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Abstract

We report studies on diffusion controlled deligation and ligation dynamics of a probe ligand 4-(dicyanomethylene)-2-methyl-6-(p-dim-
ethylamino-styryl) 4H-pyran (DCM) with cationic cetyltrimethylammonium bromide (CTAB) micelles. In order to investigate the effect
of spatial heterogeneity on the dynamics we study the DCM labeled micelle upon complexation with an enzyme a-chymotrypsin (CHT).
The variation of fluorescence line-width (C(t)) of DCM in the complex and also in the micelle indicates the diffusion dynamics of DCM
through various environments of different polarities. The temporal behavior of C(t) reveals that at 50 mM CTAB concentration the
excited DCM traverses 6.5 Å distance from the surface of a host micelle (deligation) before entering to a stern layer of another adjacent
micelle (ligation). From neutron scattering experiment the distance 6.5 Å is found to be the thickness of a stern layer of CTAB micelle.
No indication of ligation has been found at 2 mM CTAB concentration as the intermicellar distance is estimated to be very large (416 Å)
compared to the previous case. The dynamical behavior of C(t) is also indicative of significantly slower diffusion of the ligand molecules
(DCM) at the surface of the micelle in presence and absence of the enzyme compared to that in the bulk buffer. We have also studied the
dynamics of solvation and local geometrical restriction on the probe DCM at the micellar surface with and without CHT. With pico-
second time resolution, we found time constants of the solvation relaxation processes of the DCM labeled enzyme-micelle complex to
be 230 ps (45%) and 870 ps (55%), which were comparable to those of the micelle without the enzyme. The time dependent anisotropy
revealing local orientational motions of the probe in the complex was also found to be similar to that of DCM at the micellar surface in
absence of CHT. These studies attempt to link the dynamical features for insight into the ligand mediated intercellular communication
and the biological function of the enzyme a-chymotrypsin upon complexation with the CTAB micelle.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Intercellular communication is extremely important in
the growth of living cells and tissues [1,2]. Tissues are com-
prised of functional units such as nephron in the kidney and
the villi in the small intestine. The functional units contain
many different cell types that continuously communicate
with one another through a variety of mechanisms. A
key mode of communication is the release of soluble
cyto-and chemokinines. These signals lead to the induction
1011-1344/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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of organogenic processes, such as cell proliferation, differ-
entiation and motion [1–3]. A theoretical work [3] using
solitary cell model estimated effective communication
distance over which a single cell can meaningfully propa-
gate a ligand (cyto/chemokinines)-mediated signal to be
�25 lm and the communication within this domain takes
place in 10–30 min. The experimental observations [4] were
in agreement with the estimated values. An important fam-
ily of epithelial patterning mechanisms relies on secreted
chemical signals. Typically a ligand released by a group
of cells interacts with the extracellular matrix and cell sur-
face receptors as it spreads through the tissue. A recent the-
oretical work [5] on the intercellular communication in
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epithelial layers derived cell-to-cell coupling coefficients as
a function of geometric, cellular and molecular parameters
of the ligand transport mechanisms. A rapid decay in the
coupling coefficients as a function of intercellular distance
suggested from the model [5] was in the line with the con-
clusions of experimental studies [6]. Fig. 1 is a schematic
representation of ligand-mediated intercellular communi-
cation. As shown in Fig. 1 and mentioned in the theoretical
model [5] the efficiency of intercellular communication
decays with the effective distance between two cells (secret-
ing and receiving).

In this work we use an organic laser dye 4-(dicyanom-
ethylene)-2-methyl-6-(p-dimethylamino-styryl) 4H-pyran
(DCM) and a micelle as model systems of the ligand and
the cell respectively. The micellar organizations have been
used as mimic-systems in order to represent biological mac-
romolecules [7]. The micelle is cationic in nature and is
made of cationic surfactant cetyltrimethylammonium bro-
mide (CTAB). Small angle neutron scattering experiments
[8–10] on the aqueous micellar solution of CTAB reveal
the diameter of the micelle to be 10 nm. The thickness of
the stern layer, which is made of dynamically rigid water
molecules and counter ions (bromide) of the micelle, has
also been found to be 1 nm [8–10]. The laser dye DCM, a
well known spectroscopic probe [11–14] is completely insol-
uble in water and has selective binding affinity to the
CTAB micellar surface. The dye is completely hydrophobic
(nonpolar) in the ground state. However, UV excitation
increases dipole moment of the probe making it polar
and hence increases its hydrophilicity in the excited state
[13,14]. Thus the excited DCM diffuses from the micellar
surface (relatively nonpolar) towards polar bulk water
phase revealing a fluorescence emission signature of the
excursion through multiple environments in the excited
state.

