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Abstract Fluorescence Correlation Spectroscopy (FCS)

is a powerful single molecule technique for the study of the

stability and the association dynamics of supramolecular

systems and, in particular, of host–guest inclusion com-

plexes. With FCS the host–guest binding equilibrium

constant is determined analysing the variation in the dif-

fusion coefficient of the fluorescent guest or host with no

need for a change in the photophysical properties of the

fluorescent probe. FCS gives also access to the association/

dissociation rate constants of the host–guest inclusion

providing that the fluorescence intensity of host or guest

changes upon complexation. These rate constants can be

compared with that of a diffusion-controlled process esti-

mated from the same FCS experiment allowing for a better

understanding of the association dynamics. The results

show that cyclodextrin cavities act as ‘‘hard’’ cages which

put geometric and orientational restrictions on the inclusion

of a hydrophobic guest, whereas micelles behave as ‘‘soft’’

cages without geometrical requirements.

In our contribution to this special issue we review

briefly the application of FCS to the study of host–guest

inclusion complexes with an emphasis on practical aspects

and relevant bibliographic references.

Keywords Cyclodextrins � Micelles � Fluorescence

correlation spectroscopy � Supramolecular association �
Supramolecular dynamics

Introduction

Host–Guest complexes are supramolecular aggregates sta-

bilized by non-covalent bonds and are ubiquitous in bio-

chemical, pharmaceutical, environmental, cosmetic, food,

and other chemical systems and applications [1]. Different

approaches are necessary to fully understand a supramo-

lecular system: structural studies yield stoichiometry,

geometry, association sites and heterogeneity, thermody-

namic studies provide information about stability, equi-

librium constants and reversibility, and finally dynamic

studies are necessary to describe the association/dissocia-

tion dynamics, diffusional properties or conformational

dynamics. Most published studies focus on structure and

thermodynamics of supramolecular association, which,

however, give very few information about the dynamics of

the system. As pointed out by Bohne ‘‘Dynamic studies are

necessary to provide the ‘movie’ in addition to the ‘snap-

shots’ taken from structural and thermodynamic measure-

ments’’ [2].

In this contribution we briefly summarize how to use

Fluorescence Correlation Spectroscopy (FCS) for the study

of supramolecular association and, more specifically, of the

stability and the binding1 dynamics in host–guest systems.

We show how knowledge about the dynamics gives valu-

able information about the association mechanism, which

is directly related to the structure of the host and the guest.

For details we refer to relevant bibliography.
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Association dynamics

Host–Guest complexes are typically formed by the associ-

ation of host H with guest G to give a 1:1 complex HG (see

Fig. 1). The association rate (on-rate) v? = k? [H] [G] is

described by the bimolecular association rate constant k?,

whereas the dissociation rate (off-rate) v- = k- [HG] is

defined by the unimolecular dissociation rate constant k-.

Both processes, association and dissociation, are rate-limited

by molecular diffusion and thus upper limits are given by

diffusion-controlled rate constants: i.e. k? \ 1010 M-1 s-1,

k- \ 109 s-1 in aqueous solution.

At equilibrium both rates are equal, v? = v-, and the

binding equilibrium constant K is derived as ratio of the

association and dissociation rate constants as given in Eq.

(1).

K ¼
½HG�eq

½H]eq ½G]eq

¼ kþ
k�

ð1Þ

Dynamic studies give information on how fast the complex

associates or dissociates. For a 1:1 complexation the

corresponding rate law [Eq. (2)] and the typical condition

of excess host concentration2 ([H]0 � [G]0) lead to a

pseudo-first order association rate and to kinetics which are

mono-exponential with an observed relaxation rate

constant kR as given in Eq. (3).3

d½HG�
dt
¼ kþ ½H� ½G� � k� ½HG� ð2Þ

½G�ðtÞ� e�kRt; ½HG� ðtÞ� 1� e�kRt; kR ¼ kþ ½H�0 þ k�

ð3Þ

The relaxation rate constant kR depends on the two rate

constants, k? and k-. The contribution of the association

process can be modulated by varying the host concentra-

tion [H]0, but not that of the dissociation [3, 4].

