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Designing and compilation of novel chemicalmolecules to optimize the structural characteristics of biomolecules
is an interesting and fascinating domain of research at the interface of chemistry and molecular biology. In this
context, we have synthesized a green/biocompatible gemini surfactant, ethane-1, 2-diyl bis(N,N-dimethyl-N-
hexadecylammoniumacetoxy) dichloride (16-E2-16), and examined its interaction with the model enzyme
hen egg white lysozyme (HEWL) utilizing sophisticated spectroscopic, microscopic, calorimetric and molecular
modeling techniques. The results obtained through multidimensional approach demonstrate that 16-E2-16 is
able to influence the structural aspects of HEWL. The intrinsic fluorescence and UV spectroscopic results reflect
HEWL-16-E2-16 complex formation. Synchronous, three-dimensional and pyrene fluorescences show substan-
tial changes in microenviroment around tyrosine and tryptophan residues. CD results demonstrate conforma-
tional change in HEWL upon 16-E2-16 combination. ITC suggests the contribution of hydrophobic forces and
spontaneous nature of 16-E2-16-HEWL interaction. Molecular modeling confirms the binding of 16-E2-16 gem-
ini surfactant near predominant fluorophores (Trp-62/Trp-108). TEM micrographs infer structural changes in
HEWL. This study is thought to have good potential to help scientists to further interpret the surfactant–HEWL
interaction at the molecular level, which will be significant to compile surfactant–protein mixtures in general
for pharmaceutical and industrial purposes.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Protein–surfactant interaction is a vital and fascinating concept to
understand the conformational, mechanistic and other relevant func-
tional aspects of proteins. Proteins, being the fundamental constituents
of life, have characteristic aptitude to bind to inorganic/organicmoieties
(bilirubin, fatty acids, hematin, metal ions, surfactants, drugs [1–8]). As
protein–surfactant combinations are known to induce stabilization/
destabilization in the former, these studies are alwaysmotivating. In ad-
dition, wide scope and significance of protein–surfactant mixtures in
biosciences, foods, cosmetics, detergents and biotechnological process-
es make them even more captivating in the scientific community. In
such systems, however, surfactant design is crucial in governing the
rhythm of interactions.

The literature survey reveals that most studies regarding protein–
surfactant interactions are focused to conventional surfactants [9,10].
Recently, gemini surfactants, bearing two hydrophilic heads and two
hydrophobic tails connected covalently through a spacer (at or near
the head groups), are receiving considerable interest owing to their
).
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better physicochemical properties than conventional single head/single
tail surfactants. They have lower CMC values,muchhigher surface activ-
ity, lower Krafft points, high viscosities at quite low concentrations, etc.
[11–13]. They are used as promising surfactants in detergency, gene
transfection, ion exchange, vesicle formation, environmental protection,
antimicrobial activity, skin/body care products [14], food industry [15],
gene delivery [16], drug entrapment/release [17], antimicrobial prod-
ucts [18],etc. Despite these outstanding properties, most of them are
non-biodegradable and hence pose environmental concerns. Therefore,
cleavable surfactants (conventional aswell as gemini) are of keen inter-
est in the scientific community.

The defined cleavable surfactant (16-E2-16) is essential owing to the
presence of weak diester (E2) linkage in the spacer. This ester structure
makes it biodegradable, cleavable and lowers its CMC (1000 times less
than the conventional ones). Thus, 16-E2-16 surfactant is a significant
entity to be taken up for further studies.

The monomeric globular protein hen egg white lysozyme (HEWL)
contains 129 amino acid residues with four disulfide bonds in its ter-
tiary structure. Its structural architecture involves two domains viz.,
α-domain (1–39 and 89–129 amino acid residues) and β-domain
(40–88 amino acid residues [19,20]). It possesses a rigid structure [21]
and has six Trp residues arranged, respectively, at active site (3 resi-
dues), hydrophobic core (two residues) and separate (one residue).
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The predominant fluorescence of lysozyme is mainly due to the Trp 62
and Trp 108 fluorophores [22].

In this work we have examined the molecular interaction of ester-
functionalized green/biocomapatible gemini surfactant, ethane-1, 2-
diyl bis(N,N-dimethyl-N-hexadecylammoniumacetoxy) dichloride
(16-E2-16) with HEWL. Lysozyme was chosen owing to its physiologi-
cal and pharmaceutical properties. Moreover, in our recent studies,
16-E2-16 surfactant was observed to be quite effective in modulating
BSA fibrils [23], Therefore, we believe that HEWL-16-E2-16 interaction
too will serve the means to further interpret heredity-systematic amy-
loidosis disease (in vitro) by taking HEWL as model. Other reason
being the structural homology of HEWL with human lysozyme and
both form quite similar fibrils [24,25].