In order to study the effect of environmental heterogene-
ity on the ligand probe (DCM), we have also investigated
the dynamics of the ligand in the micelle upon complexation
with an enzyme. The enzyme bovine pancreatic a-chymo-
Fig. 1. A schematic representation of diffusion controlled ligand mediated
intercellular communication. The efficiency of the communication
decreases with the effective intercellular separation.
trypsin (CHT) is in a class of digestive enzymes of molecular
weight 25 kD. In a recent study [15] it has been shown that
CHT makes complex with the micelle and the complexation
leads to superactivity of the enzyme compared to that of
free CHT in buffer solution. However, our previous study
[16] on the complex by using a different substrate molecule
reveals seven times retarded activity of the enzyme com-
pared to that in the buffer solution. In the present study,
by observing the picosecond to nanosecond dynamics of
population and polarization analyzed anisotropy of the
ligand molecules for the micelle and the enzyme-micelle
complex, we elucidate the nature of local solvation and spa-
tial geometrical restriction on the probes. The efficacy of the
communication between two micelles has been investigated
by the ligation and deligation dynamics of the ligand by
measuring picosecond resolved line-width of the ligand
fluorescence indicative of the diffusion of the excited probe
molecules through various environments of different polar-
ities. In order to show the effect of intermicellar distance on
the efficacy of ligation, the concentration of the micelle
(inversely proportional to the intermicellar distance) has
been varied and observed a strong dependency of the effi-
cacy on the distance between two micelles.

2. Materials and methods

The enzyme CHT from bovine pancreas was purchased
from Sigma, CTAB from Fluka and DCM was from Exci-
ton. All samples were used as received without further puri-
fications. Aqueous solutions were prepared in phosphate
buffer (0.1 M, pH 7). The DCM-micelle complexes were
prepared by mixing of DCM (35 lM) with CTAB
(50 mM and 2 mM) in the neutral buffer solution and the
mixture was kept at room temperature for 3 h. The
enzyme-micelle complex was prepared by mixing 1 mM
CHT with 0.942 mM DCM-labeled micelle ([CTAB] =
50 mM) and stirring the solution for 3 h (enzyme:micelle �
1:1).

Steady-state absorption and emission were measured
with Shimadzu Model UV-2450 spectrophotometer and
Jobin Yvon Model Fluoromax-3 fluorimeter respectively.
All transients were taken by using commercially available
(IBH, UK) picosecond-resolved time correlated single pho-
ton counting (TCSPC) setup (instrument response function
(IRF) of �220 ps). The picosecond excitation pulse from
the diode laser was used at 405 nm. The fluorescence from
the sample was detected by a photomultiplier after disper-
sion through a double grating monochromator. For all
transients the polarizer in the emission side was adjusted
to be at 54.7� (magic angle) with respect to the polarization
axis of excitation beam.

Upon excitation of the probe ligand (DCM) using a
picosecond laser pulse a significant dipole moment is gener-
ated in the ligand and hence the polar solvent molecules at
t = 0 find themselves in a relatively high-energy configura-
tion [17]. Subsequently, as shown in the upper panel of
Fig. 2, the solvent molecules begin to move and rearrange



Fig. 2. Upper. A schematic representation of spectral diffusion on the
excited state potential surface. Emission spectra 1, 2 and 3 reflect the
evolution of the solvation free- energies along the solvation coordinate.
Lower. Time integrated fluorescence emission spectrum. The solid line is
convolution of three representative emission spectra 1, 2 and 3 (dotted
lines) that results from solvation of the probe ligand.

Fig. 3. A schematic representation of the effect of diffusion controlled
dynamic heterogeneity on the emission spectrum of a probe at various
time-interval after the excitation (t1 < t2 < t3). The probe acquires signif-
icant dipole moment upon excitation and hence becomes more polar in the
excited state. Left panel indicates the population of the probe molecules in
three representative environments with different polarities (environment-
1 < environment-2 < environment-3) at various times. As time progresses
the population of the excited polar probe molecules diffuse to the
environment-3. The fluorescence intensity of the spectra (dotted line) as
indicated by number 1, 2 and 3 represents population of the probe
molecules in the environments 1, 2 and 3 respectively. The solid line is the
convolution of the three representative spectra. Note the decrease in
fluorescence line-width of the convoluted spectrum, which in turn reflect
the temporal diffusion of the probe molecules.
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themselves to reach their new equilibrium positions. The
nuclear motion involved can be broadly classified into rota-
tional and translational motions. The shift in the ligand’s
emission frequency (peak), which accompanies the solvent
relaxation is then a measure of the dynamics of solvation.
The time integrated fluorescence emission spectrum
(steady-state) of various solvated states is shown in the
lower panel of Fig. 2. To construct time-resolved emission
spectra (TRES) after the excitation pulse, we adopted the
method of the reference [17]. For every sample solution,
the fluorescence transients were measured as a function
of the detected wavelength in the range of 540–740 nm.