Can we infer information about the relaxation rate

constant kR of the binding equilibrium from the corre-

sponding equilibrium constant K? In other words: does

knowledge about the stability (thermodynamics) of a

complex give information about the dynamics of the host

guest association? The answer is ‘‘not so much’’; systems

with similar values of their stability constant K may present

very different values of their association and dissociation

rate constants. For example, for a typical intermediate

stability constant, K = 1000 M-1, the association rate

constant can fall in a very wide interval, between very low

values, e.g. k? = 103 M-1 s-1 or very high ones, only

limited by diffusion (k? = 1010 M-1 s-1), with the cor-

responding values of the dissociation rate constants as

indicated in Fig. 2.

That host–guest complexes with similar stability can

present very different dynamics, had already been dem-

onstrated by the classical work of Cramer et al. [5] for the

inclusion of different azoderivatives by a-cyclodextrin

(a-CD) studied by the temperature-jump technique. Sub-

stitution of the azoderivatives with ethyl or methyl side

groups changes only very slightly the stability of the a-CD

inclusion complex but decreases the association and dis-

sociation rate constants by several orders of magnitude.

How fast is the association/dissociation process? The

time scale of this process is given by the relaxation time

sR = kR
-1 which is the inverse of the relaxation rate constant

kR [Eq. (3)]. Again, as an example, for K = 1000 M-1, we

can analyse the two above-mentioned cases as depicted in

Fig. 3, right panel: slow dynamics with k? = 103 M-1 s-1,

k- = 1 s-1 (upper red curve) correspond to long relaxation

times of sR = 1 s. Fast, diffusion-controlled dynamics with

k? = 1010 M-1 s-1, k- = 107 s-1 (lower, blue curve) lead

to short relaxation times of sR = 100 ns or faster. These

Fig. 2 Very different values of the association rate constant k? and

the dissociation rate constant k- can lead to the same value of the

binding equilibrium constant K

Fig. 1 Host H and guest G form complex HG with association rate

constant k? and separate with dissociation rate constant k-

2 Here we assume that the guest acts as fluorescent probe. Being FCS

a single molecule technique, the total concentration of the fluorescent

probe is very low, of the order of [G]0 & 10-8 M. Thus, the

condition ([H]0 � [G]0) is fulfilled even for hosts of low solubility or

high affinity systems.
3 Don’t confuse the time dependence of the guest concentration

[G](t) with the autocorrelation of the intensity fluctuations G(s)

defined in Eq. (4).
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relaxation rates correspond to conditions of very low host

concentration where the dissociation process controls the

relaxation rate. In both cases the observed relaxation time

is shortened with increasing host concentration. As can be

seen, binding dynamics cover a very wide time range and

the upper limit corresponds to very fast reactions experi-

mentally not easily accessible.

Frequently used fast techniques for the determination of

the rate constants of supramolecular association/dissocia-

tion are temperature-jump (T-Jump), time-resolved fluo-

rescence (TRF), laser flash photolysis (LFP), ultrasonic

relaxation and stopped-flow (see Fig. 3, left panel) [2, 6–8].

These methods analyze the relaxation of the system back to

equilibrium after a perturbation. TRF and LFP rely on the

photophysics of chromophores with fluorescent excited

states or long lived triplet states and/or on the presence of a

quenching molecule. Ultrasonic relaxation needs no chro-

mophore but requires detailed knowledge about the

molecular process being disturbed. Laser T-Jump covers a

wide time range from nanoseconds to seconds, whereas

TRF, LFP and ultrasonic relaxation are limited to dynamics

of nano- to microseconds. Stopped-flow techniques can

only be used to study slow dynamics. There are other

techniques that allow dynamic study of systems at ther-

modynamic equilibrium. The most known is NMR, which

is, however, limited to slow dynamics.

Single molecule fluorescence

The study of supramolecular dynamics require methodol-

ogies which cover a very wide range of time scales, ideally

within the same experiment. It is also preferred not to rely

on unique photophysical properties of the host guest system

and to avoid perturbation of the system. Techniques which

analyze the fluorescence of single molecules have the

potential to cover these needs. They analyze variations in

the fluorescence intensity of a molecular system due to

spontaneous fluctuations around the equilibrium, without

the need for an external perturbation and they can cover a

very wide dynamic range [9, 10].

