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Detailed physicochemical and computational investigation are made to explore different aspects of
complexation between bovine serum albumin (BSA) and three structurally different surface active ionic
liquids (SAlLs), 1-dodecyl-3-methylimidazolium chloride, [C;omim][Cl]; 3-(2-(dodecylamino)-2-oxoethyl)-
1-methyl-1H-imidazol-3-ium  chloride, [Ci,AMIM][CL  and  3-methyl-1-dodecyloxy  carbonyl
methylimidazolium chloride, [C;,Emim][Cl]. The interfacial and bulk complexation behavior has been
monitored using tensiometry, conductivity, steady-state fluorescence and turbidity measurements.
Thermodynamic insights about complexation have been obtained using isothermal titration calorimetry
(ITC) measurements whereas molecular docking studies were used to predict the possible binding sites
of SAILs on BSA. The information obtained from these studies helped in establishing the formed BSA-
SAIL complex as a pH dependent colloidal transport system for controlled transport of a lipophilic dye,
Rhodamine 6G (R6G), in aqueous phase, which is supported by confocal laser scanning microscopy
(CLSM). In the present work, the effect of functionalization over the alkyl chain of SAILs, modulating the
colloidal properties of SAIL-BSA systems, has been explored along with the utilization of these
complexes as a pH dependent reversible carrier of lipophilic molecules. It is expected that besides
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1. Introduction

Serum albumins are the most utilized proteins due to their
relatively large abundance, ease of purification and multi-
faceted properties.'” Bovine serum albumin (BSA), is 77%
identical and 87% homologous with human serum albumin
(HSA),** which makes it the most versatile model protein for
different investigations. BSA is a globular protein having 583
amino acid residues with a molecular mass of 66.3 kDa, which
functions as a chief transporter and distributor of various
endogenous and exogenous ligand metabolites.*® The molec-
ular structure of native BSA consists of three domains (domain
I, IT and III, Scheme 1), which are further divided into six sub-
domains, two sub-domains for each domain. The globular
structure of BSA possess 56% a-helical and 11% B-sheet
content.”® BSA can reversibly adopt various spatial conforma-
tions at different pH values such as N-isoform at pH 7.4 (heart-
like shape), F-isoform at pH 3.5 (cigar-like shape) and E-isoform
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be helpful in extending the applications of such colloidal systems for material transport.

at pH 2.7 (denatured form).>*® The exceptional stability among
other proteins such as long shelf-life (about 19 days), stability
towards high temperature (at 60 °C up to 10 hours) and in
awide pH range (pH 4 to 9) along with reversible binding ability
towards a variety of bioactive molecules and active pharma-
ceutical ingredients (APIs) make BSA a robust and imperative
protein for physiological investigations.*"***

The use of surfactants in conjunction with proteins generally
gives rise to improved physicochemical properties and func-
tions of proteins.'* This renders the investigations on protein—
surfactant interactions very important and therefore a large
amount of work has been published in this regard.'** In last
decade, a new class of surfactants called as surface active ionic
liquids (SAILs) has gained great curiosity from the scientific
community owing to their better colloidal and surface active
properties as compared to conventional surfactants.*>** The
inherent amphiphilicity and tailorable properties of SAILs
offers a precise control over the hydrophilicity/hydrophobicity
of SAILs, required to control their colloidal behavior. The
choice of cation and anion along with the possibility of func-
tionalization over head group and alkyl chain adds to their
applicability. Therefore, the properties of SAILs could offer
more potential futuristic prospects for protein-surfactant
applications as compared to conventional ionic surfactants. Till
date, very limited reports on SAIL-protein colloidal systems are
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Scheme 1 Molecular geometry and structure of BSA (left) and SAILs (right) used in present study.