The observed fluorescence transients were fitted using a
nonlinear least squares fitting procedure (software SCIEN-
TIST�) to a function comprising of the convolution of the
instrument response function (IRF) with a sum of expo-
nentials. The purpose of this fitting is to obtain the decays
in an analytic form suitable for further data analysis. For
each transient detected at a particular wavelength, was
normalized by using the steady-state spectrum. The result-
ing time-resolved spectra were fitted with a Lognormal
shape function to estimate the spectrum maximum m(t).
The temporal Stokes shift can be represented by the time
dependence of the fit. By following the time-resolved emis-
sion, we constructed the solvation correlation function,
C(t) = [m(t) � m(1)]/[m(0) � m(1)], where m(0), m(t) and
m(1), denote the observed emission energies (in wavenum-
bers) at time 0, t and 1, respectively. For anisotropy mea-
surements, emission polarization was adjusted to be
parallel or perpendicular to that of the excitation and the
anisotropy is defined as r(t) = [Ipara � G Æ Iperp]/[Ipara + 2 Æ
G Æ Iperp]. The magnitude of G, the grating factor of the
emission monochromator of the TCSPC system was found
by using a coumarin dye in methanol and following long-
time tail matching technique [18] to be 2.1.

Fig. 3 is a schematic representation of the effect of
excited state diffusion of a probe molecule through various
environments of different polarities on TRES. The upper
panel (left) shows distribution of the probe molecules in a
microheterogeneous environment, where polarity of envi-
ronment-1 is lower than environment-2, which is relatively
nonpolar compared to that of environment-3. The charac-
teristic emission spectra of the probes in the three different
environments (solvatochromism) are also shown in the
right side of the upper panel; the fluorescence emission
maximum in the nonpolar environment is in the blue side
compared to that in the polar environment. The overall
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emission spectrum at a particular time (t = t1) would be
convolution of the fluorescence spectra of the probe mole-
cules in various environments. The full width at half max-
imum (FWHM, C(t)) of individual spectrum (line-width) in
a particular environment is lower than that of the overall
emission spectrum.

Upon excitation, induced dipole moments in the probes
make them relatively polar increasing their affinity toward
the polar environment-3. As shown in the middle and lower
panels of Fig. 3 the population in the environment-3
increases as time progresses. It is evident from Fig. 3 that
the translational diffusion of the probe molecules toward
the polar environment expectedly decreases the line-width
of TRES of the probe molecules. In the case of pure solva-
tion (in absence of diffusion through multiple media and
excited state vibrational relaxation) of a ligand in an envi-
ronment the line-widths of TRES remain same [17]. Simi-
larly, any static heterogeneity (no probe diffusion) will
not show any change in line-widths of the TRES.

3. Results and discussion

3.1. Steady-state spectroscopic studies

The solubility (lM) of DCM with the CTAB concentra-
tion (mM) as measured from optical density is shown in
Fig. 4. Upper. Solubility of DCM (lM) vs CTAB concentration (mM).
Inset shows extinction coefficient (e) of DCM in 50 mM CTAB. Lower.
Plot of normalized fluorescence of DCM in various CTAB concentrations.
Fig. 4. Inset shows absorption spectrum of the probe
DCM in 50 mM CTAB solution. From the plot it is evident
that below critical micellar concentration (CMC) of CTAB
in aqueous solution (�1 mM), DCM solubilization is neg-
ligible. The observed value of CMC is in agreement with
that reported in the literature [19]. The ratio of DCM to
micelle is 1:26, which is estimated from the slope of the
curve (7.3 · 10�4) and on taking aggregation constant of
CTAB to be 52 [20]. In the lower panel of Fig. 4 we show
relative fluorescence intensity of DCM with CTAB concen-
tration in the aqueous solution. The CMC of CTAB
(�1 mM) and saturation of the fluorescence at higher
DCM concentration are evident from the curve. We also
studied the solubility of DCM in the enzyme solution (data
not shown) and found no solubilization of DCM in absence
of the micelle. Above steady-state studies clearly indicate
that DCM only makes complex with the micelle and is per-
fectly suitable to probe the micellar environment even in
the presence of CHT in the complex.