Although standard ‘‘bulk’’ fluorescence experiments

already use low dye concentrations of about 10-6 mol/L

and small detection volumes around 1 mm3, the observed

fluorescence is still an average of the light emitted by about

1011 dye molecules! This huge number average hides any

static and temporal heterogeneities in the molecular

ensemble and, more important for our case, makes it

practically impossible to follow directly the dynamics of

the unsynchronized molecular processes. Kinetic mea-

surements at these ‘‘bulk’’ concentrations require therefore

some external perturbation which synchronizes the

molecular processes, so that their relaxation back to equi-

librium can be followed as a macroscopic variation of the

ensemble properties (Fig. 4a).

Fig. 3 Right panel: For the same typical intermediate binding

equilibrium constant, K = 1000 M-1, the relaxation time sR = kR
-1

of the equilibrium can vary in a very wide time interval from seconds

to nanoseconds. Upper curve: slow dynamics with k? = 103 M-1 s-1,

k- = 1 s-1, and sR \ 1 s. Lower curve: fast dynamics with

k? = 1010 M-1 s-1, k- = 107 s-1, and sR \ 100 ns. Left panel:
Dynamic range covered by some frequently used fast techniques for

the determination of the rate constants of supramolecular association/

dissociation

(a) (b)

Fig. 4 Simulated kinetic experiments for the study the dynamics of a

reversible (association) reaction assuming that the guest increases its

fluorescence intensity upon complexation. Upper panels: scheme of

the sample volume (dashed circle) with bright complex and dark free

guest. Lower panels: observed total fluorescence intensity as function

of time (time increases to the left). a Standard ‘‘bulk’’ measurement:

the ensemble relaxes back to equilibrium after an external perturba-

tion. The relaxation time is determined from the exponential change

in the ‘‘bulk’’ fluorescence intensity. b Single molecule measurement:

the system is at equilibrium and the reversible process is followed

directly from the change in fluorescence intensity provoked by the

reaction. Depending on the single molecule technique the rate

constants k? and k- are determined directly from the time the system

stays in each of the two states (free, bound) or the relaxation time sR

is determined from the characteristic time of the fluorescence

fluctuations
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Single molecule fluorescence techniques observe a very

small number or even a single molecule at a time (Fig. 4b)

and avoid thus the loss of information due to averaging.

Observing a few molecules allows one to follow directly

the dynamics of the reversible association process as sig-

nificant fluctuations in the fluorescence intensity, provided

that the association affects the brightness4 of the fluores-

cent guest (or host).

In order to detect fluorescence from single fluorophores

it is not sufficient to reduce the concentration of the

observed dye but it is also necessary to suppress the

background signal (Raman scattering, impurities) by

reducing the sample volume itself. Different techniques are

used for this aim. For slow dynamics one of the reaction

partners is typically immobilized on a glass surface and the

fluorescence is excited only within a very thin layer above

this surface by means of special illumination techniques

(e.g. total internal reflection, TIR). The fluorescence from

this layer can then be detected with highly sensitive CCD

cameras [9]. Dynamics in the microsecond to hour range

can be observed, limited mainly by the photostability of the

dyes at the long end and the time resolution of the detection

at short times.

Faster dynamics are typically observed with molecules

which diffuse freely through a very small open detection

volume defined by the focus of an epi-illuminated confocal

microscope (see Fig. 5). During the transit through the

sample volume the fluorophore is repeatedly excited and

the change in fluorescence intensity due to the reversible

reaction is detected. Here the dynamic range is limited by

the fluorescence lifetime of some nanoseconds of the dye

itself and the mean transit time of the fluorophore through

the sample volume, typically in the millisecond range. The

fluorescence intensity fluctuations can be analyzed by dif-

ferent techniques, and we will present in the following FCS

as one of the most widely used.

For all Single Molecule Fluorescence techniques several

conditions have to be fulfilled. One needs very bright and

photostable dyes, very efficient excitation and detection

setups, very low dye concentrations and highly purified

solvents and solutes. In order to observe the dynamics one

also relies on a highly fluorescent probe molecule which

undergoes some change in its photophysical properties

during the association/dissociation process.

Fluorescence correlation spectroscopy

Principles

FCS analyzes the spontaneous temporal fluctuations of the

fluorescence intensity emitted by a few (1–10) molecules in

a small open sample volume. These intensity fluctuations

may be due to various processes at the molecular level:

changes in the singlet or triplet excited-state population,

changes in the local concentration due to translational

motion of the fluorophores in and out of the sample volume

or changes in their physicochemical properties, for exam-

ple due to a chemical reaction or, as in our case, supra-

molecular association. Each of these processes modulates

(d)

(c)

(a) (b)Fig. 5 Principles of

Fluorescence Correlation

Spectroscopy. Left panel: epi-

illuminated confocal

microscope used to create a

microscopic sample volume.

