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Abstract. The present work reports a photophysical study of norﬂoxacin (NOF), an efﬁcient chemotherapeutic antibacterial drug, in well-characterized biomimetic micellar aggregates of anionic surfactants. The
major focus of the present investigation lies in deciphering the effect of the surfactant chain length on the
structural dynamics of the drug within a micelle-encapsulated state through steady-state and time-resolved
ﬂuorescence spectroscopic techniques. The anionic surfactants employed for the purpose are decyl sodium
sulfate (S10S), dodecyl sodium sulfate (S12S) and tetradecyl sodium sulfate (S14S). Our experimental results
evince that increasing hydrophobic surfactant tail length exerts a profound inﬂuence on promoting a speciﬁc
prototropic form of NOF within the micellar aggregates; an apparently enigmatic observation is that
increasing hydrophobicity of the micellar microheterogeneous system indeed favors the cationic species of
the drug. This is interpreted on the basis of electrostatic stabilization between the drug (cationic form) and
anionic surface charge of the as-employed micellar assemblies, while the micellar hydration model fails to
rationalize the experimental ﬁndings. Particular emphasis is also given on delineating the probable location
and the modulated rotational-relaxation dynamics of the drug molecule within the micellar aggregates.
Keywords. Norﬂoxacin; Anionic micelle; Varying tail length; Structural dynamism of NOF; Rotationalrelaxation dynamics; Hydrophobicity favors cationic form of NOF.

1. Introduction
The ﬂuoroquinolone class of drug molecules has
captured much attention over the past few years owing
to the plethora of biological properties which include
their functioning mainly as a potential antibacterial
chemotherapeutic drug.1–3 Norﬂoxacin (NOF) is a
prototypical drug belonging to the ﬂuoroquinolone
family and known to display a wide range of biological activities.1–3 It is effective against both Grampositive and Gram-negative bacteria,4 and has been
used widely for the treatment of urinary respiratory
tract infection,4–6 sexually transmitted diseases like
prostatitis, skin infection, acute cystitis and selected
types of pneumonia.4,7–10 Despite the large volume of
research surrounding the promising drug molecule,
NOF is still open to ample scope for further

