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ABSTRACT

In protein science, ionic liquids (ILs) have a great influence on the structure, stability, and
functional groups of protein. In addition, ILs has received extensive attention in protein
assays due to their novel and highly efficient reaction medium as well as also active
participants in different biological processes. The present thesis explains the role of ILs

(particularly imidazolium and cholinium based) on the protein folding/unfolding studies.

Therefore, in this work, it has been explored the structure, stability and activity of stem
bromelain (BM) in the presence of different ILs such as imidazolium and choline-based,
namely: 1-butyl-3-methylimidazolium chloride ([Bmim][CI]), 1-butyl-3-methylimidazolium
bromide ([Bmim][Br]), 1-butyl-3-methylimidazolium iodide ([Bmim][l]), 1-butyl-3-
methylimidazolium hydrogen sulphate ([Bmim][HSO,4]), 1-butyl-3-methylimidazolium
acetate ([Bmim][CH3COQ]), 1-butyl-3-methylimidazolium nitrate ([Bmim][NOs3]), choline
chloride ([Ch][CI]), choline acetate ([Ch][Ac]), choline dihydrogen phosphate ([Ch][Dhp]),
choline bitartrate ([Ch][Bit]), choline iodide ([Ch][I]) and choline hydroxide ([Ch][OH]) by
using various spectroscopic and dynamic light scattering (DLS) measurement techniques. All
of these imidazolium based ILs acted as destabilizer for the native structure of BM except
concentrations of (such as 0.01 and 0.05 M). Evidently, the stability of series of Hofmeister
ions are found to be in the trend of HSO, > CH3COO > NO; > Cl > Br > 1. In the case
of choline based ILs the ([Ch][CI]) is the best stabilizer, whereas ([Ch][OH]) is the strongest
destabilizer among all studied ILs for BM structure. The overall stability order of BM in the
presence of choline based ILs follow the trend: [CI] > [Ac] > [Dhp] > [I]) > [Bit] > [OH].
Finally, it has been concluded that the stability of protiens is dependent on the nature of the

ILs and their concentrations.



In addition to above, the thermophysical properties such as density (p), sound velocity (u),
viscosity () and refractive indice (np) of binary mixtures of ammonium based ILs, namely
tetrapropylammonium hydroxide (TPAOH), tetraethylammonium hydroxide (TEAOH) and
tetrabutylammonium hydroxide (TBAOH) with N,N-dimethylacetamide (DMA) over the
whole range of composition at different temperatures from 25 to 40 °C under atmospheric
pressure have been also reported. The derived properties such as deviation in isentropic
compressibilities (dxs), excess molar volumes (VF), deviation in viscosities (45) and
deviation in refractive indices (4np) were calculated from experimental values and correlated
by Redlich-Kister polynomial type equations. It has been observed the strength of
intermolecular interactions such as ion-ion pair interactions, hydrogen bonding and induced

dipole interactions between the ions of ammonium-based ILs with DMA.

Futhermore, the solute-solvent interactions of binary mixtures containing 1-methyl-1-propyl
pyrrolidinium tetrafluoroborate ([MPpyr][BF4]) with water, alcohols (methanol and ethanol)
at various temperatures from 25 to 40 °C under atmospheric pressure have been also studied.

Derived properties such as apparent molar volume (V,), limiting apparent molar volumes
(V,), the limiting apparent molar expansibility (E), and thermal expansion coefficients

(ap) were evaluated from experimental density data. The parameters correlated using to the

Redlich—Mayer type equation. The obtained results were discussed in terms of the effect of
temperature as well as concentration on specific solute-solvent interactions that prevail in the

presence of IL solution.
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CHAPTER 1