Keeping the above facts in consideration, we can conclude that this
study can be significant in biomedical, pharmaceutical and industrial
(cosmetics, food and feed) realms at molecular level.

2. Materials and methods

2.1. Materials

Chloroacetyl chloride (98%, Loba-Chemie, India), ethylene glycol
(99%, Sigma Aldrich, USA), N,N-dimethylhexadecylamine (95%, Sigma
Aldrich, USA), hen egg white lysozyme (HEWL, Sigma Aldrich, USA),
and pyrene (98%, Acros Organics, Belgium) were used as received. The
gemini surfactant, ethane-1,2-diyl bis(N,N-dimethyl-N-hexadecyl-
ammoniumacetoxy) dichloride (16-E2-16), was synthesized following
Scheme 1. Protocol for 16-E2-16
the literature procedure [26–29]. The synthesis protocol is shown in
Scheme 1. Working solution concentrations were: [HEWL] = 20 ×
10−6 M, [PB] = 12 × 10−3 M, pH= 7.4.

2.2. Methods

2.2.1. Spectroscopic measurements
The steady-state fluorescence spectra were obtained using a Hitachi

F-2700 fluorescence spectrophotometer (Japan), equipped with a PC.
Prior to experiment, the instrument parameters were set as: excitation
wavelength (280 nm), emission wavelength range (300–450 nm), and
slit width (5 nm). Three-dimensional fluorescence was recorded in
the range of 250–600 nm, keeping other parameters relevant to
steady-state fluorescence. Synchronous fluorescence spectra were ob-
served from the same instrument keeping Δλ between the excitation
and emission wavelengths equal to 20 and 60 nm, respectively. For ob-
servation of extrinsic fluorescence spectra, excitation wavelength was
kept at 337 nm and emission spectra were recorded in the range of
350–450 nm. For UV absorption spectra recording (200–330 nm),
Perkin Elmer Lambda-25 (Singapore) was used. CD measurements
were performed on Jasco-J-815 spectropolarimeter with instrument
parameters as: temperature (298 K), scan range (200–250 nm), scan
speed (100 nm/min), and response time (1 s).

2.2.2. ITC measurements
Isothermal titration calorimetry was performed using a Microcal

ITC-200 Calorimeter (USA). Gemini surfactant titrants were dissolved
gemini surfactant synthesis.
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in the 12 mM PB (pH 7.4). 20 μM HEWL samples were placed in the
reaction cell, and the reference cell was filled with the buffer. All titra-
tions were performed at 298 K. After temperature equilibration, the
titrant was injected sequentially in 2 μl aliquots increments at 120 s
interval with stirring at 500 rpm to ensure a complete equilibration.
The resulting heats of reaction were measured upto 19 consecutive
injections.
2.2.3. Molecular modeling measurements
Molecular modeling was performed by using molecular graphics

program HEX 6.1 [30]. The PDB (1 DPX) of HEWL was downloaded
from the protein data bank and PDB files of 16-E2-16 surfactant
were developed by using Chimera 1.9 and visualization of docked
conformation was achieved by using Pymol [31]. The docking exper-
iment was run on computer using Windows 7 as an operating
system.
2.2.4. TEM measurements
Transmission electron microscopy was performed on a JEM-2100

(JEOL, Japan) electron microscope. The samples of HEWL and
HEWL + 16-E2-16 were prepared by negative staining method [32,
33]. Then TEM photos were pictured after thorough drying of the
samples.
Fig. 1. The fluorescence quenching results of the lysozyme HEWL/16-E2-16 gemini surfactant s
Volmer plot, and (c) the modified Stern–Volmer plot.
3. Results and discussion

3.1. Fluorescence quenching of HEWL by 16-E2-16 and the binding
mechanism analysis

Steady-state fluorescence is an effective method to study interac-
tions between small molecules and proteins. Fig. 1 (a) shows the fluo-
rescence spectra of HEWL with increasing concentration of 16-E2-16
gemini surfactant which reveals quenching of fluorescence intensity of
HEWL with slight blue shift (~3 nm). This behavior may be attributed
to the HEWL-16-E2-16 complex formation and an exposure of aromatic
residues (mainly Trp/Tyr) to a non-polar environment.