exploration.11–13 The concept of targeted delivery and
biodetoxiﬁcation of drugs has triggered a key avenue
of research in chemistry and biology for years. To this
end, the ability of various biomimicking assemblies to
noncovalently encapsulate innumerable organic
molecules has given rise to attractive strategies
involving the applications of such biomimicking
assemblies. The self-organization of surfactant molecules forming micelles has been rationalized as an
effective conduit as drug carriers.14,15 Micelles are
capable of entrapping sparingly soluble pharmaceuticals and deliver them to the site of action at concentrations that can even exceed their bioavailability in an
aqueous medium.14,15 The entrapment of a drug into
micellar assemblies is principally governed by noncovalent interactions ensuring no alteration of their
chemical property. These have naturally contributed to
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the signiﬁcant growth of research works toward
characterizing drug-micelle interactions. Nevertheless,
a priori prediction of the outcome of the interaction of
drugs with micellar assemblies can be counterintuitive
given the wide variety of pharmaceuticals and the
complex dynamic nature of the micellar frameworks,
and thereby necessitating meticulous characterization
of the concerning interaction.
The present study is focused on exploring the interaction of the prospective drug NOF with anionic
micelles having varying alkyl chain lengths, such as
decyl sodium sulfate (S10S), dodecyl sodium sulfate
(S12S) and tetradecyl sodium sulfate (S14S) (Scheme 1).
The chemical structure of NOF is composed of a carboxyl group and a piperazinyl moiety at the 7-carbon
atom accounting for the two pKa values, namely, pK1 =
6.23 and pK2 = 8.55, respectively (Scheme 1).16–18 The
pH-dependent prototropic equilibrium of NOF is found
to be remarkably modulated in micellar environments
compared to that in the aqueous buffer phase and
thereby paving a platform for monitoring the interaction
of the drug with micellar systems. It is imperative to note
in this context that with a view to the pH-sensitive
spectral properties of the drug (NOF) the experiments in
the present study are carried out in an aqueous buffer
solution which is supposed to resist the change of pH
during the experiments.
The present work articulates the effect of variation in
the tail lengths of the constituent surfactant molecules in
the course of interaction of NOF with anionic micellar
systems using various spectroscopic techniques. Our
results demonstrate remarkable dependence of the
NOF-anionic micelle binding strength on the tail length
of the surfactants. The proportionate variation of the
drug-micelle binding constant on the surfactant tail is
rationalized based on the electrostatic stabilization
between the anionic surface charge of the micellar
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assemblies and the cationic form of NOF which is
selectively stabilized within the micelle-encapsulated
state over the zwitterionic counterpart present in bulk
aqueous buffer. The role of electrostatic stabilization
underlying the interaction of small drug molecules with
surfactants and/or related biological/biomimicking
assemblies has been extensively characterized in the
literature based on the study of the effects of strong
electrolytes on the interaction phenomena.19–21 These
arguments are further abetted from time-resolved ﬂuorescence decay measurements. Our work also delineates
the effect of micellar encapsulation on the rotationalrelaxation dynamics of NOF. Herein, it could be pertinent to state that the choice of the surfactants has been
limited to anionic surfactants only with a view to the fact
that the drug (NOF) was found to undergo only nominal
interaction with cationic surfactants which perhaps
further corroborates the important role of electrostatic
stabilization underlying the interaction of NOF with the
surfactants.
2. Experimental
2.1 Materials
NOF, all the surfactants (namely, S10S, S12S and S14S,
Scheme 1) and potassium iodide (KI) were used as
purchased from Sigma-Aldrich Chemical Co., USA.
Tris buffer was procured from Sigma-Aldrich Chemical Co., USA and 0.01 M Tris-HCl buffer of pH 7.4
was prepared in deionized triply distilled Millipore
water. The purity of the solvent was tested by running
the ﬂuorescence spectrum in the studied wavelength
region.

2.2 Instrumentation and methods
2.2a Steady-state spectral measurements The absorption and ﬂuorescence spectra were carried out on a
Cary 100 UV-vis spectrophotometer, and Fluorolog
3-111 ﬂuorometer, respectively, using only freshly
prepared solutions.
Steady-state ﬂuorescence anisotropy (r) was measured on Fluorolog 3-111 ﬂuorometer. The steadystate ﬂuorescence anisotropy (r) is deﬁned as:22

Scheme 1. pH-dependent prototropic equilibrium of NOF
(pK1 = 6.23, pK2 = 8.55) (top) and chemical structures of
the surfactants (S10S, S12S and S14S) studied (bottom).

r ¼ ðIVV  GIVH Þ=ðIVV þ 2GIVH Þ

ð1Þ

G ¼ IHV =IHH

ð2Þ

where IVV and IVH are the emission intensities when
the excitation polarizer is vertically oriented and the
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emission polarizer is oriented vertically and horizontally, respectively. G is the correction factor.22
2.2b Time-resolved ﬂuorescence measurements
Fluorescence lifetime measurements were carried out
by the Time-Correlated Single-Photon Counting
(TCSPC) technique. The samples were excited at kex =
340 nm using IBH-NanoLED-340 (typical FWHM
*800 ps) and the signals were collected using a
Hamamatsu MCP Photomultiplier (Model R-3809U50) at magic angle polarization of 54.7°22 The decays
were deconvoluted on DAS-6 decay analysis software.
The average (mean) ﬂuorescence lifetime (hsi) was
calculated using the following equation:22
X
s¼
ai si
ð3Þ
i

where, ai designates the normalized amplitude for the
ith decay time constant, si.
The time-resolved ﬂuorescence anisotropy decay
function, r(t), is given as:22
rðtÞ ¼

