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Determination of equilibrium and rate constants
for complex formation by fluorescence correlation
spectroscopy supplemented by dynamic light
scattering and Taylor dispersion analysis¥

Xuzhu Zhang, Andrzej Poniewierski, Aldona Jelinska, Anna Zagozdzon,
Agnieszka Wisniewska, Sen Hou and Robert Hotyst*

The equilibrium and rate constants of molecular complex formation are of great interest both in the field of
chemistry and biology. Here, we use fluorescence correlation spectroscopy (FCS), supplemented by
dynamic light scattering (DLS) and Taylor dispersion analysis (TDA), to study the complex formation in
model systems of dye—micelle interactions. In our case, dyes rhodamine 110 and ATTO-488 interact with
three differently charged surfactant micelles: octaethylene glycol monododecyl ether Ci;Eg (neutral),
cetyltrimethylammonium chloride CTAC (positive) and sodium dodecy! sulfate SDS (negative). To determine
the rate constants for the dye—micelle complex formation we fit the experimental data obtained by FCS
with a new form of the autocorrelation function, derived in the accompanying paper. Our results show
that the association rate constants for the model systems are roughly two orders of magnitude smaller
than those in the case of the diffusion-controlled limit. Because the complex stability is determined by
the dissociation rate constant, a two-step reaction mechanism, including the diffusion-controlled
and reaction-controlled rates, is used to explain the dye—micelle interaction. In the limit of fast reaction,
we apply FCS to determine the equilibrium constant from the effective diffusion coefficient of the
fluorescent components. Depending on the value of the equilibrium constant, we distinguish three types
of interaction in the studied systems: weak, intermediate and strong. The values of the equilibrium
constant obtained from the FCS and TDA experiments are very close to each other, which supports the
theoretical model used to interpret the FCS data.

those measured by Giustini.'>"? Therefore, further development
of advanced techniques and theories to study quantitatively the

Determination of the equilibrium and rate constants of
reagents that form noncovalent complexes is crucial for the
understanding of various biochemical processes and chemical
reactions,'™ such as drug activities in vivo,"® formation of
supermolecular structures and their dynamics,”™® etc. However,
the main methods used to study the kinetics of noncovalent
interactions, e.g. spectroscopy, NMR and titration experiments,
sometimes give inconsistent results.>'®!' For instance, the
association rate constants between small molecules and cyclo-
dextrins measured by Berezovski et al. are five orders of
magnitude smaller than the results of Al-Soufi’s group.®® The
binding constants of DNA-doxorubicin interactions obtained
by Garcia et al. are almost two orders of magnitude higher than
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formation of molecular complexes is still needed.

Fluorescence correlation spectroscopy (FCS) was first intro-
duced by Magde and Elson in the early 1970s to determine the
chemical kinetic constants of the interaction between DNA and
ethidium bromide."**° Since the advent of confocal microscopy
illumination, FCS experienced a renaissance in the 1990s."”"° In
FCS, we monitor the fluctuations of the fluorescence signals
originating from molecules diffusing through the focal volume.
The autocorrelation analysis of these fluctuations provides
information on the diffusion coefficients of the molecules, their
concentrations and structures,” singlet-triplet dynamics, etc.
Recent advances in theoretical studies make it possible to
determine the equilibrium and rate constants of noncovalent
interactions by fitting the experimental autocorrelation function
of FCS to a theoretical model.>" For example, McNally et al.
proposed a new model of the autocorrelation function for
analyzing the association and dissociation rates of DNA binding
in live cells." Al-Soufi et al. introduced a general correlation

This journal is © The Royal Society of Chemistry 2016
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function to investigate the supermolecular dynamics®** and
dye-micelle exchanging dynamics.”*** However, the values of
the equilibrium and rate constants obtained from these models
usually disagree with the results of other works even by a few
orders of magnitude. These huge discrepancies may come from
unproven assumptions in the theoretical models or too many free
parameters in the fitting procedures. In general, the existing models
of the autocorrelation function focus on fast reactions,”*?* which
may be the reason that the rate constants obtained from FCS are
inconsistent with those obtained from other techniques.®®'*?®
Therefore, an analytical theory for the FCS autocorrelation
function is demanded for probing the interaction dynamics
of diffusants in soft matter and biology.*’