Fluorescence quenching usually proceeds through twomechanisms:
static and the dynamic. The static mechanism involves the formation of
ground state complex between fluorophore and quencher while dy-
namic quenching proceeds through the formation of excited state com-
plex. A better understanding of the quenching mechanism can be
reached from quantitative analysis of the experimental data. One such
method involves the application of Stern–Volmer Eq. (1)

F0
F

¼ 1þ KSV Q½ � ð1Þ

where F0 and F represent the fluorescence intensities in the absence and
presence of quencher, [Q] and KSV, respectively, indicate the quencher
ystem:(a) quenching profiles with varying concentrations of the surfactant, (b) the Stern–
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concentration and the Stern–Volmer quenching constant. The KSV

(8.8 × 104 Lmol−1), obtained from slope of Fig. 1 (b), reveals substantial
quenching of the emission spectra of HEWL by 16-E2-16. The KSV value
was then utilized to obtain quenching rate constant (kq) from the fol-
lowing equation

kq ¼ KSV

τ0
ð2Þ

Here, τ0 is the life time of the fluorophore and is 10−8 s for biomol-
ecules [34]. Magnitude of the evaluated kq (8.8 × 1012 L mol−1 s−1) is
greater than the scatter constant (2 × 1010 Lmol−1 s−1 [35]). Therefore,
it can be concluded that the quenching proceeds by means of static
procedure rather than dynamic and involves the ground state complex
formation between 16-E2-16 and HEWL. Moreover, to compute the
binding constant (Kb) and number of binding sites, the modified
Stern–Volmer Eq. (3) was used. The antilog of intercept (logKb) and
Fig. 2. Three-dimensional fluorescence spectra of lysozyme (HEWL) in
slope (n) of plot (Fig. 1 (c)) were used to compute the binding constant
and number of binding sites, respectively

log F0−F=Fð Þf g ¼ log Kb þ n log 16‐E2‐16½ � ð3Þ

The obtained value of binding constant (Kb = 6.3 × 104 L mol−1)
is significant which discloses convincing binding of 16-E2-16 to
HEWL and the value of n = 1.48 infers the single pattern of binding
sites on HEWL. Further, binding process was observed to be spontane-
ous and thermodynamically favored as the ΔGb

o value (obtained by
employing equation ΔGb

o=−RT lnKb) was found to be negative
(−6.55 kcal mol−1).

Further authentication to HEWL-16-E2-16 complex formation was
provided by three-dimensional fluorescence. It gives reliable informa-
tion about the microenvironment changes around aromatic residues.
Fig. 2 (a–b) represents the relevant spectra of HEWL in the absence
and presence of 16-E2-16. It can be seen that HEWL displays two
the absence (a), and presence (b) of 16-E2-16 gemini surfactant.



Fig. 3. Synchronous spectra of HEWL in the presence of varying concentrations of 16-E2-
16 at 298 K (a) Δλ = 20 nm (represents contributions due to tyrosine), and (b) Δλ =
60 nm (represents contributions due to tryptophan).
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peaks. Peak 1 corresponds to Rayleigh scattering and peak 2 is a contri-
bution from the aromatic residues (Tyr/Trp). Fig. 2(b) shows that the
16-E2-16 addition leads to decrease in the fluorescence intensity of
the aromatic residue peak,which infers distinct change in themolecular
microenvironment in the vicinity of Tyr/Trp-residues. The reason for
this quenching can be attributed to the higher chain length of 16-E2-
16. Higher chain length lets 16-E2-16 to form micelles quite readily,
consequently leading to an extended structure of HEWL with exposed
hydrophobic patches. The quenching of fluorescence peak can also be
explained by assuming HEWL anion with considerable negative sites.
This negatively charged surface of HEWL interacts with the positively
charged head groups of 16-E2-16 gemini surfactant, which favors miti-
gation of the electrostatic repulsions; this enhances the aggregation of
16-E2-16 moieties on to the protein surface and hence produce
quenching.

3.2. Synchronous fluorescence

Microenvironment fluctuation around fluorophores (Tyr/Trp) was
also monitored by synchronous fluorescence. As compared to conven-
tional fluorescence, synchronous fluorescence is considered suitable
due to its specificity towards aromatic residues. It alsomitigates spectral
overlaps by thinning spectral bands and simplifies spectra by using an
appropriate wavelength [36]. Keeping the Δλ between the
excitation and emission wavelengths at 20 and 60 nm, respectively,
microenvironment changes around tyrosine and tryptophan residues
can be probed [36]. The relevant synchronous fluorescence spectra
(Fig. 3(a–b)) reveal that addition of 16-E2-16 gemini surfactant pro-
duces quenching around both the fluorophores (Tyr or Trp), indicating
the interaction and complexation of 16-E2-16 with HEWL. This
quenching in fluorescence is due to an exposure of an aromatic residue
to hydrophobic tail of 16-E2-16. Interactions are more effectively
evident in Fig. 3(b) than in Fig. 3(a); the reason being a higher affinity
of 16-E2-16 molecules towards tryptophan (Trp) than tyrosine (Tyr)
residue. This fact is in coherence with the results obtained in steady–
state fluorescence.