Right panel: scheme of the data

analysis. a, b The dashed circles
indicate the border of the

sample volume. The dots
represent dye molecules

undergoing a reversible

association (a), and moving

randomly through the solution

due to Brownian motion (b).

Detected fluorescence intensity

(c), and autocorrelation function

of the intensity fluctuations (d)

4 The species dependent brightness is given by the product of the

extinction coefficient, fluorescence quantum yield and detection

efficiency and is a measure for the detected fluorescence count rate

from each species.
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the fluorescence intensity at a characteristic timescale

which can in principle be derived from the autocorrelation

function of the intensity trace. Several excellent reviews

[11–15], monographs [9, 16–19], and textbooks [20, 21]

present FCS theory for different applications. We will point

out briefly the most important aspects.

In FCS the molecules under study diffuse freely freely

within a small sample droplet and eventually pass through

the focus of a confocal epi-illuminated fluorescence

microscope (Fig. 5, left). The focus defines an open

microscopic effective detection volume of some femtoliter

(10-15 L). If the concentration of the dye molecules in the

droplet is low (nanomolar, 10-9 mol/L) then only very few

molecules are observed at a time. The molecules are

excited by laser light through the microscope objective and

their fluorescence is collected by the same objective and

focused through a pinhole and filters onto detectors with

single photon sensitivity. The molecules move randomly

through the solution due to Brownian motion (Fig. 5b) and

at the same time undergo a fast reversible reaction

(Fig. 5a). Both processes introduce fluctuations at charac-

teristic time scales in the detected total fluorescence

intensity F(t) (Fig. 5c). The characteristic time of the

fluctuations is determined from the autocorrelation curve

G(s) of the intensity fluctuations dF(t) (Fig. 5d) given by

Eq. (4) with correlation time s [3, 4].

GðsÞ ¼ dF ðtÞ � dF ðt þ sÞh i
F ðtÞh i2

ð4Þ

Under the conditions discussed in the following sections

the full correlation function for translational diffusion and a

fast reversible (association) reaction is given by Eq. (5)

with the mean diffusion (transit) time �sD, the mean number

of fluorescent molecules in the sample volume N, the ratio

between radial and axial radii of the sample volume wxy/wz,

and the amplitude AR of the reaction term.

GDRðsÞ¼
1

N
1þ s

�sD

� ��1

1þ wxy

wz

� �2 s
�sD

 !�1
2

1þAR e�kRs
� �

ð5Þ

Translational diffusion

On the millisecond time scale the observed fluorescence

intensity depends on the number of dye molecules present

in the open sample volume, a number which fluctuates due

to the entry and exit of dyes under Brownian motion. The

characteristic time of these fluctuations reflects the mean

transit (or diffusion) time sD of the fluorescent species

through the sample volume, which depends on the trans-

lational diffusion coefficient of the fluorophore and on the

size of the sample volume. A calibration of this size with a

reference dye allows one then to determine the diffusion

coefficient of the fluorophore from measurements of sD.

The translational diffusion coefficient D is inversely pro-

portional to the diffusion time sD according to Eq. (6), with

wxy being the radial radius of the sample volume. The

diffusion coefficient D is also related to the hydrodynamic

radius Rh as given for homogeneous spheres by the Stokes–

Einstein relation on the right hand in Eq. (6), where k is the

Boltzmann constant and g the viscosity of the solvent.

D ¼
w2

xy

4sD
¼ kT

6pgRh
ð6Þ

The amplitude of the correlation function [Eq. (5)] is

inversely proportional to the number of fluorophores in the

detection volume (N), which is a peculiarity of the tech-

nique: the lower the concentration of dye the higher the

amplitude of the fluctuations and, consequently, of the

correlation function.

Binding equilibrium constant

The diffusion coefficient of a fluorescent guest decreases

when it binds to a host. The association of the guest to the

host introduces a variation in the observed diffusion coef-

ficient (or diffusion time) of the guest which depends on

the third root of the molar mass ratio, as given by Eq. (7)

for homogeneous compact spheres.

