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ABSTRACT

In this contribution, we report studies on the interaction of an
antituberculosis drug rifampicin (RF) in a macromolecular
assembly of CTAB with an extrinsic fluorescent probe, dansyl
chloride (DC). The absorption spectrum of the drug RF has been
employed to study Forster resonance energy transfer (FRET)
from DC, bound to the CTAB micelle using picosecond resolved
fluorescence spectroscopy. We have applied a kinetic model
developed by Tachiya to understand the kinetics of energy
transfer and the distribution of acceptor (RF) molecules around
the donor (DC) molecules in the micellar surface with increasing
quencher concentration. The mean number of RF molecules
associated with the micelle increases from 0.24 at 20 um RF
concentration to 1.5 at 190 um RF concentration and conse-
quently the quenching rate constant (k,) due to the acceptor (RF)
molecules increases from 0.23 to 0.75 ns™' at 20 and 190 um RF
concentration, respectively. However, the mean number of the
quencher molecule and the quenching rate constant does not
change significantly beyond a certain RF concentration
(150 pum), which is consistent with the results obtained from
time resolved FRET analysis. Moreover, we have explored the
diffusion controlled FRET between DC and RF, using micro-
fluidics setup, which reveals that the reaction pathway follows
one-step process.

INTRODUCTION

A detailed knowledge of the photophysical and photochemical
properties of a drug molecule is extremely important, partic-
ularly when the drug is associated with one of the detrimental
diseases, for the better understanding of its mode of action and
is the central attraction for drug designing to benefit human
health care. Tuberculosis is a disease regarded as a global
emergency as one-third of the world population is still affected
by it (1). Rifampicin (RF) is an effective antituberculosis drug
(2) and has enormous pharmacological significance. The
antimicrobial agent RF covers a wide spectrum of biological
activity. It is well known that RF is a specific inhibitor of
bacterial RNA polymerase (3), which acts by direct interaction
with the enzyme (4), probably by inhibiting the process of
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transcription at the level of initiation (5-7). It also inhibits the
growth of vaccinia virus, adenovirus and other pox viruses
(8,9) blocking the viral replication by selectively inhibiting one
or more viral RNA polymerase. RF seems to be a potent
inducer of drug metabolism in humans and it increases
cytochrome P450 content in the liver (10). However, the
affinity of RF towards plasma proteins is an important issue
when determining its overall physiological activity. In this
regard, several research groups from all over the globe are
involved exploring the binding site of RF and its derivatives to
various biologically significant proteins like Serum albumin
(11,12) and Human serum heme-albumin complex (13) and to
the RNA polymerase (7,14). In this context, the Forster
resonance energy transfer (FRET) technique is an excellent
molecular ruler, which can be employed to determine the
precise location of any biomolecule involved in energy transfer
process. Particularly, FRET from a covalently labeled probe
(dye) to the drug RF in the binding pocket of a protein could
be very informative, to identify the location of the drug. FRET
is an effective spectroscopic tool to calculate the distance
between donor and acceptor where one fluorophore behaves as
an oscillating dipole that can exchange energy with the
adjacent dipole (10-100 A) with the same resonance frequency
leading to nonradiative energy transfer.

In the present study, we have explored the involvement of
RF in the process of FRET with dansyl chloride (DC,
S-dimethyl-amino naphthalene-1-sulfonyl chloride), one of
the widely used extrinsic probes for covalent attachment in
biological labeling (15,16). FRET measurements using ultra-
fast picosecond resolved spectroscopy enable us to resolve the
accurate binding site of the drug with extreme precision. The
steady state FRET measurements can be ambiguous leading to
an inaccurate intermolecular distance as discussed in our
previous reports (11,17). Therefore, a detailed ultrafast time-
resolved fluorescence measurement is of utmost significance in
this regard. Here, dynamic light scattering (DLS) technique
has been used to investigate the integrity of nanoscopic
macromolecular assembly of CTAB micelle. We have also
used circular dichroism (CD) spectroscopy in order to explore
the binding of the drug RF with the CTAB micelle. The optical
absorption spectrum of the drug RF in the visible region has
been exploited for the dipolar interaction with another,
micelle-bound fluorescent probe DC (18). Here, Time Corre-
lated Single Photon Counting (TCSPC) spectroscopy has been