available.®***” Different proteins such as BSA, Gelatin and (-
lactoglobulin (B-LG) has been investigated for their complexa-
tion with SAILs, where the length of alkyl chain and nature of
head group of SAIL has been found to exert significant influence
on complexation behavior of BSA with SAILs.**¢*%%%7 [t is
stressed that in most of the investigations, SAILs without any
functionalization of ionic head group or alkyl chain have been
employed with the exception of few studies.®**** A contrasting
complexation behavior of functionalized SAILs as compared to
non-functionalized ones towards BSA,? Gelatin*® and B-lacto-
globulin (B-LG)*® has been observed. Different types of SAIL-
protein complexes varying in morphology, internal structure
and hydrophobicity etc., governed by the nature and extent of
varying set of interactions has been observed. It has been found
that both the nature of protein and functionalization of alkyl
chain of SAIL affect the complexation phenomenon. This along
with the formation of unique self-assembled structures of BSA
and functionalized SAILs,® previously reported by our group
prompted us to further extent the study to explore physico-
chemical aspects of such complexation, in detail. In past, no
attempt has been made to identify the binding location of SAILs
on BSA, which certainly would assist in understanding the
nature of interactions at molecular level. Moreover, such BSA-
SAIL complexes, owing to lack of structural functionality, has
not been investigated for any potential application in past.
Therefore, relying on the changes in pH dependent conforma-
tions of BSA and interactions between SAILs and BSA, we have
also investigated the formed SAIL-BSA colloidal complexes as
potential carriers of lipophilic molecules.

Herein, we have carried out detailed physicochemical
studies on complexation behavior of BSA with three structurally
different SAILs: 1-dodecyl-3-methylimidazolium chloride,
[C1,mim][CI]; 3-(2-(dodecylamino)-2-oxoethyl)-1-methyl-1H-
imidazol-3-ium chloride, [C;,Amim][Cl] and 3-methyl-1-
dodecyloxy carbonyl methylimidazolium chloride, [C;,Emim]
[Cl]. A multi-technique approach is employed to explore the
interfacial as well as bulk behavior of BSA-SAIL colloidal
systems. Computed simulation (AutoDock Vina) has been used
to further probe the binding site of SAILs on BSA. The knowl-
edge gained from various physico-chemical studies has been
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used to establish the applicability of formed BSA-SAIL-2
colloidal complex (as a representative) as pH dependent trans-
porter of a lipophilic dye, Rhodamine 6G (R6G), reversibly,
which has been supported by confocal laser scanning micros-
copy (CLSM) studies. The interferences gained from different
techniques has been corroborated and compared with the
literature reports wherever possible. The present work highlight
the dynamics of protein-SAILs interactions and is expected to
help in establishing a new platform for encapsulating lipophilic
drugs in protein-SAIL based colloidal complexes in aqueous
medium.

2. Materials and methods

The interfacial and bulk complexation behavior of SAILs with
BSA (Scheme 1) was investigated using titration method.
Aqueous concentrated stock solutions of investigated SAILs
were added to aqueous solution containing 0.1% BSA (w/v) in
standard phosphate buffer solution (PBS, pH = 7.2, I = 5 mmol
L") and the observations were made using various state of art
techniques. The concentration of BSA employed (0.1%) is
chosen, as one where maximum extent of interactions between
BSA and SAILs has been observed without aggregation of BSA,
based on fluorescence measurements performed at fixed
concentrations (one above and one below to critical micelle
concentration) of SAILs by varying the concentration of BSA
(Fig. S1, ESIt). The detailed information about the experimental
setup is, provided in Annexure S1, ESL.{

3. Results and discussion

3.1. Interfacial behavior of SAIL-BSA colloidal systems

The comparative plots of tensiometric profiles of investigated
SAILs in the presence and the absence of 0.1% BSA, in aqueous
buffer solutions, are shown in Fig. 1A-C. The lower value of
surface tension (y = 54 mN m™ ") in aqueous solution con-
taining BSA as compared to that without BSA (y = 71 mN m )
is ascribed to surface active nature of BSA.>***” The difference in
nature of surface tension profiles of SAILs, with and without
BSA, signifies the presence of interactions between SAILs and
BSA. In case of SAIL-1, y decreases continuously without

This journal is © The Royal Society of Chemistry 2020
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Fig.1 (A-C) Variation of surface tension in aqueous phosphate buffer solution with and without BSA as a function of concentration of different

SAlLs at 298.15 K.

showing any significant transition till Cyeme) similar to that
shown by SAIL-1 in the absence of BSA.