Ik ðtÞ  GI? ðtÞ
Ik ðtÞ þ 2GI? ðtÞ

ð4Þ

where, Ik(t) and I\(t) designate ﬂuorescence decays
obtained for parallel and perpendicular emission
polarizations, respectively, following excitation of the
sample by vertically polarized light. G, the grating
factor, was determined from long time tail matching
technique.22
2.2c Molecular docking studies The molecular
docking study was performed on AutoDock 4.2
software package which utilizes the Lamarckian
Genetic Algorithm (LGA). For docking of NOF with
the anionic micellar assembly dodecyl sodium sulfate (S12S) a representative structure of spherical
S12S micelle comprised of 100 surfactant molecules
was prepared on CHARMM-GUI (http://www.
charmm-gui.org/) suites of program. The three-dimensional structure of NOF was prepared on AutoDock 4.223 from the optimized geometry at B3LYP/
6-31G(d,p) as obtained from Gaussian 03W.24 The
grid size was set to 30, 90, 50 along X-, Y-, and Zaxis with 0.375 Å grid spacing. The AutoDocking
parameters were: GA population size = 150; maximum number of energy evaluations = 250000; GA
crossover mode = two points. The lowest binding
energy conformer was searched out of 10 different
conformations for each docking simulation and used
for further analysis. The PyMOL software package
was used for visualization of the docked
conformations.25
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3. Results and Discussion
3.1 Steady-state absorption and emission studies
Before moving to the spectroscopic characterization of
the interaction of NOF with the anionic surfactants, the
photophysical properties of NOF in bulk homogeneous
solvents are discussed in brief. This will provide a
ground for rationalizing modulations of prototropism
of the drug within the micellar aggregates through
spectroscopic characterization. The spectral properties
of NOF are highly sensitive to the environment
because of the existence of pH-dependent prototropic
equilibrium (Scheme 1).16–18 The modulations in
absorption proﬁles of NOF as a function of medium
pH are displayed in Figure 1a. At physiological pH
(pH 7.4) the absorption proﬁle of NOF shows a strong
absorption band at kabs *270 nm corresponding to the
aromatic nucleus and a long-wavelength absorption in
the region kabs *300–350 nm having two sub-peaks
(kabs *325 nm and 335 nm) characterized by n ? p*
transition.16–18 In acidic pH (pH 4.5), the shortwavelength absorption band is found to accompany a
red-shifted of *5 nm (from kabs *270 nm to *275
nm), along with the appearance of a tail having
absorbance in the longer wavelength region (beyond
350 nm). This shows the signature for prototropic
transformation of NOF from zwitterionic (in neutral
pH) to cationic (in acidic pH) form, in analogy with
literature reports.16–18 The emission proﬁles of NOF in
varying pH are displayed in Figure 1b which shows
that the zwitterionic form of NOF (neutral pH 7.4) is
characterized by a broad, structureless emission band
at kem *418 nm whereas the prototropic transformation from zwitterionic to cationic form is indicated by
a prominent red-shift of emission maximum to kem
*445 nm with a decrease in medium pH from 7.4 to
4.5 (Figure 1b).16–18 The considerable decrement of
ﬂuorescence yield at basic pH 9 is also displayed here
(Figure 1b).16–18
The absorption proﬁles of the drug (Figure 2) are
found to undergo signiﬁcant modiﬁcation upon interaction with the anionic surfactants under investigation,
leading to red-shift of the short wavelength band from
kabs *270 nm to *275 nm, with concomitant
development of a tail in longer wavelength region
(beyond 350 nm). These observations are found to
comply with the aforementioned absorption spectral
changes of NOF characterizing the zwitterionic 
cationic prototropic transformation with a variation of
medium pH. A direct comparison henceforth leads to
conclude that following interaction with the anionic
surfactants the drug molecule (NOF) undergoes a
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Figure 1. Representative (a) absorption and (b) emission proﬁles of NOF as a function of medium pH as speciﬁed in the
ﬁgure legends.