utilized to investigate the binding of the drug RF with respect
to DC, in the CTAB micellar assembly. However, it is essential
to know the distribution of the acceptor (RF) molecules
around the donor (DC) molecules as it is a driving factor for
efficient energy transfer and for the accurate donor—acceptor
(D-A) distance measurement. Therefore, we have applied a
theory based kinetic model developed by Tachiya for the
quenching of luminescent probes in micelles (19,20) and
compared with the experimental data. We have also used an
indigenously developed microfluidics methodology in order to
investigate diffusion controlled FRET between DC and RF,
both bound to the CTAB micelle. Our studies are expected to
find its relevance in various biological systems dealing with
energy transfer as well as for the identification of the location
of a drug by incorporating an extrinsic fluorescent probe,
which can involve in FRET with the drug molecule.

MATERIALS AND METHODS

Dansyl chloride was purchased from Molecular probes. Sodium
dihydrogen phosphate, di-Sodium hydrogen phosphate (for the
preparation of phosphate buffer) and RF were purchased from
Sigma. The solubility of RF in water varies from 0.9-1.5 mg mL™"
depending on its polymorphic form (21). However, the solubility of
RF used in our system is 1.3 mg mL™" as per the vendor’s (Sigma)
specification. Cetyltrimethylammonium bromide (CTAB) was pur-
chased from Fluka and used without any further purification.
100 mm phosphate buffer (pH 7) was prepared by using Sodium
dihydrogen phosphate (50 mm), di-Sodium hydrogen phosphate
(50 mm) in Millipore water and the sample solutions were prepared
in the same.

The DLS measurements were done in a Nano S Malvern instrument
employing a 4 mW He-Ne laser (4 = 632.8 nm) equipped with a
thermostatic sample chamber. All the scattered photons were collected
at 173° scattering angle. The scattering intensity data were processed
using the instrumental software to obtain the hydrodynamic diameter
(dy) and the size distribution of the scatterer in each sample. The
instrument measures the time-dependent fluctuation in the intensity of
light scattered from the particles in solution at a fixed scattering angle.
Hydrodynamic diameter (dy) of the clusters was estimated from the
intensity autocorrelation function of the time-dependent fluctuation in
intensity. Hydrodynamic diameter dy is defined as dy = % where ky,
is the Boltzmann constant, 7 is the solvent (here, water) viscosity, T is
absolute temperature, and D is the translational diffusion coefficient.
The resolution of the instrument is 0.6 nm.

Circular dichroism measurements were carried out on a JASCO 815
spectro-polarimeter. The scan speed of the measurements was
50 nm min~' and each spectrum was the average of five scans. Buffer
solutions containing the corresponding concentration of the surfac-
tant, i.e. CTAB, were subtracted from the measurements. The
concentration of the drug RF was 40 pum, and the CTAB concentration
was varied from 0.5 to 25 mMm. The results were expressed in 0, the
optical rotation obtained from the instrument in milli degree (mdeg).
All absorbance measurements were performed in a Shimadzu UV-2450
spectrophotometer and fluorescence measurements were performed in
a Jobin Yvon Fluoromax-3 fluorimeter. For the steady state fluores-
cence experiments, 76 um DC and 17 mm CTAB were used and RF
concentration was varied from 20 to 150 um.