A higher value of v around Cycmc) suggests the presence of
SAIL-1-BSA complex at air-solution interface, which hinders
the adsorption of incoming SAIL ions. The monomeric
complexation of investigated SAILs, in bulk, has been reported
previously resulting in the formation of SAIL-BSA monomer
complex (MC) till a concentration, C;, which even started to self-
assemble in very dilute concentration range.® Such self
assembly of SAIL-BSA MCs becomes relatively more prominent
near C, which is marked as aggregate complex (AC) stage.®
However the absence of any break-point corresponding to
change in surface behavior indicates that the complexation of
SAILs with BSA is a continuous phenomenon. Once formed
BSA-SAIL-1 MCs tends to grow in size via SAIL mediated self-
assembly with increase in concentration of SAIL-1 at air-solu-
tion interface. SAIL-2 and SAIL-3 follow contrasting complexa-
tion behavior with BSA, as suggested by the presence of
different transitions in respective tensiometric profiles, as
compared to that observed in case of SAIL-1. There is a weak
transition (C,) in tensiometric profile of SAIL-2 and SAIL-3 in
the presence of BSA, where y decreases with a marginally higher
slope beyond C, till Cy4(cme)- This is assigned to partial dissolu-
tion of SAIL-BSA complexes into the bulk after C, and the
occupancy of air-solution interface by respective SAIL ions,
which is supported by rise in turbidity in similar concentration
regime (discussed later). SAIL-1 interacts with negatively
charged® BSA ({-potential = —18 mV at pH 7.4) via electrostatic
and hydrophobic interactions whereas SAIL-2 and SAIL-3 offer

additional synergistic H-bonding interactions, which affects the
interactional process. It is inferred that SAIL-1-BSA complex
(MCs and ACs) remains stable at air-solution interface in the
whole concentration range whereas ACs formed by SAIL-2 and
SAIL-3 undergo dissolution towards bulk at higher concentra-
tion of respective SAILs. This is also justified by the similarity in
values of y at or beyond Cy(emc) in the absence and presence of
BSA owing to occupancy of air-solution interface by SAIL
molecules.

As can be seen from Tables 1 and S2 (ESIY), critical micelle
concentration (cmc) of SAIL-2 and SAIL-3 is found to be higher
in presence of BSA as compared to their respective solutions
without BSA, where as SAIL-1 exhibit relatively lower cmc in the
presence of BSA. The presence of amide and ester-moiety in
SAIL-2 and SAIL-3 enables these SAILSs to interact synergistically
through H-bonding along with other set of interactions with
BSA and thus more number of SAIL ions of SAIL-2 and SAIL-3
interacts with BSA® as compared to SAIL-1 leading to higher
cmc in presence of BSA in case of SAIL-2 and SAIL-3. This is
supported by experimental measurements where the number of
SAIL ions associated per molecule of BSA is found to be 69, 111
and 210 for SAIL-1, SAIL-2 and SAIL-3, respectively (Table S1,
Fig. S2 and S3, ESIf). Further, various interfacial parameters of
interest i.e. interfacial tension at emc (ycmc), the effectiveness of
surface tension reduction (tepc), minimum area per molecule
at air-solution interface (A, ), Gibbs' surface excess (I'max), and
the standard free energy of adsorption (AG, ), were calculated
using surface tension data by employing standard procedures
(Annexure S2, ESIt) and are provided in Table S3 (ESIT).

Table1 Values of concentration corresponding to various transitions, namely, C;, C,, Cs, and Cycmc), Obtained during the complexation of SAlLs
with BSA as obtained from different techniques (surface tension, ST; conductivity, Cond.; pyrene fluorescence, /1//3; isothermal titration calo-
rimetry, ITC; and turbidity, Turb.). All the transitions correspond to concentration in mmol Lt

SAIL-1 SAIL-2 SAIL-3

Cq C, C; C4(cmc) Cy C, Cs C4(cmc) Cy C, Cs C4(cmc)
ST — — — 11.62 — 1.21 — 4.76 — 0.59 — 5.69
Cond. — — — 9.46 0.34 — — 6.52 0.41 — — 5.72
L/ 0.84 — 2.85 3.34 0.35 1.24 2.47 2.95 0.25 0.65 2.46 2.89
ITC — 3.14 9.14 14.56 — 1.74 3.42 5.03 — 1.74 2.90 4.46
Turb. 1.69 2.54 — 9.09 0.39 0.78 — 2.86 0.45 0.77 — 2.62

This journal is © The Royal Society of Chemistry 2020
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The higher values of y.mn. for investigated systems in the
presence of BSA as compared to that observed in the absence of
BSA is indicative of decreased efficacy of SAILs to populate the
air-solution interface in the presence of BSA. A,,;; of SAILs in
the presence of BSA is found to be increased by 3.3, 3.7 and 3.3
times for SAIL-1, SAIL-2 and SAIL-3 respectively as compared to
BSA free solution indicating relatively loose packing of investi-
gated SAIL at air-solution interface in presence of BSA.
However, these results are contrary to the previous reports,
where A,;, decreases for biamphiphilic SAILs (BAILSs), [Cymim]
[Cs0S0;] and [Cy,mim][Cg0S0;].°**” The additional electro-
static and hydrophobic interactions of amphiphilic anion of the
investigated BAILs with BSA could have been resulted in such
behavior. Relatively more negative values of AG, 4, in presence
of BSA suggest the greater adsorption efficacy of SAIL-BSA
complexes over the micellization in bulk.