In this work, we study the interactions between fluorescent
dyes and surfactant micelles by FCS, in particular, the kinetics
of the dye-micelle complex formation. We use three surfactants
with different charges: C;,Eg (neutral), SDS (negative) and CTAC
(positive), which have been extensively studied previously.>* >
Their physicochemical properties regarding the micelle formation
and diffusion are well-established. As fluorescent probes we
choose two zwitterionic dyes: rhodamine 110 and ATTO-488
(see Fig. 1). Their diffusional properties in the three surfactant
solutions of various concentrations are obtained by FCS. To
determine the rate of the dye-micelle complex formation, we
apply an approximate form of the autocorrelation function,
which is derived in the accompanying theoretical paper*® on
the basis of Magde’s theory."*™'® A sketch of the deviation is
also presented in the ESIt. This new formula works for both
slow and fast reactions and can be useful in the studies of
chemical kinetics of noncovalent reactions, which we demon-
strate here. In the case of a slow reaction, equilibrium is
established outside the focal volume since the characteristic
time of the reaction is much longer than the typical time of
diffusion through the focal volume. Therefore, we observe two
diffusing species with different diffusion times: the fluorescent
reactant and the complex. In contrast, the characteristic time of
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a fast reaction is much shorter than the diffusion time through
the focal volume and only a single effective diffusion is observed.
For fast reactions, our autocorrelation function reduces to the
known expression for single-component effective diffusion.
Since the effective diffusion coefficient is related to the equili-
brium constant of the dye-micelle interaction, we can use this
relation to determine the latter by FCS. To test this method, we
also determine the equilibrium constant by Taylor dispersion
analysis (TDA).>**° Then, we use FCS to investigate the kinetics
of complex formation, i.e., the association and dissociation rates.
It is feasible if the chemical relaxation rate (definition in the
Materials and methods section) is reduced below the limit of fast
reaction, which can be usually achieved in the case of diluted
micellar solutions because the relaxation rate depends linearly
on the concentration of micelles. To determine the relaxation rate,
we apply our approximate model of the autocorrelation function
with a small number of fitting parameters. Therefore, to reduce this
number, we first determine the equilibrium diffusion coefficient
of surfactant micelles in water by an independent technique,
i.e., dynamic light scattering (DLS). The diffusion coefficients of
the dyes are also known from the literature. Then, the relaxa-
tion rate, together with two parameters of the triplet-state
correction, are the only free parameters in the autocorrelation
function to be fitted. Finally, the association and dissociation
rate constants are evaluated from the dependence of the
relaxation rate on the micellar concentration.

Materials and methods

Materials

The cationic surfactant CTAC (purity: 99%) and anionic surfac-
tant SDS (purity: 99.9%) were purchased from TCI and Roth,
respectively. The non-ionic surfactant C;,Eg (purity: 99%) was
purchased from Fluka. Fluorescent dyes rhodamine 110 and
ATTO-488 were purchased from Sigma-Aldrich and ATTO-TEC
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Fig. 1

(A—E) The chemical structures of rhodamine 110, ATTO-488, Cy,Eg, SDS and CTAC. (F) FCS setup. The light from an argon-ion laser (488 nm)

passes through a water immersion microscope objective to excite the fluorescent dye in the micellar solutions. The emitted fluorescence signals are
collected by the detector and further fed to a TCSPC unit. Kinetic information such as the equilibrium and rate constants for the dye—micelle systems can

be derived from our approximate autocorrelation function.
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GmbH, respectively. All chemicals were used without further
purification.

Formation of dye-micelle complexes

Surfactant molecules in an aqueous solution aggregate to form
micelles denoted as A, when their concentration is above
the critical micelle concentration (CMC). Above the CMC, the
concentration of micelles [A] can be determined from the
surfactant concentration [S] as follows:

[S] — CMC

A==

1)
where N, is the mean number of aggregated surfactant mole-
cules. In dilute solution N, is constant since the shape and
size of micelles are fixed. The values of N,, and CMC for all
surfactants used in this work are listed in Table 1.