Figure 2. Examples of modulation in absorption proﬁles of NOF with increasing surfactant concentrations: Curves (i) ?
(v) show [S10S] = 0, 15, 45, 55, 75 mM in (a), [S12S] = 0, 1.25, 3.5, 7.5, 10 mM in (b), and [S14S] = 0, 0.156, 0.313, 0.625,
1.563 mM in (c).

prototropic transformation in which the cationic form
is gradually stabilized with increasing surfactant concentration over the zwitterionic counterpart present in
aqueous buffer. The excitation proﬁle of NOF (Figure 3) with increasing concentration of anionic surfactants are found to corroborate well with the
absorption spectra whereby extending further support
to the occurrence of the prototropic transformation of
the drug at the ground-state following interaction with
the surfactants.

The modulation of emission spectra of the drug in
the presence of the anionic surfactants having various
chain lengths is displayed in Figure 4. As shown in the
ﬁgure, the binding of NOF with the anionic surfactants
imparts a signiﬁcant enhancement in emission intensity coupled with a remarkable red-shift from kem
*418 nm in aqueous buffer (characteristic of zwitterionic structure, Scheme 1) to *448 nm, which is in
excellent parity with the characteristic cationic emission band of the drug as conﬁrmed from the pH-
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Figure 3. Examples of modulation in excitation proﬁles of NOF with increasing surfactant concentrations: Curves (i) ?
(vi) show [S10S] = 0, 15, 45, 55, 65, 75 mM in (a), [S12S] = 0, 1.25, 3.5, 5, 7.5, 10 mM in (b), and [S14S] = 0, 0.156, 0.313,
0.625, 1.25, 1.563 mM in (c).

variation experiments discussed above. This result can
be rationalized on the lexicon of preferable stabilization of the cationic form of NOF over the zwitterionic
counterpart within the anionic micellar environments,
which in turn points toward the natural inquisition that
the electrostatic interaction between the anionic surface charge of the micellar units and the cationic form
of NOF plays a major role behind the interaction
process. It is important to note at this stage that all the
experiments have been conducted in aqueous buffered
condition (pH 7.4) which is supposed to resist the
change of medium pH in the course of the experiments. Thus it appears logical to negate the change of
local pH at the micellar surface at the drug binding site
as a plausible factor for the preferential prototropic
stabilization of NOF toward the cationic species
within the micellar assemblies over the zwitterionic
counterpart present in aqueous buffer medium. It is
also to note that the polarity of the interaction site of
the drug molecules within the micellar environments
should be lower in comparison to that in the bulk
aqueous buffer phase. The observed red-shift in the
ﬂuorescence maximum of NOF following interaction
with the surfactants are found to be consistent with the
behavior of the drug in bulk solvents in the sense NOF
in bulk aqueous medium exhibits a ﬂuorescence
maximum at * 418 nm which undergoes a red-shift to

* 437 nm in a solvent mixture of 80% 1,4-dioxane
and 20% water (lower polarity) (Figure S1, Supplementary Information). However, it is important to
emphasize at this stage that a direct comparison of the
behavior of NOF in bulk solvents with those in the
micellar environments cannot be treated as to be precise because the micro heterogeneous environments at
the interaction site of the drug within the micellar
assemblies cannot be expected to precisely represent
the one in bulk solvents. Furthermore, the interaction
forces underlying the prototropic equilibrium of NOF
in bulk solvents cannot be expected to be similar to
those in micro heterogeneous environments of micellar assemblies. Nevertheless, the comparison can be
useful in providing a qualitative notion of the spectral
behavior of the drug.
For a quantitative evaluation of the drug-surfactant
binding interaction (in terms of binding constant) we
have resorted to the method described by Alamgren
et al.,26 where the binding constant (K) is expressed
through the relationship:
1
1
1
1
¼
þ