3.2. Bulk behavior of SAIL-BSA colloidal systems

3.2.1. Conductivity, turbidity and small angle neutron
scattering measurements. Conductivity measurements were
performed to investigate the complexation behavior in terms of
alternations in ionic environment around BSA as a result of
complexation with SAILs. The variation of specific conductance
(k) as function of concentration of SAILs in buffer solution of
BSA is shown in Fig. 2A-C.

The concentrations corresponding to different transitions
obtained from conductivity measurements are provided in
Table 1. In case of SAIL-1, the profile of k in the presence of BSA
almost overlaps with that observed in the absence of BSA and

View Article Online
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only one transition corresponding to Cyemc) is observed. This
indicates weaker ionic interactions between SAIL-1 and BSA in
the whole concentration range where the micellization of SAIL-1
seems not to be affected by the presence of BSA in terms of ionic
environment. In case of SAIL-2 and SAIL-3, two transitions,
namely C; and Cy(mc) are observed. The presence of H-bond
acceptor-donor and H-bond acceptor capability of amide and
ester groups of SAIL-2 and SAIL-3, respectively, synergistically
support already existing electrostatic interactions® between
these SAILs and BSA. This causes relatively stronger transient
localization of ions of SAIL-2 and SAIL-3 near the polypeptide
chains of BSA, which results in decreased contribution by these
charge carriers per unit area leading to increase in « with rela-
tively lower slope till C;. In case of SAIL-2, below Cyeme), K
increases with a lower slope in the presence of BSA, which
further overlaps with « observed in the absence of BSA beyond
Ca(eme)- The overlap of k beyond Cyeme) in the absence and
presence of BSA, similar to that observed in case of SAIL-1,
suggests the formation of BSA-free micelles. On the other
hand, in case of SAIL-3, k increases with relatively lower slope in
whole concentration range in the presence of BSA as compared
to BSA free systems. This is indicative of relatively stronger
interactions SAIL-3 and BSA and is assigned to relatively flexible
nature of ester-moiety, which enables SAIL ions to adopt
different spatial orientations to maximize the extent of inter-
actions with BSA. The transition at C, is not observed from
conductivity measurements for all the investigated systems
despite the fact that SAIL ions interact with BSA leading to
formation of MCs followed by ACs in different concentration
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Fig. 2
as a function of concentration of different SAILs at 298.15 K.
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(A—C) Variation in specific conductivity with and without BSA and (D) turbidity of SAIL-BSA systems, in aqueous phosphate buffer solution
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regimes. This suggests that with increasing concentration of
SAILs, after C;, the hydrophobic interactions begin to gain
control over the complexation process, which triggers the self-
assembly of SAIL-BSA MCs to ACs near C,. The substantial
contribution of hydrophobic interactions in reorganization of
MCs to form ACs could largely render the ionic environment of
solution unaffected, which seems to be the reason behind the
absence of C, and C; in the conductivity profile of SAILs. Such
observations are quiet common in protein/polymer-SAIL
systems.***® Further information about the degree of counter-
ion binding (6) and standard free energy of micellization
(AG,,;.) calculated using conductivity measurements (Annexure
S2, ESIY) is provided in footnote of Table S3 (ESIT).

Turbidity measurements have been performed to under-
stand the colloidal stability of SAIL-BSA complexes. Till Cy,
almost no change in turbidity (Fig. 2D) and DLS® profiles of
SAILs in BSA solution indicates the formation of very small BSA-
SAIL MCs, which don't scatter appreciably and remains well
dispersed in solution. This observation is supported by small
angle neutron scattering (SANS) measurements (Fig. 3 and
Table S4, ESIt). No appreciable change in shape and size of BSA
has been observed in the form of BSA-SAIL MCs for all the
investigated SAILs. The shape of BSA-SAIL complexes at low
SAIL concentration has been found to be oblate-ellipsoid as
suggested by SANS measurements, which is similar to that
formed by the BSA protein in aqueous medium. Further, the
observed size of BSA-SAIL complexes (Table S4A, ESIf) is
marginally larger than that observed for BSA (oblate ellipsoid; ¢
< 1; having semi-major axes 39.7 A and semi-minor axes 14.6 A),
which is in good agreement with that reported earlier.>®