When dye molecules diffuse in a micellar solution the
noncovalent bonding between a dye and micelle is treated as
a chemical reaction with the equilibrium constant K:

A+BEC )

where B and C denote the dyes and dye-micelle complexes,
respectively. The equilibrium constant is related to the association,
k., and dissociation, k_, rate constants and to the equilibrium
concentrations of the components, [A]*%, [B]*, and [C]*9, as follows:

ke €

K= = ARB ©)

The relaxation rate R of the pseudofirst-order reaction, which
describe the rate of a reaction’s return to equilibrium, is defined

aSlS

R = k(AT + [BIY) + k- (4)

Because the micelle concentration is always much higher than
the dye concentration in our FCS experiments, i.e., [A]*? > [B]*
~ 10~° M, we use the approximation:

R=kJAF + k_ )

Thus, we can control the relaxation rate to some extent by
changing the micelle concentration. Combining eqn (4)
and (5), we get

R = kJA]*Y + ky /K (6)

Table 1 Diffusion coefficients, hydrodynamic radii, electric charges, critical
micelle concentrations and the number of aggregated surfactant molecules
of the studied samples. All values are obtained from the references or DLS
measurements at 25 °C

CMC
D (x107 " m>s™") R, (nm) Charge (mM) N,
Rh110 (4.7 £ 0.4) (0.52 4 0.05) Zwitterionic
ATTO-488 (4.0 + 0.1)® (0.62 4 0.02) Zwitterionic
C1,Eg (0.34 + 0.01)* (7.2 4+ 0.02)* Neutral 0.082%° 95%°
SDS (0.92 + 0.02)* (2.7 £ 0.06)* Negative  8.2°" 607"
CTAC (0.80 + 0.01)" (3.1 + 0.04)* Positive 1.1%*  80*

% Values obtained from our DLS measurements at 25 °C.
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FCS: experiment and theory

The FCS setup used in our experiments was a commercial
inverted NIKON EZ-C1 confocal microscope. The focal setup
was additionally equipped with a PicoHarp 300 FCS setup made
by PicoQuant. The experiments were conducted at 25 °C using a
488 nm argon-ion laser for illumination. A water immersion
objective with a numerical aperture of 1.2 and magnification of
60 was used in FCS measurements. Before each measurement a
drop of filtered, de-ionized water was used as the immersion
medium between the objective and sample container (an
8-chambered coverglass, Lab-Tek®). During measurements
the laser power was set at a constant level and the focal volume
was at a constant distance of 10 um from the edge of the
coverglass. An avalanche photo diode was used for detection.
All surfactant solutions were prepared with a probe concen-
tration of ~107° M. 200 ul of the solution was transported into
the sample container and analyzed by FCS. Each measurement
(duration 60 s) was repeated at least ten times and the auto-
correlation function curves were further analyzed by the Sym-
PhoTime program and Gnuplot version 4.5.

In FCS experiments, the distribution of the laser light intensity,
I, in the focal volume is often approximated by a three-dimensional
Gaussian: I(x, y, z) = Lexp[—2(* + y?)/I* — 22°/H?], where L is
the transverse radius of the focal volume and H is its height.
Fluctuations of the fluorescence intensity, 0F(t), are analyzed by
means of the autocorrelation function: G(t) = (SF(£)0R( + 1))/(F(1))?,
where 0F(t) = F(t) — (F(¢)) and “()” denotes the average over time ¢.
In the case of a three-dimensional isotropic single-component
diffusion with the triplet-state correction, G(t) is given by’

*%)%(1 4 %) h (1 + w;l) K )

where p is the fraction of dye molecules in the triplet state, 7; is
the triplet lifetime, N is the average number of molecules in the
focal volume, and w = H/L. The characteristic diffusion time
through the focal volume is defined as t; = L*/4D, where D
denotes the diffusion coefficient. The transverse radius L was
obtained from the calibration measurement before each experi-
ment. The free diffusion of rhodamine 110 (standard sample) in
water was measured at 25 °C for calibration and we obtained the

G(T):(1+1]_7pe

value Dgpi1o = 4.7 x 107° m? s for the diffusion coefficient.?”
The typical diffusion time through the focal volume, trp110, is
around 20 ps. The calculated value of L is around 0.2 pm and
the value of w is about 5 in our FCS setup.