The FRET between dansyl and RF bound to CTAB micelle was
studied within microfluidics channel in stop condition by monitoring
the respective change in fluorescence intensity of dansyl as captured by
an attached CCD camera. The specially designed microfluidics chip
with the connectors and the syringe pumps (Atlas-ASP011) were from
Dolomite, UK and Syrris Ltd, UK, respectively. The microfluidics chip
consists of two inlets and a common outlet. The chip was made up of
optically transparent glass, which can sustain higher temperature if
required. The diameter of the microchip was designed to be 440 pum.
The two inlets were attached to syringe pump by capillary tubes. The
capillaries were passed through the shaft of the holder prior to
connection with the MF chip. The reagents were propelled using the
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syringe pump. Fluorescence images were captured in flow-stopped
condition with a fluorescence microscope (BX-51, Olympus America,
Inc.) equipped with a 100 W mercury arc lamp, which was used as
excitation source (UV light excitation) and DP72 CCD camera. The
excitation light was cut off by using standard filter and the fluorescence
was collected through a 10x objective. The image processing and
analysis were done by ‘“analySIS” software provided with the
microscope. The concentration of dansyl and CTAB was 10 uM and
10 mm, respectively, whereas RF concentration was 100 uM. For the
system under investigation, the diffusion of the macromolecules with
increasing time was monitored. The change in fluorescence intensity of
DC with time upon adding RF was fitted using first-order reaction
module, which is relevant for this kind of system (22). The rate
equation can be rearranged as follows:

(4], = [lpe™ (1)

where [A4], is the reactant concentration at time ¢, [A], is the initial
reactant concentration at time ““0,” k is the first order rate constant.
The diffusion coefficient (D) was calculated using the following
equation for two dimensional diffusion law (23),
d2
=55 (2)

where “d” is the distance travelled by the particle, perpendicular to the
direction of the flow in time 7. From the obtained diffusion coefficient,
the radius of the macromolecule under investigation was estimated
using the equation as stated below (24),

p- KT
6mnr

)

where k the Boltzmann constant, 7" is absolute temperature, 7 is the
viscosity of solvent and r is the hydrodynamic radius of the molecule.
The details of the picosecond-resolved spectroscopic data (including
transients and time resolved anisotropy) were measured with commer-
cially available TCSPC setup from Edinburgh Instruments (instrument
response function [IRF] = 60 ps), in which the sample was excited at
375 nm. For 375 nm excitation source, we have used picoseconds laser
diodes from PicoQuant, Germany. The observed fluorescence transients
are fitted by using a nonlinear least-squares fitting procedure to a
function (X(¢) = f, E(f)R(t — ')dt') comprising a convolution of the
IRF (E(#)) with a sum of exponentials (R(f) = 4 + S, Be /™) with
pre-exponential factors (B;), characteristic lifetimes (z;), and a back-
ground (4). Relative concentratio’rll in a multiexponential decay is finally
expressed as follows: C, = B,/ > B; x 100. The quality of the curve
i1
fitting is evaluated by reduced 7> and residual data. For the energy
transfer experiments, the concentration of DC and CTAB were 80 um
and 17 mwm, respectively, whereas RF concentration was varied from 20
to 190 pum, respectively. The Forster distances of D-A pairs were
calculated using the equation (25)

Ry = 0211 x 120 *QpJ(A)*(In A) (4)

where R, is the distance between the donor and the acceptor at which the
energy transfer efficiency is 50%, «” is a factor describing the relative
orientation of the transition dipoles of the donor and acceptor in space.
The acceptor RF can bind to the micelle at any orientation with respect
to the donor DC. Thus for an ensemble of D-A pairs, the relative
orientation of the D—A is not supposed to be constant and the magnitude
of k¥ is assumed to be 2/3 for donor and acceptors. The refractive index
(n) of the medium was assumed to be 1.4 (aqueous medium). Qp, the
quantum yield of the donor (DC) in the absence of acceptor within the
micellar environment is found to be 0.73. J(7), the overlap integral,
which expresses the degree of spectral overlap between the donor
emission and the acceptor absorption, is given by