3.3. Pyrene fluorescence and micropolarity assay

To add further confirmation to the fact that there is a structural
change inHEWLupon 16-E2-16 gemini surfactant combination, pyrene,
an extrinsic fluorescent probe, was utilized. Pyrene excites at 337 nm
and has characteristic five peak vibronic spectra (Fig. 4 (a)) in the
scan range of 350–450 nm. It is interesting to note that in the absence
of gemini surfactant, the fluorescence peak is having low intensity
(Fig. 4 (a)), suggesting the occurrence of pyrene in the hydrophobic do-
mains of HEWL. The addition of 16-E2-16 gemini surfactant leads to an
increase in the fluorescence intensity (Fig. 4 (a)), depicting an exposure
of buried hydrophobic patches of HEWL to a non-polar environment
exerted by the surfactant. After few additions, the fluorescence intensity
starts diminishing (Fig. 4 (a)), which indicates migration of the probe
molecules into the 16-E2-16microstructures.Moreover, the local polar-
ity index (F1/F3 ratio) of the protein solution was also monitored and
calculated from the first and third vibronic peaks of pyrene [32]. The re-
sults are shown in Fig. 4 (b). A careful observation of Fig. 4 (b) reveals
that the HEWL solution has a lower F1/F3 value, which again confirms
the localization of pyrene in the hydrophobic network. Subsequent ad-
ditions of 16-E2-16 lead to an increase in the F1/F3 ratio, followed by
near constancy at higher concentrations of the surfactant. The increas-
ing trend can be attributed to the enzyme unfolding, and the unchang-
ingmicropolarity at higher concentrations can be assigned to abundant
aggregate microstructures formed by the 16-E2-16 gemini surfactant.
Thus, from themicropolarity assay, we can conclude that there are sub-
stantial structural changes in theHEWL solution upon gemini surfactant
combination.
3.4. Far-UV circular dichroism analysis

To further validate and support the above findings concerning the
effect of 16-E2-16 gemini surfactant on the secondary structure of
HEWL, circular dichroism (CD) studies were performed. CD is regarded
as a very consistent technique to authenticate the conformational
changes in proteins [37,38]. The CD spectra of HEWL in presence of dif-
ferent concentrations of 16-E2-16 gemini surfactant are given in Fig. 5.
The spectra show two characterized α-helix negative peaks, respective-
ly, at 220 and 208 nm. Subsequent addition of 16-E2-16 leads to de-
crease in the negative ellipticity, inferring the structural change in
HEWL. The quantitative estimation of percentage of α-helicity was ob-
tained by converting the obtained CD data into mean residue ellipticity
(MRE), by employing the following equation

MRE ¼ Observed CD m degreeð Þ
Cpnl� 10

ð4Þ



Fig. 4. (a) Pyrene emission spectra of lysozyme (HEWL) in the presence of varying
amounts of 16-E2-16 surfactant, and (b) variation of F1/F3 ratio with the 16-E2-16 surfac-
tant concentration.

Fig. 5. Far UV-CD spectra of lysozyme (HEWL) in the presence of varying amounts of 16-
E2-16 surfactant.
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where Cp, n and l, respectively, represent the molar concentration of
protein, number of amino acid residues (129 in HEWL) and path-
length (1 mm).The α-helical content of free and combined systems of
HEWL from MRE values (at θ = 208 nm) were then calculated by
employing the following equation [39] and the results obtained are
listed in Table 1