Fig. 5 shows absorption and emission spectra of DCM
in various systems. The arrow in the absorption spectrum
indicates the probe excitation wavelength (405 nm) used
in our studies. The fluorescence spectrum in n-heptane
(nonpolar solvent) has lot of features. The emission spec-
trum is broad giving a global peak at 530 nm along with
two shoulders at 494 nm and 568 nm. In contrast, the emis-
sions of DCM in the micelle and in the enzyme-micelle
complex are quite featureless giving peaks at 636 nm and
627 nm respectively. Both of these peaks are significantly
red shifted compared to that of the global peak in n-hep-
tane at 530 nm. From the emission spectra of DCM in
the micelle and in the enzyme-micelle complex it is also evi-
dent that a significant population of DCM in the complex
face more nonpolar environment compared to that in the
micelle without CHT.
Fig. 5. Steady-state emission spectra of DCM in various environments.
The absorption spectrum of DCM in the CTAB micelle is also shown. The
arrow indicates the wavelength of excitation (405 nm).
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3.2. Time-resolved studies

3.2.1. Location of DCM in the micelle

In a micellar solution, there are three possible locations
of the probe (DCM), e.g. bulk water, inner hydrocarbon
core and the peripheral stern layer (at the surface). DCM
is completely insoluble in water and hence the first possibil-
ity can be ruled out. In the hydrocarbon core the emission
maximum is expected to be similar to that in n-heptane
(nonpolar), which is not the case here. Another observation
is the dramatic lengthening of excited state lifetime of
DCM in the micelle compared to that in n-heptane as
shown in Fig. 6. The lifetime of DCM in n-heptane is found
to be less than 50 ps, which is close to the IRF of our
instrument and evidently much shorter than that in the
micelle (1.8 ns). Moreover DCM molecules staying in the
non-polar hydrocarbon core of the micelle is not expected
to contribute to the observed solvation dynamics (see
below). Thus the emission is exclusively due to the DCM
molecules at the surface of the micelle (stern layer).

3.2.2. Solvation dynamics at the surface of the micelle
The dynamics of solvation of the probe ligand (DCM) is

reflective of the relaxation of solvent molecules around the
excited DCM (Fig. 2). The transients observed at three
characteristic wavelengths, from the blue to the red side
of the fluorescence spectrum of DCM in the micelle, are
Fig. 6. Normalized fluorescence transients of DCM in various environ-
ments. The Instrument response function (IRF) is shown for comparison
(excitation at 405 nm).

Fig. 7. Time resolved normalized fluorescence transients of DCM in the
micelle at 50 mM CTAB concentration in absence (upper) and presence
(lower) of the enzyme CHT at three characteristic wavelengths. The
instrument response function (IRF) is shown for comparison (excitation at
405 nm).
shown in Fig. 7, upper. The emission transients detected
in the blue region (�540 nm) of the fluorescence spectrum
are characterized by an instant rise (instrument response
function, IRF) and a picosecond decay component
(�400 ps). When detection is done in the red region
(�740 nm), the decay part slows down until eventually an
initial rise on a picosecond time scale (�350 ps) is observed.
A nanosecond decay component (1.8 ns), which is present
at all wavelengths with different contributions, is the life-
time of DCM in the relaxed equilibrium state. These over-
all features are well recognized as being characteristics of
solvation dynamics [11–14,17].

Fig. 8, upper depicts the TRES curves of the probe
DCM in the micelle at 50 mM CTAB concentration. The
steady-state fluorescence spectrum is shown (dotted line)
for comparison with the infinite time (3 ns in this case)
spectrum. The time evolution of C(t) is shown in Fig. 9,
upper. The results are given in Table 1. The decay curve
of the C(t) was fitted to a biexponential function, giving
a time constants of 200 ps (52%) and 1.02 ns (48%) where
the 50 ps or less component was not resolved. The net
dynamical spectral shift is 508 cm�1 (from 15,926 cm�1 to
15,418 cm�1) over a time span of 3 ns. The temporal behav-
ior of the C(t) is very similar to the dynamics observed



Fig. 8. Time resolved emission spectra (TRES) of the micelle-bound
DCM at 50 mM CTAB concentration in absence (upper) and presence
(lower) of the enzyme CHT. The dotted curves indicate steady-state
emission spectra of DCM in the corresponding sample solutions.

Fig. 9. Solvation correlation function, C(t) of the micelle-bound DCM in
absence (upper) and presence (lower) of the enzyme CHT. Insets show
time resolved anisotropy, r(t) of DCM in the corresponding samples.