T Fo(A)ea(2)2di
J() = (5)
J Fo(i)di

where Fp (1) is the fluorescence intensity of the donor in the
wavelength range of / to 4 + d/ and is dimensionless. ¢ (/) is the
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extinction coefficient (in M~' cm™") of the acceptor at A. If A is in nm,
then J(2) is in units of M~ cm™ nm*. Once the value of R, is known,
the D—A distance (rpa) can easily be calculated using the formula

01 —

Here, E is the efficiency of energy transfer. The transfer efficiency can
be measured using the relative fluorescence intensity of the donor in
the absence (Fp) and presence (Fpa) of the acceptor (Eq. 7a). The
efficiency, E, can also be calculated from the lifetimes (tp and tpa)
using the Eq. (7b), where 1, and tp, are lifetimes of the donor in
absence and in presence of the acceptor, respectively:

E:I—F—D (7a)
E=1-02A (7b)
D

The potential danger of using the Eq. (7a) for the estimation of
resonance energy transfer has been discussed earlier (11,17). For
anisotropy (r(f)) measurements, emission polarization was adjusted to
be parallel or perpendicular to that of the excitation and anisotropy is
defined as,

[Ipara - G X [pcrp]

1) = 8
(#) Tyara + 2 X G X Toerp)] ®)

G, the grating factor, is determined following tail matching technique
(26) and found out to be nearly 1. The time-resolved anisotropy of a
fluorophore/probe reveals the physical motion of the probe in a
microenvironment. The time constants reflect rotational correlation
time of the probe in the microenvironment.

RESULTS AND DISCUSSIONS

In the earlier literature, the drug RF has been considered as
hydrophobic (27-29) because of the lower solubility of RF in
aqueous solution. However, considering the charge distribu-
tion in RF at pH = 7, the drug can precisely be defined as
amphiphilic/amphoteric (30,31) and is expected to interact at
the surface of the cationic CTAB micelle, which is also
amphiphilic in nature (32). Given the fact that RF is an
amphiphilic/amphoteric molecule and at pH 7 it remains in
Zwitterionic form (30) interacting with the head group of the
CTAB micelle, the drug is expected to stay at the micelle-water
interface (27). The sizes of the micelles are determined using
the DLS measurements. It is observed that CTAB micelles
produce spherical and mono-dispersed droplets, in aqueous
buffer, of hydrodynamic diameter (dy) of ca 6.5 nm (Fig. 1a).

The RF has a significant CD characteristic (33) which
makes the CD spectroscopy an appropriate tool to study the
effect of RF-binding to the CTAB micelle. CD studies have
been performed on RF and CTAB-RF complex in phosphate
buffer at pH 7. On complexation with CTAB, RF shows a
change in CD band signal as depicted in Fig. 1b. It is observed
that ellipticity peak at 352 nm of RF is shifted to 361 nm in
presence of CTAB, indicating the interaction of RF with
CTAB micelle. However, the shift of the ellipticity peak at
361 nm with increasing CTAB concentration from 0.5 to
25 mw is insignificant.

Figure 2a (right section) shows the steady state fluores-
cence spectra of DC bound to CTAB micelle. The emission
spectrum of DC in CTAB micelle shows a peak at 470 nm,
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Figure 1. (a) Scattering intensity of 60 mm CTAB micelle as obtained
from the dynamic light scattering study. (b) Optical rotation (mdeg) of
40 pum RF with increasing concentration of CTAB (0.5-25 mm).