Approximate form of the autocorrelation function

Due to the reaction of dyes with micelles there are three
diffusional components in the system: micelles (A), dyes (B)
and dye-micelle complexes (C), whose diffusion coefficients are
denoted as D,, Dg and Dg, respectively. To investigate the
kinetics of the dye-micelle interaction, which is characterized
by the equilibrium constant K and relaxation rate R, we use
an approximate form of the FCS autocorrelation function,
G4(t), derived in the framework of Magde’s theory."* ¢ The full
expression for G,(t) is presented in the accompanying paper,*

This journal is © The Royal Society of Chemistry 2016
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but here we use a slightly simplified form (see formula (8)). The
derivation of G,(¢) is based on the following two assumptions.
(1) The diffusion coefficient of the micelle is constant and
much smaller than that of the dye, hence the diffusion coeffi-
cient of the dye-micelle complex can be approximated by D¢ =
D, < Dg. (2) The quantum yield of the dye fluorescence, Qg,
does not change after binding to the micelle, i.e., Qg = Qc = Q,
which has been confirmed by the quantum yield measurements
(ESIf). Taking into account the intrinsic triplet states of fluor-
escent dyes, we obtain the following approximate formula for
the autocorrelation function:

A (-0
+ph (i>e7R” Qﬁ) + (1= B)h (L) o Rig K (”i) }

1 P
(1) =—(1
Ga(1) N(+1—

TA B

where 15 = L*/ADy, g = L*/4Dyg, 1, = L*/4D., t4 = L*/4|4|, and
A =Dy — Dg < 0. The parameter f§ = k.[A]°Y/R = K[A]°9/(1 + K[A]*9)
and D, = Dafi + Dg(1 — f§), D_ = D(1 — f3) + Dgp are the effective
diffusion coefficients. The function A(f) = (1 + (1 + Fw?) >
is the normalized autocorrelation function for the diffusion of
one component and 7 denotes the dimensionless lag time. The
parameters characterizing the focal volume: H, L and o are
known from the calibration measurements of reference fluores-
cent dyes with known diffusion coefficient Dg. D, is the diffusion
coefficient of micelles determined by DLS. The equilibrium
constant can be determined by an independent technique, e.g.,
TDA.?>*7® The rest of the parameters (4, tg, 74, T+ and f8) whose
values depend on the structure of the focal volume and the
micellar concentration in formula (8) can be exactly calculated
and then fixed during the fitting procedure. The target quantity
R is the only free model parameter in G,(t) to fit, besides the
triplet-state parameters p and 7. In the case of highly concen-
trated micellar solutions, in which the dye-micelle association is
extremely fast, the limit of fast reaction (R — o) can be applied
in formula (8). Then, G,(¢) reduces to the known formula for the
single-component diffusion (¢f eqn (7)):

1
Goo(1) :N(l —O—IP%pe”/”)h(z/u) 9)
In the limit of fast diffusion (R = 0), formula (8) yields
1
o) =51+ T2 Y e/ ) + 1 = Bte/en)] 10

which is the autocorrelation function for the two-component
model of diffusion.?”

Results and discussion

A dye molecule in a micellar solution can be either in the free-
motion state or in the bound-motion state, where the latter is
due to the molecular interaction with micelles.>****° In our

experimental studies, we record the diffusion of rhodamine

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Normalized experimental autocorrelation function curves of
rhodamine 110 diffusing in solutions of CTAC with various surfactant
concentrations. The diffusion times of rhodamine 110 shift gradually to
the right as a function of the CTAC concentration.

110 and ATTO-488 in different surfactant solutions of various
concentrations by FCS. In the case of rhodamine 110 in the
CTAC solution, we observe a gradual shift of the autocorrela-
tion curves towards longer diffusion times when the surfactant
concentration increases (see Fig. 2). However, the viscosity of a
very diluted solution should not change noticeably with the
surfactant concentration. Thus, the increase in the diffusion
time of rhodamine 110 implies that the free diffusion of the dye
is gradually hindered due to the formation of dye-micelle
complexes. The more dye-micelle complexes are formed in
the solution, the longer the diffusion time observed. Such a
hindered diffusion was also reported in the work of Zettl
et al.,"® in which they focused on the investigation of micelle
formation. They analyzed their experimental autocorrelation
curves by a two-component model for FCS with the assumption
that the relaxation rate of the dye-micelle reaction was much
longer than the typical diffusion time through the focal volume.
However, without a proper analysis of the dynamics of the
reaction that occur in the system, the two-component model
may give meaningless values of the diffusion time and fraction
of the second component, ie., micelles. As a result, the size
of CTAC micelles probed by different tracers was not equal
if the curves were fitted by the two-component model.*® The
two-component model could only be applied to bound and
freely moving tracers, but not for the analysis of dynamics of
molecular interaction.