INTRODUCTION




1.1 History of ionic liquid

The ionic liquids (ILs) have gained much attention as a novel class of materials with the
majority of applications in an extensive variety of disciplines and are increasing rapidly
because of their tuneable and unique properties [1-3]. Due to these characteristics, ILs are
proving to be promising as a ‘‘green solvents’’ alternative to conventional volatile organic
compounds (VOCs) mostly in terms of their low vapour pressure that reduces their inhalatory
exposure as well as accounts for nearly 67% of all industrial emissions [4,5]. ILs is a
particular class of salts which entirely composed of ions with the melting temperature lower
than the boiling point of water (< 100 °C temperature). Most of the salts identified in the
literature as ILs are liquid at room temperature can be labeled as room-temperature ionic
liquids (RTILs) [6-8]. Nowadays, ILs are an important part of academic research because of
their different specific chemical and physical properties. RTILs are usually molten or fused
salts composed of asymmetric organic cations and various inorganic anions. They are also
called as ‘designer green solvents’ because of their physical properties, including viscosity,
density, miscibility, and polarity that can be tuned as according to the requirement by suitable
choice of appropriate cations and anions species. By the alteration of the structures of the
anion or cation, we can create the several kinds of ILs, which make them “designer solvents”
[7,8]. Furthermore, ILs are attaining a wide range of great attention earned in the field of
protein folding/ unfolding, since, ILs attend as active participants in various biological
processes [1,9-11].

In the specific situation, ILs are established as a novel class of solvents considerably for the
substitution of standard VOCs in the optimization of biochemical processes to decrease
environmental pollution [1,2,9,12]. In history, the first RTIL namely, ethylammonium nitrate
([C.HsNH3][NOs], EAN) with a melting point of 12 °C was reported by Paul Walden in 1914

[13]. At that period, Paul Walden never assumed that ILs would turn into a main scientific field



after around one century. After some few decades, in 1951 Hurley and Wier at Rice
University were industrialised low melting salts using chloroaluminate ions for low-
temperature plating of aluminum chloride (AICI3) [14]. During the period of the 1970s and
1980s, these ILs were studied mostly used for electrochemical applications [14,15]. In the
early 1980s, low melting point ILs were recommended for organic synthesis as solvents by
Fry and Pienta [16] and Boon et al. [15] Alkyl imidazolium salts (C,mim)* were also testified
in the mid-1980’s [17] . John S. Wilkes has presented an admirable small history of the birth
of introduction of ILs, which covers the key moments of research area [18]. Later, in the year
of 1990s, molten or fused salts are having melting point lower than 100 °C that generated a
novel exclusive media for biochemical reactions. After that, several researchers from

different areas are extensively used [1,18,19].

1.1.1. Classification of ILs based on their relevant physical properties

As ILs are composed entirely of ions (such as cations and anions), their bulk and interfacial
performance is complex and is governed by dipole-dipole, van der Waals, Coulombic,
solvophobic forces and hydrogen-bonding [20,21]. While IL is made by adding a strong base
with a strong acid, the proton is normally expected to be placed very strongly on the base. In
this condition, the IL is mostly composed solely of ions [22]. Based on experimental results, a
high majority of the ILs with different assortments of the cation along with the anions have
been classified as protic ionic liquids (PILs) and aprotic ionic liquids (APILs) based on their
relevant physical properties to deprotonate/protonate in solvent media [23]. A comprehensive
analysis dealing with a systematic investigation and evaluation of the stability of different
biomolecules in presence of APILs and PILs containing aqueous media is still lacking. The
reason for this difference is that PILs are volatile through their nature because of the most

acidic proton can be distracted by the simple anion at room temperature. The acid-base



chemical equilibrium for the abstraction reaction permits the development of neutral
molecular chemical species that promptly vanish [24].

ILs are implied and are usually composed entirely of ions, mainly derived from large
asymmetric organic cations such as imidazolium, ammonium, cholinium, phosphonium,
pyridinium, sulfonium, guanidinium, pyrrolidinium with long alkyl chain substituent with
variety of anions such as bromide, chloride, iodide, nitrate, acetate, hydrogen sulphate,
tetrafluoroborate, hexafluorophosphate, trifluoromethanesulfonyl, alkylsulfate, dicyanamide and
bis(trifluoromethanesulfonyl)imide [9,25,26]. These ILs are attracting much interest due to their
many unique properties, such as low vapour pressures, broad liquid range, non-flammability,
non-volatile, outstanding solvent ability, thermal stability, chemical stability, tuneable
nonexplosive viscosity, nonexplosive reaction media, wide electrochemical potential window,
ionic conductivity, reusability and recyclability [27-29]. Due to these properties, ILs are
promising materials which used in many fields such as in electrochemical devices, engineering
fluids, and replacements of solvent for numerous organic reactions. All of these potential
characters of ILs turn into clear applicants for “environmental-friendly or greener solvents”
[30]. Organic cations and coordinating anions that are commonly used in recent generations of

ILs are depicted in Figure 1.1.
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Figure 1.1: Various cation and anion used for the preparation of ILs.