which broadly overlaps with one of the absorption peaks of
RF (473 nm) as demonstrated in Fig. 2¢. It is clear from
Fig. 2a that DC-CTAB fluorescence significantly goes on
decreasing upon increasing the concentration of RF in the
solution from 20 to 150 um. Apparently, from the fluores-
cence spectrum of DC, it seems that two additional peaks
(near blue end; 440 nm and red end; 530 nm) are being
generated due to the addition of increasing concentration of
RF. Much higher quenching of DC fluorescence around its
peak position (470 nm) by the RF absorption (473 nm)
compared to the tail regions could be accounted for the two
apparent additional peaks. The left section of Fig. 2a repre-
sents the excitation spectrum of DC bound to CTAB micelle
in presence of varying concentrations of RF and in absence of
RF as well. It appears that two additional peaks (around 300
and 365 nm) are being generated due to the addition of
increasing concentration of RF. However, a careful observa-
tion demonstrates that this phenomenon is due to the much
higher absorption of light by RF at 337 nm (second absorp-
tion maximum). Figure 2b represents the fluorescence tran-
sients of dansyl in CTAB micelle at three characteristic
wavelengths, from the blue to the red side of the fluorescence
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Figure 2. (a) Left section—excitation spectra of DC bound to CTAB
in absence of RF (DC-CTAB) and in presence of increasing
concentration of RF (DC-CTAB-20 um RF; green and DC-CTAB-
150 um RF; pink). The black dotted line depicts the absorption
spectrum of RF. Right section—steady state fluorescence spectra of
DC bound to CTAB in absence of RF (DC-CTAB) and in presence of
increasing concentration of RF (DC-CTAB-20 um RF; green and
DC-CTAB-150 um RF; pink). The black dotted line depicts the
absorption spectrum of RF. (b) Fluorescence transients of DC bound
to CTAB micelle detected at 430 nm (blue), 470 nm (green) and
600 nm (red). Inset shows the fluorescence anisotropy, r(¢) of DC-
CTAB complex. (c) Steady state absorption spectrum of RF (green)
and emission spectrum of DC in CTAB micelle (red) are shown. An
overlapping zone between emission of DC and absorption of RF is
indicated as yellow shaded zone.
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spectrum. The fluorescence transient detected in the blue
region (430 nm) of the fluorescence spectrum is characterized
by a faster picosecond decay component. The fluorescence
transients get slower with increasing wavelength. For the
extreme red wavelength (600 nm), a distinct rise component
of 360 ps is produced along with a decay component of 21 ns.
A nanosecond decay component higher than 16 ns, which is
found at all the wavelengths with different contributions, is
the lifetime of dansyl chromophore in the relaxed equilibrium
state (16). These overall features are well recognized as being
characteristics of solvation (34). The observed solvation
dynamics indicates that DC is located at the stern layer of
the CTAB micelle and not in the nonpolar hydrocarbon core
because DC molecules staying in the nonpolar hydrocarbon
core of the micelle are not expected to contribute to the
observed solvation dynamics. The binding of the DC to the
micelle is also confirmed by time-resolved anisotropy study
(inset of Fig. 2b). The fluorescence anisotropy, r(¢), which can
decay in time due to the rotational motion of the molecules
and consequently leads to depolarization of the fluorescence
can be fitted to bi-exponential decay function to determine the
rotational time constant (t,.). The 7,4 values are found to be
410 ps and 1.3 ns when bound to the micelle and 50 ps in
bulk solvent, respectively, which are consistent with the values
reported earlier (16,18).

As represented in Fig. 2c, the overlap between the
absorption spectrum of RF and emission spectrum of DC
in CTAB micelle makes these two entities excellent D-A
pairs as evident from the steady state quenching experiments.
To confirm the resonance type of energy transfer from DC to
RF molecule, a time-correlated single-photon counting
(TCSPC) study has been performed. The decrease in fluo-
rescence lifetime of DC bound to CTAB micelle with
increasing concentration of RF from 20 to 190 um is shown
in Fig. 3a. The corresponding lifetimes of DC-CTAB and
DC-RF-CTAB complexes are tabulated in Table 1. The
increase in energy transfer efficiency with increasing RF
concentration is apparent from the Table 1. We have
observed an insignificant increase in FRET efficiency above
a certain RF concentration (150 um), which indicates that the
distribution of the RF molecule around the DC molecule in
the micellar environment does not vary beyond that concen-
tration. Temperature-dependent studies have been also per-
formed up to a certain temperature (75°C), although there is
no change in the energy transfer efficiencies with increasing
temperature indicating the stability of the probe bound
micelle. The efficiency of energy transfer is found to be 63%
at highest quencher concentration (190 um). The estimated
Forster distance (Rj), and donor (DC)-acceptor (RF) dis-
tance (r) are found to be 42 A and 38 A, respectively, in
previously mentioned quencher concentration.

