of the STED laser was set to

1/2 of the excitation laser, and therefore an intrinsic, synchronized non-STED reference was

recorded in each measurement (cf. Fig. S1).41 So in one measurement we acquired data

in both "confocal" and "confocal+STED" modality, without the need for extra series of

measurements. This allowed to use the ratio of di�usion times of the probes under STED

condition to the ones under confocal modality (τSTED/τconfocal) to describe the changes in

the apparent probe behavior with the length-scale of observation, rather than the absolute

τSTED values � therefore, any errors related to the non-perfect shape of the beam were largely

eliminated. Measurements were done in 8-well Lab-Tek chambered coverglass. Additional

CCD camera was equipped in the system for detecting the light re�ected from the sample
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surface. This allows for highly reproducible and accurate positioning of the observation vol-

ume just above the coverglass, minimizing the aberrations related to the refractive index

mismatch. Data analysis was performed in SymPhoTime x64 and Gnuplot (version 4.5).

Further experimental details can be found in section S1 of SI.
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