218 R. Sarkar et al. / Journal of Photochemistry and Photobiology B: Biology 83 (2006) 213–222

ARTICLE IN PRESS
recently using the same probe [13] with excitation wave-
length at 300 nm. The study [13] reported a biexponential
nature of the decay of C(t) with time constants 170 ps
(50%) and 630 ps (50%); estimated average solvation time
and net spectral shift were found to be 400 ps and
550 cm�1 respectively, consistent with our observations.

To study the degree of orientational rigidity of the probe
DCM probe in the micelle, we obtained the fluorescence
anisotropy decay at 645 nm for the excitation wavelength
of 405 nm. The r(t) function is the sum of two exponentials
(inset of Fig. 9, upper and Table 1) with time constants
873 ps (47%) and 6.7 ns (53%) with r(t) = 0.32 at t = 0 ns.
The faster time constant (873 ps, 47%) may represent local
tumbling motion of DCM at the micellar surface. The
longer time constant (6.7 ns, 53%) could have relevance
to the global motion of the micelle as a whole.

3.2.3. Solvation dynamics of the enzyme-micelle complex

In order to explore the effect of spatial heterogeneity and
to investigate change in solvent relaxation at the surface of
DCM-labeled micelle upon complexation with CHT, we
studied solvation dynamics of the enzyme-micelle complex.
Fig. 7, lower shows picosecond-resolved transients of the
DCM-labeled micelle-CHT complex in aqueous buffer
solution. On the blue edge of the fluorescence spectrum
the signals decay with time constants (�420 ps), whereas
on the red edge the signals are seen to rise (time constant
up to 360 ps). A decay component of time constant 1.8 ns
reflective of lifetime of the probe is present in all wave-
lengths detected. Fig. 8, lower shows TRES (up to 3 ns)
of the DCM-labeled complex in aqueous buffer. The dotted
spectrum indicates the steady-state spectrum of the
complex.

The C(t) function in Fig. 9, lower can be fitted to a biex-
ponential decay with time constants of 230 ps (45%) and
870 ps (55%); any sub-50 ps components in these dynamics
are unresolved. The net spectral shift is 597 cm�1 from
16239 cm�1 to 15642 cm�1 (up to 3 ns), which is similar
to that of the micelle without CHT (Table 1). As shown
in the inset of Fig. 9 (lower) the fluorescence anisotropy
r(t) at 645 nm decays exponentially to almost baseline with
time constants of 910 ps (43%) and 8.7 ns (67%). The value
of r(t) at t = 0 is found to be 0.3. The faster and slower time
constants of r(t) may have relevance to the local tumbling
motion and global micellar rotation respectively.

3.2.4. Intermicellar diffusion of DCM: deligation and

ligation dynamics

The probe DCM is hydrophobic in the absence of
laser excitation. However, upon excitation a significant
dipole moment (26.3 D) [21] in the molecule makes
DCM polar. In the excited state DCM molecules in a



Table 1
The results of the time dependent solvation and anisotropy measurements of the probe DCM in various environments

Sample Fluorescence maximum (nm) Solvation correlation function, C(t) Rotational anisotropy, r(t)

DCM in micelle (50 mM CTAB) 636 Dm = 508 cm�1 r0 = 0.32
s1 = 0.20 ns, A1 = 52% s1 = 0.87 ns, A1 = 47%
s2 = 1.02 ns, A2 = 48% s2 = 6.70 ns, A2 = 53%

DCM in CHT-micelle complex (50 mM CTAB) 627 Dm = 597 cm�1 r0 = 0.30
s1 = 0.23 ns, A1 = 45% s1 = 0.91 ns, A1 = 43%
s2 = 0.87 ns, A2 = 55% s2 = 8.70 ns, A2 = 67%

DCM in micelle (2 mM CTAB) 636 Dm = 486 cm�1 r0 = 0.33
s1 = 0.18 ns, A1 = 54% s1 = 0.75 ns, A1 = 48%
s2 = 0.77 ns, A2 = 46% s2 = 5.13 ns, A2 = 52%