Analysis of FCS data using G,(?)

The autocorrelation function, given by formula (8), is suitable to
study the kinetics of intermediate interaction (i.e., Rh110-CTAC
system) whose relaxation rate is smaller than the diffusion time
through the focal volume. In the Rh110-CTAC system, the size
and concentration of rhodamine 110 (r ~ 0.5 nm, at 5 nM
concentration) are too small to be observed by DLS, compared
to the much bigger micelles at much higher concentrations
(R ~ 3 nm, in the uM concentration range). Therefore, we only
measured the collective diffusion coefficient (D) of the CTAC
micelles in aqueous solution as a function of the micellar
concentration at 25 °C. D measured in DLS reduces to D,

Soft Matter, 2016, 12, 8186-8194 | 8189
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Table 2 Calculated values of the parameters appearing in formula (8)
for the CTAC-Rh110 system, based on the results obtained from DLS and
TDA measurements. See the Materials and method section and ESI for
more details

Conc. D, (x107*° D_(x107"° Dy (x107*°
(M) p w(us) m*s) ot (us) m?s7) 4 (us) m?s7Y)
1.88 0.07 17.3 4.3 701 11 19.6 3.8

11.6 0.33 22.4 3.4 36.4 21 19.6 3.8

25.3 0.52 28.6 2.6 27.0 2.8 19.6 3.8

409 0.64 34.4 2.2 23.2 3.2 19.6 3.8

60.5 0.72 40.4 1.9 211 3.6 19.6 3.8

(self-diffusion coefficient) when extrapolated to zero concen-
tration. The extremely low concentration of the studied dye-
micelle complexes in FCS experiments (in the nM range) can be
approximately assumed to be equal to the zero concentration in
DLS experiments. Hence, extrapolating the micelle concentration
to zero concentration in DLS, we obtain the D, of the CTAC
micelles with a value of 0.80 x 107 ' m* s™* (for details see
Fig. S2 in the ESIt), which is consistent with the published
results.*> We used the D, for all the micelles in formula (8),
because we only observe the diffusion of individual dye-micelle
complexes in FCS and D, is concentration-independent.*’ Our
previous small angle neutron scattering (SANS) experiments
and literature data also have showed that the size and structure
of micelles do not change in the dilute region.*>*?

The equilibrium constant of the Rh110-CTAC interaction
has been determined by the TDA method. The principle of TDA
is based on the difference between the diffusion coefficients of
rhodamine 110 in water and in the CTAC micellar solution as a
function of the CTAC micellar concentration. The obtained
value of the equilibrium constant for the Rh110-CTAC system
is 4.28 x 10* M~ " (see the ESIt for details).

Having determined the equilibrium constant K by TDA and
the diffusion coefficient of CTAC micelles by DLS, we use them
to calculate the values of parameters 74, 7+ and f that appear in
G,(t) (see formula (8) and Table 2). The parameters of triplet
states, p and 7, will be discussed later. Fig. 3 (upper panel)
shows that the FCS autocorrelation curves for rhodamine 110 in
the micellar solution of CTAC are well fitted by G,(¢). The values
of R obtained from this fitting are presented in Fig. 3 (lower
panel) as a function of the CTAC micellar concentration. Then,
we use eqn (6) to determine the association rate k,. The K
in eqn (6) is known from TDA measurements and fixed at
4.28 x 10" M~ during the fitting process. The fitted value of k.
for the Rh110-CTAC complex formation amounts to 2.46 X
10° M~ 57!, which is one order of magnitude more than that in
the case of the DNA-EtBr interaction studied by Magde et al."®
The value of dissociation rate k_ calculated according to eqn (3)
amounts to 5.75 x 10° s,

Determination of the equilibrium constant by FCS

Since R increases with the micelle concentration we expect that
at sufficiently high concentrations the limit R — oo can be
taken in formula (8), i.e., G, (¢) given by eqn (9) can be used to
fit the FCS data. Then, we determine the equilibrium constant