However, between C; to C,, turbidity increases abruptly
indicating the appearance of large colloidal particles, which
gets microscopically phase separated from the solution, in the
form of BSA-SAIL ACs formed via SAIL mediated self-assembly
of BSA-SAIL MCs. Such microscopic phase separation is also
supported by the charge neutralization of formed BSA-SAIL
MCs.® Beyond C,, the addition of respective SAILs leads to
dissolution of formed SAIL-BSA ACs as indicated by sharp
decrease in turbidity, which reaches a plateau beyond Cyicme).
Near Cy(cmc), BSA gets denatured as also suggested by CD

This journal is © The Royal Society of Chemistry 2020

stems (A) near C; and (B) near C4(cmc), along with model fits on obtained

measurements and the unfolding of BSA exposes the hydro-
phobic regions towards aqueous environment, which is an
entropically unfavorable condition. To counter this change, the
BSA gets wrapped around the thus forming micelles of surfac-
tants or SAILs by entrapping water molecules. This leads to the
formation of micelle-clusters of BSA-SAIL complexes in the
form of necklace-bead like structure.**® The corresponding
data obtained by fitting the SANS data using random flight
model*! for oblate-ellipsoidal micelles is provided in Table S4.7
It is natural to assume that the electrostatic and hydrophobic
interactions between amino acids residues of BSA and SAIL ions
at higher SAIL concentration would affect the curvature of
forming micelles and this could result in formation of oblate-
ellipsoid micelles in comparison to spherical micelles
observed in aqueous medium (Fig. S4t). In our previous study,
necklace-bead like structures of BSA-SAIL complexes have not
been observed® from TEM measurements, which is assigned to
the fact that such protein-SAIL colloidal systems when dried
don't retain their solution phase structure. It is important to
mention that no transition corresponding to C; has been
observed from turbidity measurements contrary to that re-
ported earlier by using DLS measurements.? This is due to the
fact that different techniques different aspects of complexation.
3.2.2. Spectroscopic investigations. The dynamics of
microenvironment of various SAIL-BSA complexes in the
investigated concentration range was monitored using pyrene
as an external fluorescent molecular probe. The ratio of fluo-
rescence intensity of I, (1% vibronic band) to I (3" vibronic
band) is very sensitive towards the polarity of surrounding
microenvironment® and hence can be used to monitor the
polarity changes occurring during the complexation process.
Fig. 4A-C shows the variation of I,/I; as a function of concen-
tration of different SAILs in the presence and absence of BSA.
A lower value of I,/I; (1.23) of pyrene in BSA solution as
compared to that observed in phosphate buffer (1.71) indicates
the adsorption of pyrene in the hydrophobic pockets located on
the surface of BSA."**® I,/I; decreases with a relatively lower
slope in all of the investigated systems till C, indicating
a marginal increase in hydrophobicity of forming MCs due to
the adsorption of SAIL ions. At C4, I,/I; value of respective SAIL-
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BSA MCs follows the order: SAIL-3 (1.32) < SAIL-2 (1.46) < SAIL-1
(1.56), which indicates the higher hydrophobicity of SAIL-3-
MCs complexes. This is in expectation with stronger interac-
tions of H-bonding prone SAIL-2 and SAIL-3 with BSA resulting
in the formation of relatively more hydrophobic MCs. After C;,
I/I; decreases abruptly in all cases till C; following different
paths. This sharp decrease in I,/I; indicates the lower polarity of
ACs formed through self-assembly of MCs mediated via
hydrophobic interactions offered by SAIL ions® in this concen-
tration regime. There is no change in hydrophobicity index of
ACs between C; and Cyemc) for all the investigated systems,
although in this concentration region, ACs tends to dissolve to
form smaller complexes.® This suggest negligible change in
internal structure of BSA-SAIL complexes in this concentration
regime. After Cycmc), [1/I; begin to rise in all the cases indicating
a relative increase in the polarity of SAIL-BSA aggregates. It is
quite probable that beyond Cyieme), the forming micelles con-
taining high surface charge®***® disintegrate the respective
SAIL-BSA ACs into smaller micelle bound/unbound ACs. A
similarity in values of I;/I; in the absence and presence of BSA
beyond Cy(cmc) supports the partition of pyrene into the micelle
bound to ACs.