For better understanding of the energy transfer between the
excited state of DC and RF molecules, it is essential to know
the distribution of acceptor molecules around the micelle
because this is a governing factor that can influence the
efficiency of energy transfer as observed from the time-resolved
fluorescence studies. In this regard, we have applied a kinetic
model developed by Tachiya for the quenching of luminescent
probes in micelles (19,20). The decay of excited state of probes
in a micelle may be described by the following kinetic model,
which is known as the Tachiya model:
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Figure 3. The picosecond resolved fluorescence transients of DC bound to CTAB micelle in absence of RF (DC) and in presence of increasing
concentration of RF [DC-RF (20, 60, 100, 150 and 190 um)] (a) fitted with multiexponential decay function, (b) fitted with Tachiya kinetic model
(also multiexponential). The baseline of the fluorescence transients are shifted for clarity. The dotted lines represent the instrument response

function (IRF).

Table 1. Fluorescence lifetimes (t;) and their respective amplitudes
(amp %), average fluorescence lifetime (7,,), FRET efficiency (E) of
DC (DC-CTAB) in CTAB micelle and DC (DC-CTAB-RF) in CTAB
micelle-RF complex. The systems were excited at 375 nm and decay
collected at 470 nm.

System 7; (ns) (amp %) Tay (DS) E (%)
DC-CTAB 19.0 (82), 1.6 (18) 15.8 —
DC-CTAB-20 um RF 18.9 (77), 1.6 (23) 14.9 6
DC-CTAB-60 um RF 18.4 (65), 1.6 (35) 12.5 21
DC-CTAB-100 um RF 14.4 (56), 0.75 (44) 8.41 47
DC-CTAB-150 um RF 15.7 (36), 2.0 (28), 6.32 61
0.2 (36)
DC-CTAB-190 um RF 15.5 (33), 2.0 (30), 5.81 63
0.21 (37)

FRET = Forster resonance energy transfer; DC = dansyl chloride;
RF = Rifampicin.

P, p, 9)
nkq
PP, (10)

where P} stands for a micelle containing an excited state probe
and n quencher molecules, while P, stands for a micelle which
contains n quencher molecules but a ground state probe. kj is
the total decay constant of the probe in excited state in absence
of a quencher. ky is the rate constant for quenching of an
excited state probe in a micelle containing one quencher
molecule. In this kinetic model, it is assumed that the
distribution of the number of quenchers attached to one
micelle follows a Poisson distribution, (19) namely,

p(n) = (m"/n!) exp(—m) (11)
where m is the mean number of quenchers in a micelle.
m =k, [4)/k- (12)

where k- is the rate constant for entry of a quencher molecule
into a micelle, while k_ is the rate constant for exit of a
quencher molecule from a micelle containing one quencher
molecule. [4] stands for the concentration of quencher mole-
cule in the aqueous phase. Based upon the above model, the
equation for the total concentration P*(¢) of excited state
probes at time 7 is given by (19):

k()k+ [A]
k- +k,

{1 —exp[=(k- +ky)}]

K2k, 4]

P (1) K k) (13)

= P*(0) exp[—(ko +

)=

If k_ is much smaller than kq, Eq. (13) reduces to,

P(1) = P*(0) exp{—kot — m[1 — exp(—k,1)]} (14)

We have determined the values of the parameters m, k, and
ko by fitting the decay curves of the donor (DC) in the excited
state in the absence and presence of increasing concentration
of quencher molecule (RF) to Eq. (14). Figure 3b shows the
time resolved fluorescence transients of DC bound to CTAB
micelle in absence and presence of RF molecules, fitted with
Eq. (14). The observed fluorescence transients were fitted using
a nonlinear least squares fitting procedure (software SCIEN-
TIST™) to a function (X(¢) = fé E(!)P(t — 7')dl") comprising



Table 2. Fluorescence transients fitted according to Tachiya model
reflecting the total decay constant (k) of the excited state of DC in
absence of RF, quenching rate constant (kq) of DC in CTAB micelle in
presence of RF and the mean number of RF (1) in the CTAB micelle.