α‐Helix %ð Þ ¼ MRE208−4000
33;000−4000

� 100: ð5Þ

It can be observed fromTable 1 that the addition of gemini surfactant
leads to a reduction in the negative helicity, indicating that the binding
of 16-E2-16 gemini surfactant to HEWL induces change in the second-
ary structure. At low surfactant concentration, there is little change in
the helicity but, at higher surfactant concentration, helicity decreases
appreciably. The reason for this structural change can be attributed to
preferential adsorption (at high surfactant concentration) of 16-E2-16
molecules on the HEWL surface which leads to a sort of bulging of the
enzyme; this, in turn, exposes the hydrophobic residues and ultimately
α-helices are broken to give amore open disordered structure. Thus, we
conclude that gemini surfactant at higher concentration disrupts the α-
helical network and leads to a more open, random, solvent-exposed
protein structure. This indicates significant perturbation of the surface
tryptophan and tyrosyl residues. Thus, 16-E2-16 gemini surfactant
perturbs the structure of the protein surface, mediating the water
layer and microenvironment around the superficial aromatic residues.
This finding also supports the fluorescence quenching of tryptophan
and tyrosyl residues upon their exposure to the outer environment.
Thus, our fluorescence results are in corroboration with the CD results.

3.5. UV–visible study

UV–visible absorption studies are widely applied to analyze
the structural changes and complex formation between ligands and
proteins. The absorbance at 280 nm is due to the aromatic residues
(Trp or Tyr) of HEWL and is a sensitive parameter to confirm the
micropolarity changes as well as complex formation between ligand
and enzyme. This absorbance is mainly attributed to π–π* transitions
of aromatic residues. Fig. 6 shows the absorption spectra of HEWL
with increasing concentration of 16-E2-16 gemini surfactant. Clearly,
the absorbance at 280 nm decreases with an increase in the concen-
tration of 16-E2-16. This decrease in absorbance infers the change in
the microenvironment around aromatic residues [40] and reflects the
inducement of structural change thereupon. A careful observation of
the spectra also indicates the presence of slight blue shift (~5 nm), infer-
ring an exposure of hydrophobic residues to the outer environment. In
other words, we can conclude that binding of the 16-E2-16 gemini sur-
factant to HEWL induces unfolding in the latter.

3.6. Isothermal titration calorimetry (ITC)

ITC is an interesting and novel approach to validate interactions be-
tween proteins and ligands. Its multidimensional approach makes
it even more attractive and appropriate for protein/drug/surfactant
interactions. The ITC titration profile of HEWL with different molar ra-
tios of 16-E2-16 is shown in Fig. 7. Each peak in the thermogram
Table 1
Variation of α-helical content of HEWL as function of 16-E2-16
concentration.

[16-E2-16] (mM) α-Helix (%)

0 30.68
0.15 29.79
0.85 25.11
1.40 20.90
1.75 15.86



Fig. 7. ITC profiles for binding of 16-E2-16 gemini surfactant to lysozyme (HEWL) at 298 K.

Table 2
ITC derived biophysical parameters for the binding of 16-E2-16 with HEWL
at 298 K and pH 7.4.

16-E2-16-HEWL

n 2.6
Kb 5.6 × 1014 M−1

ΔH° 350.2 cal/mol
ΔS° 68.7 cal/mol/deg
ΔGb

° −20.13 kcal/mol

Fig. 6. Absorption spectra of lysozyme (HEWL) with varying amounts of 16-E2-16
surfactant.

647M. Akram et al. / Journal of Molecular Liquids 212 (2015) 641–649
(upper panel) represents a single injection of 16-E2-16 into the HEWL
solution. All the peaks are upward, indicating that reactions mainly
proceed through endothermic event. The integrated and normalized
patterns are shown in Fig. 7 (lower panel). It is evident from Fig. 7
(lower panel) that the consecutive additions of 16-E2-16 gemini surfac-
tant in to HEWL solution induce reduction in the endothermicity which
evidences the interaction of 16-E2-16 with HEWL. Careful observation
of the Fig. 7 (lower panel) reveals that all the observed enthalpy values
are positive, suggesting rupture of hydrogen bonding [41] during the
HEWL and 16-E2-16 interactions. The reason for this structural reorien-
tation are hydrophobic interactions [42], which are supposed to induce
random arrangement of solvent molecules during the interaction.
Moreover, the obtained calorimetric data are given in Table 2. It is inter-
esting to note from Table 2 thatΔH° andΔS° are positive, indicating that
van der Walls forces are not operating in the 16-E2-16-HEWL system
and predominance of hydrophobic interactions. Further, ΔGb

° value are
found to be negative, indicating interaction of 16-E2-16 with HEWL is
spontaneous. This fact is in coherence with our fluorescence results, in
which we have also obtained negative value of ΔGb

° . However, on com-
paring the magnitude of calorimetric parameters with fluorescence
binding it is clear that in ITC Kb as well ΔGb

° are found higher in magni-
tude than the fluorescence, reason being ITC measures the global
change (i.e. enthalpy change of the binding reaction as well as the en-
thalpy of all possible concomitant reactions which may accompany
the binding reactions but not directly influence the Kb) while as fluores-
cence is specific to aromatic residues [43]. Further the obtained binding
stoichiometry in ITC suggests the possibility of two binding sites which
is different from one binding site approximation of fluorescence. This
may be due to absence of tryptophan residue in the close vicinity of
binding event captured by fluorescence. Other reason for higher values
of binding parameters obtained in ITC may be attributed to long chain
length of 16-E2-16, as it is known that longer chains (with 16–22 carbon
number) can alter Kb values strongly [44].