1.1.2. The potential application of ionic liquids

For the past two decades, ILs as innovative fluids has been gained great attention as neoteric
solvents in several scientific applications. Moreover, the application of ILs have shown great
promising prospect in sample preparation. The benefits of utilizing ILs in enzymatic
biocatalysis, as equated to VOCs, are improvement in the solubility of products or substrates
without inactivation of the proteins/enzymes, great conversion values and high stability as
well as activity of proteins [31-34]. A multidisciplinary study on ILs is developing, including
chemistry, electrochemistry, biochemistry, biotechnology, chemical engineering, materials
science, medical science, pharmaceutical, environmental science and food industries [35-37].
In several chemical reaction processes, ILs are used as catalysts, stoichiometric organic
synthesis solvents and reagents. Combinations of ILs have been proposed for many
applications in different fields such as lubricants, battery electrolytes, homogeneous and
heterogeneous catalyst, for extraction, removing of metal ions, purification of gases, gas
absorption agents, biomass conversion, solar and thermal energy conversion, Sensors,
treatment of high-level nuclear waste plasticisers, nuclear fuel processing, matrices for mass
spectroscopy, biological and medical procedures, development of drug delivery systems and
others [31-37]. Such incredible developments in many areas have been obviously confirmed
by growing interest and publication activity, which still displays outstanding growth of ILs
[5,38-45]. Moreover, tremendous applications include its uses in the laboratory settings,
analytical methods, purification of biomaterials, purification in refineries, cyclic
voltammetry,  ultrasound-promoted, = microwave-promoted, the  manufacture of
Deoxyribonucleic acid (DNA) oligonucleotides and manufacturing of drug materials and
various useful products, photographic flicks and smart functional materials amongst others
[46-48]. A special issue of ILs on several scientific applications was published [49] which

shows that ILs offer new potential possibilities of application from solvent engineering field



to enzymatic processes. In the last two decades, ILs have attracted much attention as
conventional reaction media for enzymes in solvent media with some extraordinary results
[9]. The several applications of ILs in different fields are growing rapidly, which is

schematically represented in Figure 1.2.

FUEL CELL BATTERIES

Figure 1.2: Numerous applications of ILs in different scientific fields.

1.2. Introduction to proteins

Proteins are one of the most essential biological-macromolecules in living organisms and which
are made up of one or more polypeptide chain of amino acid (AA) residues. Proteins gained
great importance in biological processes namely: stability, protein kinetics and activity are
mainly influenced by the various chemical and physical properties of co-solvent, additives,
environmental condition and others [50]. Proteins are the major structural fragments of the
blood cells, enzymes, nerve tissues, hormones, muscles, bone, skin, ligament, hair, and all
other organs which help us in body growth and development [51-54]. Moreover, they are
also existing in plants to provide the structure and biological activity [55]. Proteins are

involved in nearly every aspect of living beings and clearly, without protein, all living things



would not exist. Proteins are linear polypeptide chains of amino acids (AA;) and have the
ability to form a unique three-dimensional structure in their folded or native state [56,57].
Chemically, a definite three-dimensional shape is meaningfully fascinating and exciting that
associations the features of biophysical properties, structural aspects and the conformation of
certain AAs functional states of proteins [58-60]. The structural multiplicities seem necessary
for different proteins to complete various biological roles which directly depending on their
natural form. The change in their functional properties designates and the conformational
variations within the molecule, which can be essentially carried out around by the
modification in the native structure environment [61,62].