8190 | Soft Matter, 2016, 12, 8186-8194
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Fig. 3 Upper panel: Experimental autocorrelation curves for rhodamine
110 diffusing in diluted CTAC micellar solutions and the fitting curves of
formula (8). The plotted residuals correspond to the fits of experimental
data using formula (8). Lower panel: The fitted values of R plotted versus
the CTAC micellar concentration according to egn (6) with K known from
TDA measurements. The association rate constant k. is obtained from the
slope of the red line, and then the dissociation rate k_ is calculated
according to eqgn (3).

from the dependence of the effective diffusion coefficient D, on
the concentration of micelles according to the definition of D,
and f (in the Materials and method section):

D, —Dg

Z+ T UB KAl
Da D, KA

(11)
where D, is calculated from the relation D, = L*/41,,** and 1, is
the effective diffusion time of dyes and dye-micelle complexes
through the focal volume obtained from the fitting of experi-
mental curves by G (f).

To check this possibility, we study rhodamine 110 in a series
of CTAC micellar solutions at relatively high concentrations of
micelles. Fig. 4 shows that the experimental curves are well
fitted by G, (¢). Then, by substituting D, obtained from FCS and
the diffusion coefficient of micelles, D,, from DLS into eqn (11),
we obtain the equilibrium constant K from the slope of the
linear fit shown in Fig. 4. For the Rh110-CTAC system the
equilibrium constant determined using eqn (9) is 4.32 x 10* M™%,

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Upper panel: Experimental FCS autocorrelation curves for

rhodamine 110 in CTAC solutions at relatively high concentrations of
micelles fitted by eqgn (9). Lower panel: The equilibrium constant K of
the Rh110-CTAC interaction obtained from the linear fit by eqn (11).

which agrees with the value of 4.28 x 10* M ™" obtained from
TDA measurements.

Weak and strong interactions

We have also used FCS to study the diffusion and molecular
interactions of ATTO-488 in C,,Eg and SDS solutions at surfac-
tant concentrations both below and above the CMC. We have
not observed any noticeable changes in the diffusion time of
ATTO-488 (see Fig. 5(A) and (B)). The values of the effective
diffusion time obtained from the fit of experimental data by
G, (¢) are roughly the same as in pure water. This means that
the molecular interactions in diluted surfactant solutions are
too weak to affect the free diffusion of ATTO-488. Our previous
work on the mobility of fluorescent dye TAMRA in low concen-
tration solutions of hexaethylene glycol monododecyl ether
(C12Es) is consistent with the present results.*” The diffusion
coefficient of TAMRA also does not change in the C;,E¢ solution
within the same range of surfactant concentrations, thus, the
viscosity of the solution can be considered the same as that
of water.

In contrast, the effective diffusion times for ATTO-488 in the
CTAC solution and rhodamine 110 in the SDS solution experience

This journal is © The Royal Society of Chemistry 2016
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a sudden increase when the surfactant concentration is just
above the CMC (see Fig. 5(C) and (D)). The dyes are supposed to
bind to micelles immediately and then move together in the
solution all the time. Dosche’s and Ghosh’s groups also
observed such an attachment of hydrophobic dyes to various
surfactant micelles by using FCS.*®*

The formation of complexes between dyes and micelles
depends mainly on hydrophobic effects and electrostatic forces.
A higher affinity of the zwitterionic dye ATTO-488 to cationic
CTAC micelles compared to anionic SDS and neutral C;,Eg
micelles can be attributed to the strong hydrophobic effect of
the CTAC micelles which possess four additional alkyl groups
in their chemical structure compared to SDS and C;,Eg do.
Rhodamine 110 can interact with SDS, CTAC and C;,Eg
micelles but its affinities decline due to the differences in
molecular charges.