DHG

DG
¼ sG

sHG
� Rh;G

Rh;HG
�

ffiffiffiffiffiffiffiffiffiffi
MG

MHG

3

r
ð7Þ

FCS is used here for binding dynamics that are much faster

than the mean diffusion time of the fluorophore through the

detection volume (fast exchange). In this case the

fluorescent guests will associate and dissociate many

times during their transit, changing rapidly between free

(G) and bound (HG) state. The observed mean diffusion

time �sD depends then on the fraction of the time that the

fluorescent guests spent in the free or in the bound state.

This can be expressed by the number-weighted mean

diffusion coefficient �D obtained from the individual

coefficients DG and DHG of free and bound dye and the

number fractions Xx ¼ Nx=ðNG þ NHGÞas given in Eq. (8).

�sD ¼
w2

xy

4 �D
�D ¼ XGDG þ XHGDHG ð8Þ

In the case of the equilibrium of Fig. 1 and Eq. (1) the

fractions can be expressed by the equilibrium constant

K and the host concentration [H]0 which leads to Eq. (9).

�sDð½H�Þ ¼
sGð1þ K½H�0Þ
1þ sG

sHG
K½H�0

ð9Þ

Titrations of this mean diffusion time at different host

concentrations [H]0 allows one to determine the binding
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equilibrium constant K and the limiting diffusion coeffi-

cients of free and bound guest [4].

The binding equilibrium constant K can be determined

solely from the change in the hydrodynamic properties of

the guest upon complexation. For the determination of K it

is therefore not necessary (but allowed) that the fluoro-

phore changes its brightness during the binding. This

makes it possible to study nonfluorescent hosts labelled

with a fluorophore which does not need to interact itself

with the host. This is an advantage of FCS over other

fluorescence techniques which rely on a significant change

of some fluorescence properties of the guest in order to

detect its binding.

An example is the inclusion of the nonfluorescent guest

adamantane by b-CD [22]. The fluorescent label (Alexa

488) attached to the adamantane presents no change in its

fluorescent properties due to the inclusion of the adaman-

tane moiety by b-CD. The inclusion equilibrium is there-

fore not easily accessible by standard fluorescence

techniques. A FCS titration, however, shows immediately a

systematic increase of the diffusion time of the fluores-

cently labelled adamantane (MG = 826 g mol-1) on the

addition of b-CD (MH = 1135 g mol-1), as shown in

Fig. 6.

The experimentally determined ratio of the limiting

values DHG/DG = sG/sHG = 0.74 coincides perfectly with

the expected value (MG/MHG)1/3 = (0.422)1/3 = 0.75 [see

Eq. (7)] [22]. The equilibrium constant obtained from these

FCS titrations is in good agreement with that obtained by

other techniques.

In order to follow with FCS the relatively small varia-

tions in the diffusion coefficient DHG/DG observed with

small hosts such as cyclodextrins great care has to be taken

during the experiments and artefacts introduced by triplet-

state population, saturation and photobleaching, back-

ground signal, variation in solvent viscosity, sample tem-

perature and deformations of the effective detection

volume (due, for example, to very small variations in the

cover slide thickness) have to be taken into account

[22–24].

For an accurate determination of the binding equilibrium

constant it is very important to make sure that the observed

diffusion time is not affected by saturation and photoble-

aching of the fluorophore due to too high excitation irra-

diance. The diffusion time has to be independent of the

excitation power, both at zero and at high host concentra-

tions, which has to be checked experimentally for each

host–guest combination. Too high irradiance shortens the

observed diffusion time as a function of the host concen-

tration and leads to strongly erroneous results for the

equilibrium constant.

Binding dynamics

Binding dynamics can be observed when the fluorescence

brightness of the guest changes between its free and bound

states. Binding leads then to fluorescence blinking which

can be analysed by FCS. To be detectable in FCS the

blinking must be much faster than the transit through the

sample volume, that is the relaxation time sR of the binding

process (Eq. (2)) must be shorter than the diffusion time sD

(fast exchange). The fluorescence intensity fluctuations due

to the binding dynamics introduce then an additional term

in the correlation function (Eq. (5)) at the relaxation time

sR with an amplitude AR which depends strongly on the

brightness ratio q = QHG/QG of bound and free fluoro-

phore (Fig. 7, insets sR and AR). Again both sR and AR can

be expressed as function of the host concentration and the

binding constant as given in Eqs. (10) and (11). [3]