Especially, in the body each protein depends on its specific function of AA sequences. There
are incredibly useful biological functions of proteins that form the basis for cellular life. Inside
and outside cells, proteins achieve a numerous of functions, for example, structural roles
(cytoskeleton), as hormones (enzymes), transporting molecules from one location to another
membrane. They help in the full functioning of the body, few of them, such as catalyzing
metabolic reactions, responding to stimuli, DNA replication, include various enzymatic and
chemical reactions in the body. Furthermore, the three-dimensional structure of a protein arises
particularly because of the sequences in AA; of the protein polypeptide chains fold to produce
compact solid domains. Nature selected only those AAs sequences that can fold powerfully
and form single equilibrium structures [63-65].

1.2.1 Protein structural arrangements

Proteins are macromolecules, linear polymers and genetically building blocks of biological
macromolecules and comprised of 20 different naturally occurring AA residues associated by
non-repetitive peptide covalent bonds (-CO-NH-) into a linear polypeptide chain [66,67].
Each of the amino acid (AA) is mainly composed of one central carbon atom attached to four

dissimilar chemical groups which are a hydrogen atom, an amino group (-NHs"), a carboxyl



group (—COO") and a variable residue (side chain) denoted as —R group [60,63,67]. The
schematic diagram of AA is displayed in Figure 1.3. The arrangement of these 20 different AAs

makes a protein distant beyond those of simpler macromolecule.

Figure 1.3: Schematic diagram of amino acid.

Naturally, there is covalent linking between a-carboxyl groups of one AA with the a-amino
group of other molecule and there is a loss of water molecule through the formation of a
peptide bond. All of AAs found in proteins have the basic structure, differing only in the
structure of the R-group [66,68]. More than 700 amino acids occur naturally, however, 20 of
them are essentially important AAs, which include histidine (His), lysine (Lys), threonine
(Thr), isoleucine (lle), methionine (Met), leucine (Leu), tryptophan (Trp), tyrosine (Tyr),
phenylalanine (Phe), valine (Val), serine (Ser), asparagine (Asp), glutamic acid (Glu), aspartic
acid (Asp), glycine (Gly), alanine (Ala), arginine (Arg), cysteine (Cys), proline (Pro), and
glutamine (Glu) [60,62,64]. Moreover, the nature and the sequence of the AA chain along with
the protein peptide backbone are responsible for the specific characteristics of the
biomolecules, and it has been predictable that complete information relating to the proteins are
implied in the AA arrangement. The ability of AA; to form a three-dimensional protein shape is

essentially motivating and fascinating that combines the facets of biophysical properties,



specific structural arrangements and conformation of some functional groups of
macromolecules [60,66].

1.2.2 Classification of protein structures

Danish protein chemist K. U. Lindersrgm-Lang explained three different levels of protein
structure: primary, secondary and tertiary. Likewise, another chemist J. D. Bernal included the

quaternary structure in which the protein is made up of more than one domain [65].

1.2.2.1 Primary structure

The primary structure is referred to the number and sequence of AAs residues that make up a
linear polypeptide chain in proteins. Beginning with the free amino group and retained by the
polypeptide bonds attaching every AA to the next sequence. Likewise, the primary structure of
a protein is described beginning from the amino group-terminal (N) end to the carboxyl group-
terminal (C). Obviously, the specific combination of AAs in a protein, positive intra— and inter
chain cross-links assuming any, as known as the primary structure [62,65]. Figure. 1.4,

represents the sequence of AAs in the primary structure of the protein [62-63].
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Figure 1.4: A sequence of AAs in a primary structure of the protein.