System ko (ns™) kq (ns™h m

DC-CTAB 0.074 — 0.00
DC-CTAB-20 um RF 0.074 0.23 0.24
DC-CTAB-60 um RF 0.074 0.65 0.58
DC-CTAB-100 um RF 0.074 0.73 1.04
DC-CTAB-150 um RF 0.074 0.74 1.45
DC-CTAB-190 um RF 0.074 0.75 1.56

DC = dansyl chloride; RF = Rifampicin.

of the convolution of the IRF (E(r)) with exponential
[P*(t) = P*(0) exp{—ko t — m[l — exp(—kq 1)]}]. The purpose
of this fitting is to obtain the decays in an analytic form
suitable for further data analysis. As evident from Fig. 3b, the
fitting of the decay curves according to the model is reasonably
well. The quenching parameters for all the systems are
summarized in Table 2. Upon fitting the decay curves of DC
bound to the micelle with the kinetic model mentioned before,
it is clear that the distribution of RF molecules on the micellar
surface changes with varying RF concentration. As summa-
rized in Table 2, the mean number of RF molecules associated
with the micelle increases from 0.24 at 20 um RF concentration
to 1.5 at 190 um RF concentration and consequently the
quenching rate constant (kq) due to the acceptor (RF)
molecules increases from 0.23 to 0.75 ns™' in the respective
RF concentrations. The observation reveals closer association
between the RF and DC molecules on the micellar surface,
which is consistent with the results obtained from time-
resolved FRET analysis as mentioned before. However,
fluorescence decay curves described by Eq. (14) decay rapidly
at short times because of the factor exp{-m[l — exp(—kq 1)]}
and approach to the following equation at long times.

[P* (1) = P*(0) exp(—m) exp(—kot)] (15)

kq is evaluated from this initial rapid decay. When m is small,
the amount of the initial rapid decay is small, so in this case it
is difficult to evaluate the value of k, accurately. This is the
reason that the values of ky at m = 0.24 and 0.58 are con-
siderably different from those at higher values of m in Table 2.
However, the mean number of the quencher molecule (m1) and
the quenching rate constant (kq) do not change significantly
beyond a certain RF concentration of 150 um as indicated in
Table 2. The reason the former m values in Table 2 do not
increase in proportion to the latter is that at higher concen-
trations of RF a larger fraction of RF molecules remain in the
aqueous phase. We have also determined ko and m from
the slope and intercept by extrapolating the straight part of the
fluorescence decay curves at time “0” in the semi-logarithmic
plot of fluorescence decay intensity versus time according to
the Eq. (15). The obtained values of ko (0.05-0.06 ns™") and m
(0.2-1.0) with varying concentration of RF (20-190 um) are
found to be in a close agreement with the values listed in
Table 2. The average number of dansyl bound to the surface of
the micelle is found to be 0.3, which is obtained from the ratio
of total micellar concentration and total DC concentration.
We have calculated the equilibrium constant (K) for the
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Figure 4. (a) Change in fluorescence intensity of DC-CTAB-RF
complex (pink) and DC-CTAB complex in phosphate buffer (yellow)
with increasing time (up to 160 s). Inset shows fluorescence micro-
scopic images of DC-CTAB-RF complex at a fixed position in the
microfluidics channel with increasing time. (b) Diffusion of the
macromolecule (DC—CTAB micelle) under study. Inset shows fluores-
cence microscopic images revealing the diffusion of DC-CTAB
complex with increasing time (0 s; 220 um and 40 s; 270 um).

association of RF with dansyl bound CTAB micelles according
to the following equation (35)

m = K[RF]/(1 + K[CTAB)) (16)

The equilibrium constant (K) is estimated to be
0.04 + 0.01 um™' for a wide range of RF concentrations
(60-190 um).