Ix  I0 Ia  I0 Ia  I0 K ½M 

ð5Þ

where, I0, Ix, and Ia are the emission intensities of the
drug in the absence of surfactant, at intermediate
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Figure 4. Examples of modulation in ﬂuorescence proﬁles of NOF with increasing surfactant concentrations: Curves
(i) ? (xii) show [S10S] = 0, 10, 20, 30, 32, 34, 36, 40, 44, 46, 48, 60 mM in (a), [S12S] = 0, 0.5, 1, 1.5, 2.5, 3.5, 5.0, 6.5, 7.5,
8.5, 10, 12.5 mM in (b), and [S14S] = 0, 0.063, 0.125, 0.188, 0.250, 0.375, 0.438, 0.500, 0.625, 0.938, 1.250, 1.563 mM in
(c). The pH of the aqueous buffer solution is 7.4. The inset in each panel displays the double reciprocal plot for estimation
of NOF-micelle binding constant.

concentration of surfactant and at the level of saturation of interaction, respectively.
The micellar concentration [M] is given as
½M  ¼

½S  CMC
Nagg

ð6Þ

drug-micelle binding process are summarized in
Table 1 and pictorially presented in Figure 5. The
spontaneity of the drug-micelle interaction process for
all cases under investigation is indicated by the negative free energy change.

where, [S] is the surfactant concentration, CMC is the
critical micellar concentration, and Nagg is the aggregation number of the surfactant under consideration.27
Insets of Figure 4 display the 1/[Ix - I0] versus 1/[M]
plots for the interaction of NOF with the studied
anionic surfactants having various tail lengths. The asestimated binding constant (K) values and the corresponding free energy changes ðDG ¼ RTlnK Þ for a
Table 1. Summary of the NOF-SnS binding parametersa.
Surfactant

CMC
(mM)

Binding constant, K
(M-1)

DG
(kJ mol-1)

S10S
S12S
S14S

17.1
4.2
0.48

1.41 9 103
1.79 9 105
2.31 9 106

- 17.97
- 29.48
- 35.71

a

The CMC values are reported in aqueous buffer solution.