Kinetics of dye-micelle interactions

We categorize the dye-micelle interactions as: weak, inter-
mediate or strong, according to the dependence of D, on the
surfactant concentration. For weak interactions, i.e., in the case
of ATTO-C;,Es and ATTO-SDS systems, D.. changes marginally
as a function of the surfactant concentration, which indicates
the free diffusion of ATTO-488 in these solutions (inseted
plot in Fig. 5(A) and (B)). For strong interactions, namely in
Rh110-SDS and ATTO-CTAC systems, D, drops sharply when
the surfactant concentration exceeds the CMC (inset plots in
Fig. 5(C) and (D)), which suggests that almost all dye molecules
bind strongly to the micelles. For intermediate interactions,
i.e., in the case of the Rh110-CTAC system, D, decreases
moderately when the surfactant concentration increases. In
the absence of analytical theory, these three concentration-
related behaviours of D, in FCS were also reported by molecular
dynamics simulation of a generic bead-spring polymer model
and spherical tracers with no attraction (single diffusion), weak
attraction (single slow diffusion), and strong attraction (double
diffusion) to the polymer in the work of Vagias’s group.””

Since FCS has showed a good accuracy in evaluating the
equilibrium constant of the Rh110-CTAC system at relatively
high concentrations of micelles, we use this method for other
dye-micelle systems as well. As in the case of CTAC, the
diffusion coefficients of SDS and C;,Eg micelles are determined
by DLS at 25 °C and they amount to 0.92 x 10~ '* m* s™' and
0.34 x10 ' m” s, respectively (see Fig. S3 and S4 in the ESIf for
details). These values are consistent with the published results.***®
In Table 3, we show the values of K for the studied dye-micelle
systems. In the case of strong interactions (Rh110-SDS and
ATTO-CTAC systems), K is roughly one order of magnitude
larger than that in the case of intermediate interactions. The
reported value of K for the interaction between rhodamine 123
and Cy,E; is (1.6 £ 0.2) x 10* M~ ',*® close to the value for the
Rh110-Cy,Eg system studied in this work.

Next, we use the equilibrium constant obtained by FCS at
high concentrations of micelles to determine the relaxation rates
of the same dye-micelle system, which is achieved by fitting the
FCS autocorrelation function in the low concentration regime.
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(A—D) Normalized experimental autocorrelation curves for ATTO-488 and rhodamine 110 in the solutions of Ci5Eg, SDS and CTAC of various

surfactant concentrations, respectively. Inset: The effective diffusion coefficients (Do¢) obtained from the fit of experimental curves by eqn (9). The
overlapping sets of data points in (A) and (B) indicate that the diffusion time of ATTO-488 in the Cj,Eg and SDS solutions is independent of the surfactant
concentration. In (C) and (D), a sudden increase in the diffusion time is observed in the Rh110-SDS and ATTO-CTAC systems at a concentration just
above the CMC. The dyes are believed to bind to large micelles immediately once they encounter.

In other words, we apply the same procedure as in the case of
the aforementioned Rh110-CTAC system. The fitted values of
k. and k_ for intermediate and strong interactions are collected
in Table 3 together with the diffusion-controlled association
rate constant kq.. The reported values of the association rate
constant for the dye-micelle interactions vary from 10°M " s~ *
to the diffusion controlled limit, i.e., 10 M~ s71.232%26 The
values of k, in our dye-micelle systems are roughly two orders

of magnitude smaller than k4. (see Table 3). The latter can be

estimated from the Smoluchowski equation:
kdc = 4TEdeRdmNA (12)

where Dy, and Ry, are the sums of the diffusion coefficients and

the hydrodynamic radii of the dyes and micelles, respectively,
and N, is Avogadro’s constant.

Table 3 Equilibrium constants K, the association k; and dissociation k_ rate constants, and the association rate constants kq. for the diffusion-controlled
reaction estimated using the Smoluchowski equation for the studied dye—micelle systems. K is fitted by egn (11) and k.. are obtained from formula (8)

and eqgn (6)
K(x10*M™) —AG (kJ mol ™) ko (x10° M 's7h ko (x10*s7) kae (x10"° M1 s
Rh110-C;,Eg 2.32 4+ 0.21 24.90 12.16 + 6.07 52.4 + 26.2 2.9
Rh110-CTAC 4.32 4+ 0.32 26.44 2.14 + 0.01 6.58 & 0.06 1.50
Rh110-SDS 15.8 £ 0.09 29.66 0.51 & 0.08 0.32 & 0.05 1.36
ATTO-CTAC 46.7 + 7.8 32.34 0.74 + 0.01 0.16 & 0.01 1.35
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Fig. 6 A simple scheme of the changes in Gibbs free energy of the studied
dye—-micelle systems due to complex formation. Here, R is the gas constant
and T denotes temperature. The equilibrium constant K depends on the
free-energy difference (AG) of the bound and unbound states. The rate
constants (k,, k_) depend on the free-energy differences (AG*, AG™)
between the two states and the transition state. The arbitrary setting of
the same initial state in Fig. 6 is to simplify the illustration of AG.