In order to study the reaction pathways associated with the
molecular recognition (complexation) of DC—CTAB complex
by RF, we have used a fluorescence microscopy attached
microfluidics device. Figure 4 displays the interaction profile
of DC-CTAB complex with RF based on the detected
fluorescence images. The diffusion-controlled FRET from
DC to RF, both bound to the micelle, with increasing time is
evident from Fig. 4a. The blue fluorescence represents the
emission of DC bound to CTAB micelle inside the microflui-
dics channel. The decrease in the blue fluorescence intensity
with time (up to 160 s) is an indication of diffusion controlled
energy transfer from DC to RF bound to CTAB micelle
(Fig. 4a). The three inset figures from left to right represent the
effect of RF on the fluorescence emission of DC bound to
CTAB micelle within the microfluidics channel at different
time windows of 0, 80 and 160 s, respectively. The control
experiment is done using DC—CTAB and phosphate buffer as
reference to consider the dilution effect on the fluorescence
intensity of DC bound to micelle upon mixing. The fluores-
cence intensity for the reference system changes insignificantly
in comparison to the DC-CTAB-RF complex, which confirms
the incidence of FRET as mentioned above. However, the



334 Tanumoy Mondol et al.

exploration of the intermediate state involved in the interac-
tion between DC-CTAB complex and RF is extremely
necessary. There are two possible ways of interaction between
DC-CTAB and RF. RF may directly go to the micelle and
quench DC (single step) or the RF may make an intermediate
complex with the micelle via electrostatic interaction as RF is
an amphoteric molecule and at pH 7, it remains in Zwitterionic
form (30) interacting with the head group of the CTAB micelle
and finally forms the energy minimized complex and quenches
DC (two steps). The numerical fitting of the fluorescence
intensity of DC-CTAB-RF complex is found to be reasonably
good, indicating the reaction pathway to follow one-step
process. Moreover, for the system under investigation, the
diffusion of the macromolecules with increasing time has been
monitored and represented in Fig. 4b. The inset figures show
the diffusion of DC bound CTAB micelle at different time
windows of 0s (spreading distance—220 ym) and 40 s
(spreading distance—270 um). The diffusion coefficient is
calculated to be 40 + 4 yum? s™!. From the obtained diffusion
coefficient, the radius of the macromolecule under investiga-
tion is estimated to be ca 9 nm, which closely resembles the
diameter of the CTAB micelle.

CONCLUSIONS

In this report, we have explored the interaction of RF with DC
in a CTAB micelle through resonance energy transfer process.
We have utilized DLS and CD spectroscopy to characterize the
integrity of CTAB micelle and to confirm the binding of the
drug to the micelle, respectively. FRET measurements have
been employed to locate the binding of the drug RF with respect
to DC in the micellar surface. The distance between the donor
(DC)-acceptor (RF) pair is found to be 38 A in the micellar
surface. We have employed a kinetic model developed by
Tachiya for understanding the kinetics of energy transfer from
DC to RF molecules with increasing quencher concentration,
assuming the Poisson distribution of the quencher molecules
around DC bound to the micelle, which closely resembles the
FRET data. We have explored diffusion controlled FRET
between DC and RF, both bound to the CTAB micelle using
indigenously developed microfluidics setup. The interaction
profile between DC-CTAB and RF closely resembles one step
decay module as revealed by the diffusion controlled FRET
analysis. The diffusion coefficient is calculated from the
microfluidics studies and from the obtained diffusion coeffi-
cient, the radius of the macromolecule under investigation is
estimated, which closely resembles the radius of the CTAB
micelle. Our studies are expected to find its significance for the
better understanding of the widely used FRET measurement
and the parameters affecting it, to measure the molecular
distances or D—A proximity more precisely.
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