sR ð½H�Þ ¼ ðk� ð1þ K½H�0ÞÞ
�1 ð10Þ

AR ¼
K½H�0ð1� qÞ2

ð1þ qK½H�0Þ
2

ð11Þ

The amplitude of the reaction term AR is zero both at very

low and at very high host concentrations when the guest is

either totally free or fully bound (see Fig. 7). The highest

amplitude AR is reached at a host concentration

[H]0,max = (K�q)-1 which depends on the brightness ratio

q. Fluorophores which increase strongly their brightness

upon binding make it possible to detect the dynamics

already at a very small degree of binding (low host con-

centrations) and at relatively long relaxation times [25].

From fits of the corresponding correlation function [Eqs.

(5), (9), (10), (11)] to the experimental correlation curves

one determines both the equilibrium constant K and the

Fig. 6 Inclusion equilibrium between b-CD and adamantane labeled

with Alexa 488 dye studied by FCS. Main panel: the diffusion term of

the correlation curves shifts to longer times on the addition of

increasing amounts of b-CD due to the increase in the mean diffusion

time �sD of the guest. Inset: Plot of �sDversus [b-CD]0 (note the

logarithmic concentration scale). Fitting of �sD with Eq. (9) yields the

high equilibrium constant K = (52 ± 2) 103 M-1 [22]
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dissociation rate constant k-. From Eq. (1) also the asso-

ciation rate constant k? is obtained. [3]

Complications may arise when additional terms appear

in the correlation curves, mainly due to excited-state

dynamics of the fluorophore. Transitions in and out of the

dark triplet state of the fluorophore introduce fluorescence

fluctuations with the triplet lifetime of some microseconds

[26]. The population of the triplet state is strongly depen-

dent on the excitation power and can in principle be

reduced working at low irradiance.

Influence of host–guest geometry on the dynamics

In order to study the influence of the geometry of host and

guest on the binding dynamics we studied two parent

cyclodextrins, b-CD and c-CD, and two analogous guest

molecules, pyronine Y (PY) and pyronine B (PB), which

have the same xanthene skeleton but methyl and ethyl

substituents, respectively, at the amino side groups (Fig. 8).

Electronic absorption and fluorescence spectroscopic

studies showed that in all cases 1:1 pyronine:CD com-

plexes are formed, although also 2:1 complexes with c-CD

are observed for both pyronines at dye concentrations

much higher than those used in FCS [27, 28]. The values of

the (1:1) association equilibrium constants, K, differ sig-

nificantly between the four host–guest combinations

(Table 1). In contrast to what may be expected, for each

type of CD the binding constant is larger with PB than with

PY in spite of the bulkier side groups of PB. Moreover,

larger association equilibrium constants are obtained for

the CD of smaller cavity.

The pure emission spectra of free and bound dyes allow

one to estimate the brightness ratio q as given in Table 1.

In the systems studied here, the brightness of the dyes

decrease significantly when they are bound to the hosts.

As an example Fig. 9 shows a series of correlation

curves obtained in titration experiments of PY with b-CD.

Due to the fast exchange of the pyronine guest in and out

of the CD complex only a single diffusion term with a

mean diffusion time, �sD, is observed which increases as

the host concentration is increased (compare insets �sD in

Figs. 7, 9). The second term in the correlation curves due

to the association/dissociation dynamics is described by

the relaxation time, sR, and an amplitude AR that varies

with the concentration of the host as expected (compare

insets sR in Figs. 7, 9). In all cases it has to be checked

that the relaxation time is in fact much shorter than the

diffusion time, in order to allow for the separation of the

two terms in the correlation function. The small contri-

bution of the triplet-state formation to the correlation

curves which appears at about the same correlation time

as the reaction term must also be taken into account in the

analysis.

Global target analysis of the FCS curves as a function of

host concentration with the correlation function as given in

Eq. (5) yields the association/dissociation rate constants

[3]. The results of the fits for the systems under study are

shown in Table 1. In most cases the value of K obtained

from bulk fluorescence and absorption titrations was fixed

in the fits of the correlation curves, in order to improve the

accuracy of other fit parameters such as k�. For the system

PY:c-CD it was not possible to determine the association

and dissociation rate constants since the reaction term

Fig. 7 Main panel: Correlation curves from simulated FCS experi-

ments [Eq. (5)] of an inclusion equilibrium as depicted in Fig. 5.