Fig. 10. Full width at half maxima (FWHM, C(t)) of time resolved
fluorescence spectra of the micelle-bound DCM at 50 mM CTAB
concentration in absence and presence of the enzyme CHT.
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microheterogeneous environment (micellar surface) with
various polarities would expectedly try to move towards
more polar environment (bulk water) making overall
environment of the probe molecules to be more homoge-
neous compared to that in the ground state (Fig. 3). Thus
relatively broader fluorescence line-width of DCM imme-
diately after the excitation (almost ground-state configu-
ration) reflecting microheterogeneous environments of
the probe molecules decreases with time. In other words,
upon excitation, the DCM-labeled micelle undergoes deli-
gation process as the excited DCM comes out of the
micellar surface in order to diffuse to a more polar envi-
ronment. Our depiction of diffusion of DCM and its con-
sequences in the TRES (Fig. 3) is consistent with earlier
report [14]. As described in the previous work [17] the
role of vibrational relaxation/redistribution of the probe
DCM in the temporal behavior of the line-width would
be negligibly small. The intramolecular vibrational relax-
ation/redistribution occurs in these large probe molecules
(e.g. DCM) on sub-picosecond time scale [22].

The time dependence of the fluorescence line width
(C(t)) of DCM at the micellar surface and in the enzyme-
micelle complex at 50 mM CTAB concentration shows
interesting dynamics as demonstrated in Fig. 10. For both
the samples C(t) first increases, then decreases and finally
increases again with much slower time scale. The
time resolved data were fitted numerically by using follow-
ing multiexponential function, y = y0 � A1exp(�t/s1) +
A2exp(�t/s2) � A3exp(�(t � T0)/s3). Here s1 and s3 repre-
sent initial faster and final slower rise time constants with
preexponential factors A1 and A3 respectively. The decay
component has time constant s2 with preexponential of
A2. The numerical fitting parameters for the enzyme-
micelle complex and the micelle at 50 mM CTAB concen-
tration are shown in Table 2.

The time constants of early rise (s1) of �100 ps in the
50 mM CTAB micelle and enzyme-micelle complex
(Fig. 10) is comparable to the FWHM of the excitation
laser pulse. The dynamical behavior may be due to faster
rotational/translational motions reflecting additional tem-
poral heterogeneity generated during the process of excita-
tion of DCM molecules in the spatially heterogeneous
medium. The decay components (s2) of 0.7 ns and 1.2 ns
for the micelle and enzyme-micelle complex respectively,
which represent restoration of homogeneity in the immedi-
ate environments of the probe DCM (see Fig. 3) are consis-
tent with linear diffusion of the probe from a micellar
surface toward bulk-water type polar environment. From
the dynamical behavior of the probe DCM in the micelle
and in the enzyme-micelle complex it is also evident that
after 1.4 ns (T0) of excitation, the probe starts facing heter-
ogeneous environments again revealing increase in C(t) fur-
ther. The distance traversed by the probe in 1.4 ns could be
estimated as follows. The well-known expression [23] for
translational motion in a perpendicular direction of the
micellar surface (diffusion in one dimension) is given by,
s = d2/2D, where s is the time taken by the probe to cross
a layer of thickness d. D is the diffusion constant at the
micellar surface. A typical value of D for the CTAB micelle
was found to be 15.3 Å2/ns [19]. The estimated distance tra-
versed by DCM in 1.4 ns is 6.5 Å. This is similar to the



Table 2
Numerical fitting parameters of the time dependent line-width of DCM emission (50 mM CTAB concentration)

y0 (cm
�1) A1 (cm

�1) s1 (ns) A2 (cm
�1) s2 (ns) A3 (cm

�1) s3 (ns) T0 (ns)

DCM in micelle 2806 44.3 0.071 338.3 0.70 434 7.64 1.4
DCM in CHT-micelle complex 3123.5 136.4 0.130 857 1.2 802 3.60 1.4

Fig. 11. Schematic diagram showing the micellar packing at 50 mM
CTAB concentration.
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thickness of the stern layer (6–9 Å) of a CTAB micelle,
obtained from the structural studies by using small angle
neutron scattering experiments [8–10]. Our observation
clearly indicates that during the time span of 1.4 ns the
probe mostly resides on the stern layer.

The physical origin of the relatively slower rise compo-
nents (s3) of 7.6 ns and 3.6 ns respectively for the micelle
and the complex in the C(t)s after 1.4 ns (T0) is due to
the fact that certain population of the probe molecules that
diffuse from the surface of a micelle, enter into the stern
layer of another adjacent micelle in the aqueous solution.
The diffusion of the probe from bulk type water toward
the surface of another micelle expectedly increases the het-
erogeneity in the immediate environments of the probe
DCM resulting increase in C(t). This observation is not sur-
prising given the fact that at 50 mM CTAB concentration
the micelles are closely packed. The micellar concentration
at 50 mM CTAB is 0.942 mM on taking aggregation num-
ber and CMC of CTAB micelles to be 52 and �1 mM
respectively [20]. Thus the number of micelles in solution
is 5.68 · 1023. By dividing the solution in identical cubes
equal to the number of micelles, one can equate the dis-
tance between center of the adjacent cubes to the average
intermicellar distance, which is found to be 120 Å at
50 mM CTAB concentration. The diameter of the micelle
and the thickness of the stern layer were found to be
100 Å and �10 Å (actually 6–9 Å) respectively from small
angle neutron scattering experiment [8–10]. This suggests
that adjacent stern layers are negligibly small distance
apart at 50 mM CTAB.