3.2.3. Thermodynamics of complexation between BSA and
SAILs. The differential power plots and corresponding enthal-

pograms, representing the thermodynamic behavior of
m SAIL-1
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] -
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©
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Fig. 5 Difference plot of enthalpograms of SAIL-BSA systems in
buffer solution of BSA as the function of concentration of different
SAIL at 298.15 K.
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(A—-C) Variation in I1/I5 of pyrene in aqueous buffer solution with and without BSA as function of concentration of different SAILs at 298.15

investigated SAILs with and without BSA, are provided in
Fig. S5A-F and S6A-C, ESIj respectively. To highlight the
interactional behavior of SAILs with BSA the difference plot is
derived and is provided in Fig. 5.

It is problematic to describe and quantify precisely the types
of processes*®®> % occurring during complexation, therefore
qualitative information has been derived from the obtained
thermodynamic data. For all the investigated SAIL-BSA
systems, in dilute solution, AH® is endothermic as compared to
corresponding aqueous SAILs (Fig. S6A-C, ESI}), where the
enthalpic changes are more extensive in case of SAIL-2 and
SAIL-3 as compared to SAIL-1. This indicates the significant role
of entropic factors associated with the dehydration of SAILs and
BSA upon interaction. The breaking of intramolecular H-bonds,
specifically in case of SAIL-2 and SAIL-3, results in relatively
large endothermic changes. Thereafter, the enthalpic processes
favored by attractive H-bonding, electrostatic and hydrophobic
interactions between SAIL and BSA compensate the initial
entropy factor in the succeeding part of complexation process
till Cyeme)- The concentrations corresponding to different
transitions obtained from the difference plots (Fig. 5) of
enthalpograms corroborate well with other techniques (Table
1). The difference plot of SAILs indicates the dominance of
entropic control after Cy(eme till Cq (Cs, saturation of ITC curve).

For the sake of simplicity, the enthalpy change for interac-
tional process is divided into four parts as C;-C, (AH, ), C,-C;
(AH,), C3~Cy(eme) (AH;) and C,~C, (AH,) and the correspond-
ing values of AH° are provided in Table S5 (ESIf). Between C;
and C,, exothermic enthalpy change is observed for all of the
investigated systems, which is assigned to dominance of elec-
trostatic and hydrophobic interactions in case of SAIL-1, assis-
ted by H-bonding interactions in case of SAIL-2 and SAIL-3. This
is justified by the magnitude of AH, which follows the order:
SAIL-2 (—1.30 kJ mol™") > SAIL-3 (—0.73 k] mol™") > SAIL-1
(—0.46 kJ mol ). For all the investigated systems, between C,
to Cs, a slight endothermic rise (entropic process) is observed.
Near C,, the {-potential value of BSA-SAIL systems becomes
almost zero® and remain constant till C;, indicating the elec-
trostatic saturation of accessible binding sites of BSA. There-
fore, such endothermic enthalpy change could be attributed to
hydrophobic interactions between the formed complexes and
incoming SAIL ions.® The values of AH, follows the similar

This journal is © The Royal Society of Chemistry 2020
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enlarged view of respective poses.

trend as observed for AH,: SAIL-2 (+0.19 kJ mol ") > SAIL-3
(+0.14 kJ mol ") > SAIL-1 (—0.08 kJ mol *). With further rise
in concentration of SAILs, between C; and Cy(mc), relatively
larger exothermic drop in values of enthalpy change (AHj) is
observed, which for different SAILs, follows the order: SAIL-3
(-1.79 k] mol™") > SAIL-1 (-1.28 k] mol™') > SAIL-2
(—=0.79 k] mol™"). The order indicates the greater extent of
interactions between SAIL-3 and BSA-SAIL-3 ACs between Cj;
and Cy(emc), Which resulted in the formation of highly ordered
self-assembled molecular architecture of SAIL-3-BSA into
helical fibers in this concentration regime (at 1.5 mmol L™ " of
SAIL-3 in 0.1% BSA).®* Further, the observed endothermic
change, after Cyim¢) in all cases, establishes the dominance of
entropically favored processes, which is assigned to the disso-
lution of SAIL-BSA complexes in micellar solution of SAILs.
3.2.4. Molecular docking studies. The preferred binding
site of the investigated SAILs on BSA has been determined using
molecular docking studies.®*” The data obtained from the
docking studies reveals that, all the investigated SAILs binds at
the high affinity sites of BSA (binding site II and III) however,
differ in their mode of interactions with the amino acid residues
present in the vicinity of the respective SAILs. This is in line with
the literature reports which established the presence of two
highly selective and high affinity binding sites for molecules
such as fatty acids, tryptophan, octanoate and bilirubin etc.,
present in sub-domain IIA (site I) and IIIA (site II) (Fig. S7, ESIY)
of BSA."'%% However the mode of binding for two sites is
different as site I binds the target ligands via hydrophobic
interactions whereas site II binds ligands through the combi-
nation of H-bonding, electrostatic and hydrophobic