Thick line: free guest, [H]0 = 0. Thin grey lines: intermediate host

concentrations. Dashed line: highest host concentration [H]0 =

12 mM. Insets: Dependence of the amplitude of the relaxation term

AR, of the relaxation time sR, and of the mean diffusion time �sD on

[H]0. (Parameters used for simulation: N = 1, sG = 0.25 ms, sHG =

0.6 ms, q = 0.5, K = 2000 M-1, k? = 109 M-1 s-1, k- = 5 105 s-1)

Fig. 8 Geometry of b-CD and c-CD. Structures of the dyes PY, PB,

and R123
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appears at too short correlation times overlapping with the

fluorescence lifetime of PY.

From the hydrodynamic properties of host and guest the

collision rate constants kd for a purely diffusion-controlled

association process between two species can be estimated

applying the Smoluchowski equation [Eq. (12)] as given in

Table 1.

kd ¼ 4p DG þ DHð Þ RG þ RHð Þ N0 ð12Þ

(DG, RG and DH, RH are diffusion coefficients and hydro-

dynamic radii of guest G and host H, respectively, and N0

is the Avogadro constant.) This diffusion limited rate

constant kd will be compared later with the rate constant k?

of association between guest and host determined from the

same FCS data. It is clearly an advantage of FCS to yield in

the same measurement information about both diffusional

and association dynamics.

Binding dynamics of ‘‘hard’’ and ‘‘soft’’ cages

The rate constants k? of association of the guests PY and

PB to b-CD are both similar with a very high value of

about k? = 0.2 9 109 M-1 s-1 (Table 1). This is, however,

still about 40 times lower than the estimated collision rate

constant kd = 8 9 109 M-1 s-1, with which host and guest

collide due to Brownian motion in the solvent (Eq. (12),

Table 1). The overall association (inclusion) is thus much

slower than expected for a diffusion-controlled process.

This can be understood on the basis of a two step process

(see Fig. 10a) [3]. First host and guest collide with rate

constant kd and form an encounter complex within a

common solvent cage. If no specific interactions are

assumed a lifetime of the encounter complex of about 1 ns

can be estimated. During this lifetime host and guest col-

lide of the order of 100 times changing randomly their

relative orientation. In most cases they separate again with

rate constant k-d without inclusion. Depending on the

geometrical requirements for the inclusion of the guest into

the host a small fraction of the relative orientations may be

Table 1 Results from Global target fits of series of FCS curves and derived values as explained in the text [3, 4]

PB:b-CD PY:b-CD PB:c-CD PY:c-CD R123:TX100

K/103 M-1 2.1 ± 0.2 0.40 ± 0.04 0.19 ± 0.03 0.04 ± 0.01 65 ± 3

q 0.49 ± 0.04 0.6 ± 0.2 0.67 ± 0.02 0.34 ± 0.02 0.42 ± 0.03

sA/ms 0.30 ± 0.02 0.25 ± 0.02 0.27 ± 0.02 0.23 ± 0.02 0.263 ± 0.002

sB/ms 0.40 ± 0.04 0.45 ± 0.06 0.46 ± 0.05 0.41 ± 0.05 1.66 ± 0.05

k1/109M-1 s-1 0.15 – 0.05 0.2 – 0.1 0.56 – 0.11 >1 14 – 1

k-/104s-1 7.6 ± 2.7 50 ± 30 300 ± 30 - 22 ± 1

kd/109M-1 s-1 7.7 – 0.5 8.0 – 0.5 8.0 – 0.5 8.4 – 0.3 16 – 1

k-d/109 s-1 2.0 ± 0.1 2.6 ± 0.2 2.1 ± 0.2 2.7 ± 0.1 0.11 ± 0.01

kr/109 s-1 0.04 ± 0.01 0.07 ± 0.03 0.16 ± 0.03 - -

k-r/104 s-1 7.7 ± 2.7 50 ± 30 320 ± 100 - -

DG/10-10m2 s-1 4.8 ± 0.4 5.8 ± 0.4 4.8 ± 0.4 5.8 ± 0.4 4.3 ± 0.4

DHG/10-10 m2 s-1 3.6 ± 0.4 3.2 ± 0.3 3.1 ± 0.4 3.5 ± 0.4 0.7 ± 0.1

RG/RHG (Å) 5.1/6.8 4.2/7.6 5.1/7.8 4.2/7.0 5.7/36

Mw,G/Mw,HG (Da) 324/1459 267/1402 324/1621 267/1564 381/95000

The diffusion coefficients D and all derived values were recalculated for a new reference value for Rhodamine 6G,