Figure 5. Bar diagram showing the dependence of the
binding constant (K) and free energy change (DG) of NOFsurfactant (SnS) interaction on the surfactant chain length.
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The relative variation of the order of magnitude of
binding constants of NOF with various micellar systems is intriguing to note in this context. From the date
summarized in Table 1 it is found that with an increase
in alkyl chain length of the surfactant the binding
constant remarkably increases following the order:
S10S \ S12S \ S14S. Accordingly, DG becomes more
negative as the alkyl chain length of the surfactant
increases (Figure 5). According to the water penetration model, the degree of water penetration within the
micellar environment depends inversely on the compactness of the head group.28,29 It is reported that with
increasing alkyl chain length of the surfactant molecule the compactness of the micellar headgroup
increases29 whereby making the micellar unit less
vulnerable toward water penetration. In our case, on
moving along S10S ? S12S ? S14S the alkyl chain
length of the constituent surfactant and hence the
micellar compactness increases which thus ensures
reduced susceptibility of the micellar units toward
water penetration along the aforementioned trend.
Consequently, the lesser extent of water penetration
(that is, micellar hydration) with increasing surfactant
tail length (S10S \ S12S \ S14S) should accompany a
gradual lowering of polarity which should favour the
switchover from the zwitterionic to the neutral form of
NOF, contrary to our experimental ﬁndings (which
shows the stabilization of cationic form over the
zwitterionic form within the anionic micellar assemblies). Thus, the micellar hydration model is inadequate to explain the present ﬁndings. At this stage, the
role of the aggregation number can be invoked to
rationalize the aforementioned observations. According to previous reports, the micellar aggregation
number varies commensurately with an increasing
chain length of the surfactant tail.27,30 With the
increase of aggregation number, the negative surface
charge density on the micellar units increases which
may be argued to stabilize the cationic form of NOF
over the zwitterionic form.
It is pertinent to note that the observed CMC values
(Table 1) of the surfactants in the aqueous buffer
medium are found to be lower in comparison to those
in the pure aqueous medium.31–33 This issue has been
extensively studied in the literature and is argued to be
due to lowering of the electrostatic repulsion between
the surfactant headgroups (negatively charged) which
are likely to be screened by the counter-ions in the
presence of buffer solution.31–33 In this context, it is
also noted that the ﬂuorescence intensity enhancement
or peak-shift of NOF following interaction with the
surfactants does not tend to exhibit a saturation of
interaction beyond the CMC values. It is, however, not
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surprising to note with a view to the body of literature
reports dedicated to the study of micellization of surfactants beyond the CMC values,34–38 suggesting some
change in the shape of the micellar units. Though an
unequivocal interpretation of the same is still awaited,
it is believed that in the high concentration regime of
surfactants (past the CMC) the shape of the micellar
units tends to get deformed into elongated units.34–38
Such interactions are extensively studied and have
often been found to prevent the occurrence of saturation of interaction just past the CMC of surfactants.
We, however, refrain from making any speciﬁc comments on the issue as this is beyond the aim of the
present study.
3.2 Steady-state ﬂuorescence anisotropy
Figure 6 shows the ﬂuorescence anisotropy proﬁle of
NOF upon interaction with the anionic surfactants. As
depicted in Figure 6, an increase in ﬂuorescence anisotropy with increasing concentration of the surfactants indicates that the drug molecule experiences a
motionally constrained environment within the
micellar assemblies compared to that in the aqueous
buffer phase. A remarkable enhancement in ﬂuorescence anisotropy with increasing concentration of the
surfactants is found to be followed by the attainment
of the plateau region suggesting the saturation of
interaction. Furthermore, it is important to note that
the steady-state anisotropy of NOF in the three different anionic micellar systems at the saturation level
of interaction is not the same. The pattern of variation
of anisotropy complies well with the trend of NOFmicelle binding strength. With an increase in the

Figure 6. Variation of steady-state ﬂuorescence anisotropy (kex = 335 nm, kmonitored = kem) of NOF in the
presence of varying surfactant concentrations (S10S:-dand S12S:-s-). The variation of ﬂuorescence anisotropy
(r) of NOF with increasing S14S concentration is displayed
in the inset (-m-) for reasons of clarity because the
abscissa scale is different.

39
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length of the alkyl chain of the surfactant, the aggregation number increases which results in an increment
of negative surface charge density of the micellar
units. This accounts for a tighter binding of NOF
(cationic form) with the micellar systems due to
increasing electrostatic interaction within the series
S10S \ S12S \ S14S.
3.3 Time-resolved ﬂuorescence decay
The time-resolved ﬂuorescence decay transients of
NOF in different micellar assemblies are presented in
Figure 7 and the corresponding deconvoluted parameter are collected in Table 2. In an aqueous buffer,
NOF exhibits a monoexponential decay having a
lifetime of 1.31 ns.17,18,39 However, a biexponential
function was required to adequately ﬁt the time-resolved ﬂuorescence decay of NOF within the micelleencapsulated state. Though multiexponential ﬂuorescence decay is not unusual in complex microheterogeneous environments,16–18,22,40,41 it is often
nontrivial (it could even be misleading in cases) to
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assign explicit mechanistic models to individual decay
components.16–18,22,40,41 In aqueous buffer (pH 7.4),
the zwitterionic species of NOF is designated by the
characteristic lifetime of s1 = 1.31 ns. Thus in direct
analogy, the shorter decay time constant (s1 in
Table 2) of NOF within the micellar aggregates may
be argued to represent the characteristic of the zwitterionic species on the basis of the striking similarity
to the lifetime of NOF in an aqueous buffer. It is
imperative to note that with increasing surfactant
concentration the contribution (relative amplitude, a1
in Table 2) of the shorter lifetime component (that is,
the characteristic decay of the zwitterionic species of
NOF, s1 in Table 2) gradually decreases. This observation strongly reinforces our previous results on the
ground that the relative population of the zwitterionic
species of NOF decreases within the anionic micellar
environment in corroboration to the argument of
preferential stabilization of the cationic species of
NOF over the zwitterionic counterpart. The average
ﬂuorescence lifetime (hsi) of NOF within all the
micellar aggregates is found to gradually increase with
increasing surfactant concentration suggesting that the