A schematic diagram of the micellar packing at 50 mM
CTAB concentration is shown in Fig. 11. Note that the
probe ligand spends most of its excited state lifetime
(1.8 ns) to travel stern layer of a micelle and to enter adja-
cent layer of another micelle (�1.4 ns). Therefore, upon de-
excitation the hydrophobic DCM will be attached to the
latter micelle (ligation). The time constant (s3) of the rise
component of the complex is faster (3.6 ns) than that of
the micelle in the absence of the enzyme (7.6 ns). This is
consistent with the fact that once the probe gets out of
the stern layer of a host micelle, aqueous solution of the
complex (mixture of CHT and micelle) would expectedly
offers more heterogeneous environments to the probe
DCM than that of the micellar solution. Thus the rate of
increase of C(t) for the enzyme-micelle complex would
obviously be higher than that of the micelle. The higher
heterogeneity of the aqueous solution of the complex than
that of the micelle without CHT is also evident from higher
y0 value of the former case (3124 cm�1) than that of the lat-
ter one (2806 cm�1).
The dynamical behavior of the probe DCM in the aque-
ous solution of 2 mM CTAB (CMC � 1 mM) further sup-
ports above conjectures. The intermicellar distance (center-
to-center) at 2 mM CTAB is found to be 416 Å. The solva-
tion correlation function in Fig. 12, upper, can be fitted to
a bi-exponential decay with time constants of 182 ps (54%)
and 768 ps (46%); any sub-50 ps components in these
dynamics are unresolved. Estimated average solvation time
and the net spectral shift are 451 ps and 486 cm�1 respec-
tively. The anisotropy r(t) at 645 nm is the sum of two
exponentials (inset of Fig. 12, upper) with time constants
0.75 ns (48%) and 5.13 ns (52%) with r(t) = 0.33 at t = 0.
The temporal solvation and anisotropy behavior are
similar to those of DCM in 50 mM CTAB solution. The
observations suggest that local solvent environment and
geometrical restriction of DCM do not change appreciably,
upon lowering the concentration of micelles, which in turn
increases intermicellar distance.

However, the temporal behavior of the fluorescence line-
width (C(t)) at low CTAB concentration (2 mM) is signifi-
cantly different from that of the higher concentration
(50 mM) as shown in the lower panel of Fig. 12. C(t) shows
bi-exponential decay (model: y = y0 + A1exp(�t/s1) +
A2exp(�t/s2)) with time constants 125 ps and 741 ps. Note
that the longer decay constant (0.74 ns) is comparable to s2
value of C(t) in the micelle at 50 mM CTAB concentration
(0.7 ns). No rise components are found in the dynamics of
C(t). The absence of slower rise component (s3) observed in
the higher micellar concentration is particularly remark-
able in this case, which indicates that ligand probe is unable



Fig. 12. Upper. Solvation correlation function, C(t) of the micelle-bound
DCM at 2 mM CTAB concentration. Inset shows time resolved anisot-
ropy, r(t) of DCM in the sample. Lower. Full width at half maxima
(FWHM, C(t)) of time resolved fluorescence spectra of the micelle-bound
DCM at 2 mM CTAB concentration.
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to ligate a neighboring micelle. This observation is not sur-
prising given the fact that the distance between adjacent
layers at 2 mM CTAB concentration is 296 Å offering
enough bulk water type intermicellar polar space for the
accumulation of the excited DCM molecules. The missing
rise at 2 mM CTAB concentration also indicates that the
slower growth after 1.4 ns of excitation of the probe
DCM in the dynamics of C(t) is not due to diffusion (in
the backward direction) of the ligand to the same micelle
(re-ligation) from where it starts diffusing at the beginning.
The residual of C(t) in longer time (3 ns) in this case
(2370 cm�1) is relatively lower reflecting lesser spatial het-
erogeneity compared to that of the micelle (2806 cm�1)
and the enzyme-micelle complex (3124 cm�1) at 50 mM
CTAB concentration.