3.7. Computational molecular docking

Molecular docking is an attractive computational tool to ascertain
and validate the probable interactions of small molecules with
biomacromolecules [45], which has rational significance in molecular
recognition and drug design related phenomenon. Therefore, computa-
tional molecular docking was performed to examine the binding loci
of 16-E2-16 gemini surfactant in the HEWL. The stereo docked pose of
16-E2-16+HEWL (Fig. 8(a)) reveals that 16-E2-16 binds in the vicinity
of Trp-111, Val-109, Trp-108, Ala-107, Trp-62, Trp-63, Ser-60, Cys-64,
Arg-6, Gln-57, Glu-35, Asn-44, Thr-44, Ser-36, Asp-52, amino acid resi-
dues. It can be seen (Fig. 8 (b)) that 16-E2-16 gemini surfactant accom-
modates itself in the locality of Trp-108, Trp-62 and Trp-63 residues.
This observation supports the fluorescence quenching. Interestingly,



Fig. 8. Docked pose of 16-E2-16 (a) in the binding site of lysozyme HEWL, and (b) shown in the close vicinity of Trp 62, Trp-63, Trp-108 and Tyr-53 aromatic residues.
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the presence of 16-E2-16 gemini in hydrophobic residues infers that
hydrophobic forces mainly govern the binding process. Further, possi-
bility of hydrogen bonding interactions in the glutamine (Gln-57) and
the oxygen of the ester moiety of 16-E2-16 gemini is also evident
in docking results. The significant binding interaction energy (−320.
44 kJ mol−1) also unveils considerable interaction between 16-E2-16
and HEWL. Here, it is also interesting to note that magnitude of binding
interaction energy is different from fluorescence and ITC energymagni-
tudes; it is due to exclusion of solvent during docking experiment.

3.8. Transmission electron microscopy

Further validation to our overall results were added by transmis-
sion electron microscopy (TEM). The aggregated globular structures
(Fig. 9(b)) were observed in mixed systems (16-E2-16 + HEWL). No
such forms were observed in untreated native HEWL (Fig. 9(a)). The
predominance of electrostatic repulsion at higher surfactant concentra-
tions were found to be attributive. Moreover, our overall results further
get support from the literature [46].

4. Conclusion

In this research article we have investigated the interaction of an
ester-functionalized green/biocompatible gemini surfactant, ethane-1,
2-diyl bis(N,N-dimethyl-N-hexadecylammoniumacetoxy) dichloride
(16-E2-16), with HEWL by employing fluorescence, absorption spec-
troscopy (UV), circular dichroism, ITC, TEM and molecular modeling.
The results obtained through various spectroscopic approaches delin-
eate that the biodegradable gemini surfactant effectively interacts
with the HEWL and causes structural alteration in the latter. Various



Fig. 9. TEMmicrographs of (a) HEWL, and (b) HEWL + 16-E2-16.
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biophysical binding parameters infer that quenching of fluorescence
spectra proceeds through static pathway rather than dynamic one. CD
results depict conformational alteration upon gemini combination.
Appearance of globular aggregated structures in transmission electron
microscopy results (TEM) validates the structural change in HEWL
and 16-E2-16–HEWL complex formation. Molecular docking provides
insight that 16-E2-16 binds near to predominant fluorophores, Trp-
108 and Trp-62. This accounts for predominant hydrophobic forces
governing the interaction, which is in well coherence with ITC results
in which a single endothermic event was also observed. Positive values
ofΔS° andΔH° infer the predominance of hydrophobic interactionsdur-
ing 16-E2-16 and HEWL interaction. Moreover, negative ΔGb° value ob-
tained in ITC suggests the spontaneous nature of concerned interactions
as was indicated by fluorescence and docking studies.

This study will be significant in understanding the protein–
surfactant interaction at the molecular level and assumes importance
in the biomedical and pharmaceutical world.
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