Figure 7. Time-resolved ﬂuorescence decay transients (kex = 340 nm) of NOF along with the best-ﬁt lines with
incremental addition of the surfactants: Curves (i) ? (v) show [S10S] = 0, 20, 30, 40, 50 mM in (a), [S12S] = 0, 3.5, 5, 6, 8
mM in (b), [S14S] = 0, 0.094, 0.190, 0.310, 0.470 mM in (c). IRF: Instrument Response Function.
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Table 2. Summary of time-resolved ﬂuorescence decay
parameters of nof with increasing surfactant concentrations.
Environment
Aq. buffer pH 7.4
[S10S] (mM)
20
30
40
45
50
60
[S12S] (mM)
3.5
5
6
7
8
9
10
12.5
[S14S] (mM)
0.094
0.19
0.31
0.47
0.78
a

s 1a
(ns)

s 2a
(ns)

1.31

–

–

1.00

1.11
1.22
1.35
1.20
1.37
1.38

1.53
1.96
2.73
2.72
2.76
2.76

0.89
0.82
0.50
0.19
0.06
0.03

0.11
0.18
0.50
0.81
0.94
0.97

1.15
1.35
2.04
2.43
2.68
2.72

1.00
1.01
0.99
1.04
1.00
1.08

1.12
1.21
1.13
1.25
1.18
1.12
1.09
1.19

1.48
2.46
2.68
2.71
2.72
2.72
2.73
2.75

0.70
0.69
0.28
0.13
0.09
0.07
0.07
0.07

0.30
0.31
0.72
0.87
0.91
0.93
0.93
0.93

1.22
1.60
2.25
2.52
2.58
2.61
2.62
2.64

1.05
0.99
1.09
0.99
1.03
1.01
0.99
1.00

1.01
1.19
1.15
1.13
1.54

1.46
2.97
3.05
3.03
3.11

0.89
0.47
0.18
0.11
0.08

0.11
0.53
0.82
0.89
0.92

1.05
2.13
2.71
2.82
2.98

1.00
1.01
1.02
1.06
1.05

a1

a2

hsi
(ns)

v2
1.07

± 4%.

Figure 8. Time-resolved ﬂuorescence anisotropy decay
proﬁles (kex = 340 nm) of NOF along with the best-ﬁt lines
in various micellar systems as indicated in the ﬁgure legend
(S10S: –j–, S12S: -s-; S14S: –d–).

Table 3. Rotational dynamical parameters of the
micelle-encapsulated NOF.
Surfactant
S10S
S12S
S14S
a

drug molecules experience a motionally constrained
environment.22,40–43
3.4 Rotational-relaxation dynamics
The time-resolved ﬂuorescence anisotropy decay proﬁles of NOF in various micellar assemblies are presented in Figure 8 with the rotational dynamical
parameters being collected in Table 3. The time-resolved ﬂuorescence anisotropy decay is expressed by
the following equation:22
X
r ðt Þ ¼
r 0i air expðt=sir Þ
ð7Þ
i