4. Conclusion

Studies of picosecond resolved dynamics of the probe
DCM in the enzyme-micelle complex elucidate the key time
scales involved in solvation, rigidity and ligand diffusion in
the CTAB micelle with and without the enzyme CHT.
These studies attempt to link dynamical features for insight
into the intercellular communication at various concentra-
tion of communicating cells and the enzymatic activity of
CHT upon complexation with the micelle.

The solvation dynamics of the enzyme-micelle complex
is measured using time dependent Stokes shift of the fluo-
rescence of DCM in the complex. The solvation correlation
function (C(t)) of the enzyme-micelle complex was found to
decay biexponentially with time constants 230 ps (45%)
and 870 ps (55%). This dynamical behavior is not much dif-
ferent from the C(t) of micelle-bound DCM without CHT,
which also shows biexponential decay with time constant
200 ps (52%) and 1.02 ns (48%). The rigidity of the
enzyme-micelle complex is measured using time-resolved
anisotropy r(t), which probes orientational motions of
the probe DCM adducted to the micelle. The dynamical
decay of r(t) of the probe DCM in the enzyme-micelle com-
plex (time constants 910 ps (43%), 8.7 ns (67%)) is not sig-
nificantly different from that in the micelle alone (time
constants 873 ps (47%), 6.7 ns (53%)). Similarities of the
solvation and rotational relaxations of the DCM in the
enzyme-micelle complex to that of the micelle without the
enzyme could be due to the fact that a significant popula-
tion of DCM does not reside at the interface of the com-
plex. In a recent study [16] we showed that about 35% of
the enzyme and micellar surfaces were involved in the com-
plexation. The diameter of the CTAB micelle is comparable
to that of CHT (44 Å) [24]. Thus our observations are not
surprising given the fact that 65% of the micellar surface is
not affected by the complexation with structural intactness
of the micelle.

Fluorescence line-width analysis of the enzyme-micelle
complex and the micelle without CHT provide us some
interesting results. A decay component in the temporal
behavior of C(t) reveals deligation dynamics of the
DCM-labeled micelle. The decay component (s2) in the
case of the enzyme-micelle complex is slower (1.2 ns) com-
pared to that of the aqueous micellar solution (0.7 ns) indi-
cating retarded diffusion (deligation) of the probe in the
former restricted environment. In both of the cases rela-
tively slower rise in C(t) starts after 1.4 ns of excitation of
the probe DCM. The distance traveled by the probe from
the surface of a host micelle toward the bulk water in
1.4 ns is estimated to be 6.5 Å, which is similar to the thick-
ness of stern layer of the CTAB micelle [8–10]. Thus the
residence time of the probe molecule in the stern layer is
1.4 ns. In the micellar solution, as the probe traverses fur-
ther (after 1.4 ns of excitation) a rise component of 7.6 ns
appears in the C(t) reflecting re-entrance of the probe to
the stern layer of adjacent micelle (ligation). The time con-
stants (s2 and s3) of deligation and ligation dynamics are
important for the understanding of ligand mediated inter-
cellular communication. Our studies on the probe DCM
at 2 mM CTAB concentration where intermicellar distance
416 Å is much higher than that at 50 mM CTAB (120 Å),
distinctly show that the excited DCM is deligated from a
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micellar surface but unable to ligate adjacent micelle. Thus
the intermicellar communication is completely disrupted at
2 mM CTAB concentration.

From our studies it has been revealed that the diffusion
of the probe in the enzyme-micelle complex and in the
micelle without CHT is found to be retarded significantly
compared to that in free buffer. This observation is also
important to understand the catalytic activity of the
enzyme in the enzyme-micelle complex. Recently we
reported enzymatic activity of CHT upon complexation
with the micelle and found to be 7 times retarded compared
to that of the enzyme in the free buffer [16]. It was observed
that turnover rate, kcat was more affected than the sub-
strate-CHT dissociation constant Km upon the complexa-
tion of CHT with the micelle. As kcat of the enzymatic
reaction is expected to depend heavily on the dissociation
of the product from the micelle-bound enzyme, slower dif-
fusion of the product is important parameter for the
retarded enzymatic activities. Note that in the free buffer
a typical time constant of diffusion of an organic molecule
(e.g. the product molecule) is much faster (diffusion con-
stant 50 Å2/ps [25]) than that in micellar environment (dif-
fusion constant 15 Å2/ns [19]). Our observation of slower
probe diffusion in the enzyme-micelle complex as evidenced
by s2 of C(t) may have implications to the enzymatic activ-
ity of a-chymotrypsin upon complexation with the CTAB
micelle. Theoretical studies aided by molecular dynamics
simulations will be part of our future effort.
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