This journal is © The Royal Society of Chemistry 2020
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(A—C) Docked conformation of SAIL-2—-BSA system showing the high affinity binding sites for SAIL-2 on BSA in different poses; (D—F)

interactions. Besides this, there exist many other low affinity
binding sites distributed around various other locations on
BSA.1

In docking studies, nine modes of binding conformations of
SAILs are obtained (Table S6, ESIT). The first three poses with
high free energy of binding affinities of SAIL-1, SAIL-2 and SAIL-
3 towards BSA are shown in Fig. S8 (ESIT), 6A-F and S9 (ESIT),
respectively. The investigated SAILs, due to their structural
resemblance with hydrophobic moieties like fatty acid and
octanoate, bind in domain III as first preference followed by
domain II. SAIL-1 being non-functionalized analogue among
the investigated SAILs interacts through electrostatic as well as
hydrophobic interactions and binds in domain IIIB (Fig. S8A-C¥)
along with other locations on BSA similar to SAIL-2 and SAIL-3.
SAIL-2 (Fig. 6A-F) and SAIL-3 (Fig. S9A-Ef), owing to the pres-
ence of amide and ester functionality, respectively, forms H-bond
acceptor-donor pairs and exhibit various other polar interactions
with amino acid residues present at their binding cavity. This
corroborates well with the previously made claims that SAIL-2 and
SAIL-3 interacts more strongly with BSA as compared to SAIL-1.

In pose 1 (Fig. 6A and D), SAIL-2 is shown to bind in
hydrophobic cavity formed between the helices of domain IIB,
where it undergoes H-bonding with -NH, group of Asn-404 and
—-C=0 of Lys-524 through -C=0 and -NH moiety, respectively,
of amide group of SAIL-2. In pose 2 (Fig. 6B and E), SAIL-2 is
shown to bind between the helices of sub-domain IIA and IIB
where it forms H-bonding with -NH, group of Arg-256 through
—-C=0 of amide group. In pose 3 (Fig. 6C and F), SAIL-2 binds in
sub-domain IIA, where it makes two polar interactions with
-NH, groups of Arg-208 through its carbonyl group. Similar

RSC Adv, 2020, 10, 7073-7082 | 7079
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spots and from background solution as marked in CLSM images.

binding locations have been obtained for SAIL-3, which however
differ in their mode of interactions (Fig. SOA-E, ESI}). In pose 1
(Fig. S9A, ESIY), no such polar interactions are observed which
is attributed to flexible nature of ester moiety of SAIL-3. The
absence of favorable space orientations required for making
such polar interactions cannot be ruled out at this stage. In pose
2 (Fig. S9B and D, ESIt), SAIL-3 makes three polar interactions
in its binding cavity, one with -NH, group of Arg-208 via polar
oxygen atom of ester linkage and another two between two -NH,
groups of Arg-208 and oxygen atom of carbonyl group. In pose 3
(Fig. S9C and E, ESIf), SAIL-3 makes two polar interactions of
oxygen atom of ester linkage with -NH, group of Arg-198. It is
inferred that the investigated SAILs which differ in their
molecular structure prefer different binding sites, however the
H-bonding prone SAIL-2 and SAIL-3 exhibit similar tendency
towards binding in sub-domain IIA with Arg-208.