P
where r0 = i r0i corresponds to the limiting anisotropy, and air is the pre-exponential factor for the ith
rotational correlation time, sir.39 In aqueous buffer the
anisotropy decay of NOF is found to be described by a
monoexponential function with a rotational correlation
time, sir = 813 ps. However, within the micellar
assemblies, the rotational correlation time of NOF is
remarkably enhanced indicating the impartation of
motional restriction on the encapsulated drug

r0

s ra
(ns)

0.21
0.21
0.24

1.18
1.51
2.18

± 4%.

molecules. The monoexponential ﬂuorescence depolarization behavior of micelle-bound NOF may invoke
the following arguments:22,42–44
(i) only rotation of the ﬂuorophore inside the
micellar aggregate,
(ii) rotation of the micelle entrapping the ﬂuorophore with no substantial contribution from
the rotation of the ﬂuorophore itself,
(iii) simultaneous operation of both the rotations
mentioned above.
Given the observed monoexponential ﬂuorescence
anisotropy decay of NOF within the anionic micelles,
the possibility (iii) can be negated as a biexponential
decay function is required to account for this. Thus, to
resolve one of the two possibilities between (i) and (ii)
as mentioned above, the rotational correlation times of
the micellar assemblies (sM) have been calculated
using the Stokes-Einstein-Debye relationship:22
4
g
sM ¼ prh3 
3
kB T

ð8Þ
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where, rh is the hydrodynamic radius of the micellar
units, kB is the Boltzmann constant, g is the coefﬁcient
of viscosity of the medium, T is the Kelvin temperature. The calculated rotational-relaxation time of the
micellar unit (data not given) is found to be signiﬁcantly higher than that of NOF within the micelleencapsulated state. Therefore, the overall rotationalrelaxation dynamics of micelle-bound NOF is exclusively attributable to the rotational motion of the drug
molecules only, with no signiﬁcant contribution from
the micellar rotation.22,42–44
3.5 Molecular docking simulation: binding
location of the drug within the micellar aggregate
The docking simulation study has been applied to
elucidate the binding site of NOF within the micellar
aggregates. Here, a representative model structure for
S12S micelle comprised of 100 monomers as prepared
on CHARMM-GUI (http://www.charmm-gui.org/)
suite of programs has been used for docking simulation. The docked pose displayed in Figure 9 reveals
the stern layer of S12S to be the favorable binding site
for NOF. This result is in good agreement with the
spectroscopic results which reveal that upon binding
with micellar assemblies the cationic form of NOF is
selectively stabilized over the zwitterionic form which
can be comprehensively rationalized on the basis of
electrostatic interaction between the cationic species
of NOF and the negative surface charge of the micellar
unit.
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4. Conclusions
The present study illustrates the effect of the length of
hydrophobic surfactant tail on the prototropic switching of a potent chemotherapeutic anticancer drug,
NOF, within anionic micellar aggregates. The prototropic transformation of the drug is found to be
preferably stabilized toward the cationic form in the
anionic micelle-encapsulated state over the zwitterionic counterpart present in an aqueous buffer. However, the remarkable dependence of the drug-micelle
binding strength on the surfactant tail length been
aptly described by considering the role of electrostatic
stabilization between the drug (cationic species) and
the anionic surface charge of the micellar units, while
the micellar hydration model and the concept of
change in local pH in the micellar surface region have
been categorically argued to be inadequate to interpret
the experimental ﬁndings. This line of interpretation
has been corroborated from other steady-state as well
as time-resolved spectral ﬁndings and the results
cumulatively indicate the probable location of the drug
in the micellar Stern layer, which is further assisted
from molecular docking study. Our present ﬁndings
reveal that the relative composition of various prototropic species of a given drug can be effectively
modulated through a suitable control over the chain
length of the surfactant. An understanding of the
prototropic activity of the drug and its probable location within the prospective drug delivery vehicles such
as micellar assemblies may have an imperative contribution toward tuning and optimizing the therapeutic
efﬁcacy of the given drug molecule. We are optimistic
that the experimental methodologies employed in the
present work are extendable to other congeners of the
drug family too.
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