We describe the dye-micelle reaction as a two-step process:
the intermediate formation and complex formation

kqc ke
A+B = [A-B] = C

o " (13)
In the first step, one micelle and one dye molecule get into
contact to form an intermediate [A-B] driven by free diffusion
under the diffusion-controlled rate k4.. Next, the dye-micelle
complex is formed through hydrophobic and electrostatic
interactions with a reaction rate k. The value of &, can be simply
estimated via*’

1o .
ki  kqe ke

The calculated value of k; is roughly equal to k. in our dye-
micelle systems, indicating that complex formation is a reaction-
controlled process.

The micelles behave as ‘“soft cages” which hinder the
entrance and exit of dyes when they collide driven by Brownian
motion. The activation energies, labelled as AG" and AG ™, for the
studied dye-micelle interactions are shown in Fig. 6. In thermo-
dynamics we can only determine the Gibbs free energy difference
but not the absolute values. The free energy differences (AG)
between the bound and unbound states for various dye-micelle
systems are calculated on the basis of the expression: AG =
—RTInK, and the values of the rate constants are shown in
Table 3. The energy barriers of intermediate interactions are
much lower than those of strong interactions. The stability of
the dye-micelle complex is determined by its residence time
expressed as 1z = 1/k_.>° The values of the dissociation rate
constant for strong interactions are at least one order of magnitude
smaller than those for the intermediate interactions, suggesting
longer times of the bound state.
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Table 4 Values of the triplet state parameters: the triplet-state lifetime

and the fraction of dyes in the triplet state p fitted by (8) and (9),
respectively

7 (us) P (%) ! (ns) Pb (%)
Rh110-C;,Es  2.7+13  13.6+4.0 33 +03 145 +2.1
Rh110-CTAC 3.9+ 1.0 13.8 £ 3.9 2.3 + 0.6 7.7 £ 0.8
Rh110-SDS 3.4+ 1.6 9.7 £ 2.9 2.0 £ 0.6 4.0 £ 0.5
ATTO-CTAC 3.9 +1.7 13.6 £ 3.5 59+14 8.3 £ 0.8

“ Fitted by equation eqn (9). ? Fitted by formula (8).

Triplet-state kinetics

The fraction of dye molecules in the triplet state, p, and the
triplet-state lifetime, 1, are also fitted by formulas (8) and (9).
Table 4 shows the fitted values of p and t,, which are close to
the published results for rhodamine 110 (1.9 ps, 10%) and
ATTO-488 (2.9 ps, 10%) in aqueous media, obtained by the
method of total internal reflection fluorescence correlation
spectroscopy (TIR-FCS).>"

Conclusions

In this work, we use FCS to study the reaction kinetics of
selected dye-micelle systems. The interactions between dyes
and micelles are categorized into three types: weak, intermediate
and strong, in terms of the equilibrium constant K. To fit the
FCS experimental data, we apply a new approximate form of the
FCS autocorrelation function, G,(¢), derived on the basis of
Magde’s formalism. Our results show that G,(¢) can be used to
determine the association and dissociation rate constants by
studying diluted micellar solutions, in which the relaxation rate
can be reduced below the fast-reaction limit. Then, the rate
constants follow from the dependence of the relaxation rate on
the micelle concentration. On the other hand, FCS studies in
the region of high micelle concentrations, in which the fast-
reaction limit usually applies, provide information about K for
the dye-micelle system. The values of K obtained by FCS are
consistent with the results from an independent technique, i.e.,
TDA and with the data obtained from references. Our results
show that the association rates of the dye-micelle interactions
are much smaller than the diffusion-controlled rate. Therefore,
a two-step reaction mechanism is used to explain the complex
formation between dyes and micelles. Generally, our method can
potentially facilitate kinetic studies of molecular interactions
involving drugs, proteins and DNA.
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