DR6G(25 �C) = (4.0 ± 0.3) 10-10 m2 s-1 [29, 30]. The uncertainties represent one standard deviation as given by the fits and do not include the

uncertainty in the reference value. All values given for 25 �C. The molar mass does not include that of the counterions of the charged dyes

As a guide for the eye the association rate constant and the diffusion controlled rate constant are set in bold

Fig. 9 Main panel: Experimental normalized correlation curves of

PY in aqueous solution with increasing b-CD concentrations. Insets:

Variation of the mean diffusion time sD, the relaxation time sR and the

amplitude of the reaction term AR with the concentration of b-CD as

determined from individual fits of Eq. (5) [3]
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favourable so that inclusion can occur with a rate constant

of inclusion, kr. The overall association rate is thus mostly

controlled by this inclusion step.

Both guests, PY and PB, have similar association rate

constants in spite of their different side groups. On one

hand, simulations indicate that the side groups may not

change significantly the critical dimension which deter-

mines the probability to enter the b-CD cavity [3] and, on

the other hand, the high flexibility of the CD molecule

probably allows for an induced fit compensating part of the

difference in the guest geometry [31].

Another interesting result is the fact that the difference

in the stability of these inclusion complexes is determined

by their dissociation and not by the association process.

The dissociation rate constants of PY and PB with b-CD

(Table 1) differ in about one order of magnitude, reflecting

the stronger interaction of PB than PY with the interior of

the b-CD cavity, as already proposed on the basis of

‘‘bulk’’ fluorescence studies [32].

What happens if we increase the size of the host cavity?

The data for the inclusion of PY and PB by c-CD, a host with

a 20 % bigger diameter of its cavity, show that the associa-

tion rate constant, k?, of the PB:c-CD complex is about four

times higher than in the case of PB:b-CD (Table 1). The

wider c-CD cavity increases the fraction of favourable rel-

ative orientations which lead to an inclusion, although the

association process is still not diffusion controlled.

However, the wider cavity weakens also the specific

interactions between host and included guest resulting in a

strongly increased dissociation rate constant. The overall

stability of the pyronine/c-CD complexes is therefore much

lower than that of the pyronine/b-CD complexes.

What do we expect for hosts without geometric

restrictions? Micelles are themselves highly dynamic

supramolecular self-assemblies of surfactants. Dyes such

as the xanthene dye, rhodamine 123 (R123) exchange

dynamically between the aqueous and the micellar

pseudophase in a process similar to the inclusion described

before. But, as opposed to the cyclodextrins, the micelle

presents no geometric restrictions for the association of the

dye; they act as ‘‘soft’’ hosts.

R123 is a typical probe for FCS, and is very suitable for

dynamic studies in micellar systems since it presents a

partition equilibrium between the aqueous phase and the

micellar pseudophase formed by neutral micelles such as

those formed by the aggregation of a well-known non-ionic

surfactant, Triton X-100 (TX100) (Fig. 8). [4, 33, 34]. The

1:1 binding equilibrium constant for the partition equilib-

rium of the R123 with TX100 micelles is given in Table 1.

Due to the low dye concentrations an occupancy number of

more than one dye molecule per micelle is negligible.

A strong change in the brightness of R123 during the

association process to TX100 micelles makes it possible to

follow the association dynamics with FCS as described

before (Table 1) [4, 25, 33]. As expected, the rate constant

of the association of R123 to a TX100 micelle is as fast as

the diffusion-controlled collision rate constant itself:

kþ � kd � 15� 109 M�1 s�1. This shows that the associ-

ation is diffusion controlled, in accordance with the picture

of an unspecific association without orientational or geo-

metrical requirements (see Fig. 10b). In this sense, the

micelles may be seen as ‘‘soft’’ cages, as opposed to the

cyclodextrin ‘‘hard’’ cages, which, although highly flexible,

impose orientational restrictions to the inclusion.
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