3.3. Efficacy of BSA-SAIL complexes as colloidal scaffolds for
transport

It is inferred that the ACs formed by SAIL-2 and SAIL-3 are
relatively more hydrophobic and could show pH dependent
structural organization owing to presence of electrostatic
interactions between SAILs and BSA. Going with this back-
ground, we have investigated pH dependent loading and
unloading of a lipophilic dye, Rhodamine 6G (R6G, 25 uM) as
a model compound, employing BSA-SAIL-2 colloidal complexes

7080 | RSC Adv, 2020, 10, 7073-7082

(A—D) CLSM images of R6G loaded in SAIL-2-BSA aggregates complexes at different pH; (E and F) UV spectra of R6G taken at the colored

(0.1%/1 mM, near C, of SAIL-2) system, as a representative. The
entire process has been monitored using CSLM (Fig. 7A-D)
equipped with the facility of UV-visible absorption measure-
ments (Fig. 7E and F). The change in absorption intensity cor-
responding to absorption maxima of R6G (Anax = 575 nm)
was monitored both in the colloidal complexes (red-cross,
Fig. 7A-D) as well as in bulk (green-cross, Fig. 7A-D) as a func-
tion of pH. A decrease in absorption corresponding to Ayax of
R6G (Fig. 7E) present in BSA-SAIL-2 colloidal complex
(red-cross, Fig. 7A-D) with simultaneous increase in absorption
of R6G (Fig. 7F) present in bulk solution (green-cross, Fig. 7A-D)
with decrease in pH from 7 to 3 indicates the unloading of R6B
from BSA-SAIL-2 colloidal complex in solvent rich phase.
Further with increase in pH, the system show reversible
uptake of R6G. The pH induced structural changes in investi-
gated BSA-SAIL-2 colloidal complex are supposed to be the
reason behind the reversible loading and unloading of R6G.
Such changes have been probed by {-potential measurements
as the alteration in surface charge and size of the ACs was
thought to govern the dye loading and delivery. An increase in
the values of {-potential from —4 mV to 12 mV has been
observed while going from pH 7 to 2 (Fig. S10, ESIf). The
protonation of negatively charged amino acid residues of BSA,
namely Asp, Glu and His at pH 3 and below results in highly
positive {-potential. Such high extent of protonation could
weaken electrostatic interactions between BSA and SAIL-2 in

BSA-SAIL-2  colloidal complexes leading to structural

This journal is © The Royal Society of Chemistry 2020
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reorganization of complexes. The reversible structural transi-
tion from N (pH 7.4) to F-isoform (pH 3.5) with opening up of
the inherent globular structure of BSA could diminish the
binding site present in the cavity formed by three domains and
thus facilitates the release of R6G from its binding site (Fig. S11
and Table S7, ESIT).

The role of increasing hydrophobicity of colloidal complex
owing to structural transition from N (pH 7.4) to F isoform (pH
3.5)" in release of R6G into the solution along with SAIL ions
can't be ruled out as solubility of R6G decreases with decrease in
polarity of the solvent.”” The studies conducted on BSA-SAIL-2
colloidal complex and R6G establishes a new platform for
developing new colloidal systems comprising proteins and
SAILs (inherently non-toxic) for transport of biologically
important lyophobic/lipophilic molecules along with their tar-
geted and controlled release. Further the role of SAILs used in
conjunction with proteins for such applications can be easily
modified by the choice of anion or cation or by functionaliza-
tion of SAILs, if needed. Therefore, easily tunable structural and
chemical nature of SAIL-protein based scaffold makes such
systems as potential candidates for different biomedical
applications.

4. Conclusion

The nature of SAILs is found to affect their complexation
behavior with BSA. The H-bond acceptor/donor and H-bond
acceptor abilities of SAIL-2 and SAIL-3, respectively, produce
distinct alternations in the structure of BSA, which resulted in
the formation of SAIL-BSA complexes of different shape and
morphology at different stages of complexation. The highest
surface activity of SAIL-3-BSA complexes at air-solution inter-
face reflects relatively stronger interactions of SAIL-3 with BSA,
which modifies the hydrophobic-hydrophilic index of the
formed colloidal aggregates at air-solution interface. On the
other hand the amide group of SAIL-2 resembles the peptide
linkages of protein and stabilizes the polypeptide network at
low concentrations. The molecular docking profile of SAIL-2
and SAIL-3 clearly showed the presence of H-bonding and
other polar interactions of these SAILs at their binding loca-
tions. The studies conducted to understand the physiochemical
behavior of SAIL-BSA system inspired us to develop pH
dependent reversible carrier of lipophilic molecule such as R6G
dye (as a model hydrophobic drug) in SAIL-2-BSA colloidal
system, which has been established successfully.
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