1.2.2.2 Secondary structure

The Secondary structure refers to especially stable arrangements of AA residues giving rise
to a structural pattern. It is the most important level in the hierarchical classification and
responsible feature of the protein’s structure and it is used to recognize protein structures for
fold recognition. The secondary structure of polypeptide chain occurs particularly as a-helices
and B- pleated sheets [62-64]. The secondary structure take place because of the hydrogen
bonding interaction between the N—H (amino groups) and C=0 (carbonyl groups) groups of the
AA; in the polypeptide backbone or main chain which is represented in Figure 1.5 [62-63].
However, the arrangement of secondary structure in a native state of the polypeptide
backbone is to some extent influenced by the primary structure of protein [64,69,70].
Specifically, the side-chain substituent of the AA groups in the a-helix extends to the outside.
Hydrogen bonds formation between the oxygen of the carbonyl group and the hydrogen of the
amino group of the peptide bond four AAs below in the helix. The structural geometry of
proteins especially combining regions of the a-helical secondary structure is also mainly
influenced by necessities for effective packing between the helices [70-72]. The formation of
hydrogen bonds makes the a-helix structure particular more stable (Figure 1.5a). Obviously, a-
helices are formed from a successive set of residues in the AA sequences of the polypeptide

chain.

Figure 1.5: (a) a-helix and (b) B-sheet structures in a protein. The hydrogen bonds between the
AA residues are presented by dashed yellow lines.
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On other hand, the hydrogen bonding in a B-sheet is between strands (inter-strand) as opposed
to inside strands. In B- pleated sheet secondary structure, the segments of the main chain
interact by adjacent hydrogen bonds. All B-sheets form the middle core of several globular
proteins. Variations in the direction of B-sheets are attained by the structure called as a B-turn
or B-bend that frequently attaches the ends of two lateral strands of anti-parallel - pleated
sheets. As represented in Figure 1.5 b, the sheet compliance consists of sets of strands
deceiving one next to the other. The carbonyl oxygen group in one strand is hydrogen bonded
with the amino hydrogen group of the lateral strand. These two adjacent strands can be either
parallel sheets or anti-parallel sheets depending on whether the strand directions are the similar
or inverse [61,63,65,66].

1.2.2.3 Tertiary structure

The tertiary structure contains the high information contents of the overall, unique, three
dimensional folding of a polypeptide protein. As shown in Figure 1.6 [63], the tertiary
structure of a protein describes the folding of its structural features and identifies the different
positions of each molecule in the protein, containing those of its side chains. The tertiary
structure rises due to the mutual effects of different type’s interactions between the polypeptide
chains and AAs within a protein atom [62-64,70,73]. Furthermore, the tertiary structure of
protein molecule is generally stabilized by different kinds of interactions such as ionic
bonding, hydrogen bonding, disulfide bonds and hydrophobic interactions (van der Waals

interactions) takes place between different AA residues (Figure 1.6).
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Figure 1.6: Tertiary structure of a protein with ionic, H-bond, disulfide bond and polypeptide
backbone.

Almost, under physiological conditions, the hydrophobic AAs such as Phe and Ile or Trp have a
tendency to burry in the interior of the molecule of protein thereby escaping away from the
aqueous environment [63]. On the other hand, the hydrophilic AAs residues such as Asp, Glu
and Ser are usually found on the outside surface of the protein, where they are able to interact
with water. The polypeptide chain bends and coils in such a way as to attain extreme stability
or lowest energy state [66]. Though the three-dimensional structure of a protein appears
asymmetrical and random, it is twisted by various stabilizing forces owing to interaction bonds
between the polypeptide side-chain groups of the AA residues. Likewise, in the tertiary
structure, disulfide bonds play a vital role in the folding and greater stability of proteins,
normally secreted in the extracellular environment. Different chains in the tertiary structure of
protein molecules are held together through disulfide bonds between the Cys groups inside the
polypeptide chains. The formation of disulfide bonds of the sulfhydryl groups on Cys is an
essential part of the stabilization of tertiary structure of the protein, permitting several parts of

the polypeptide chain to be held together covalently.
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1.2.2.4. Quaternary structure

Maximum proteins, mainly those with molecular weight > 100 kD, contains more than one
polypeptide chain in the structural arrangement. These polypeptides units associated with a
specific structural geometry of proteins. The three-dimensional arrangement of these subunits
is known as a protein’s quaternary structure. The quaternary structure is a greater assembly of
many molecules or polypeptide chains, usually known as subunits. The assembly of two or
more polypeptides (i.e. multiple subunits) is known as multimers. If it contains two or three or
four subunits are called as dimer, trimer and a tetramer. Figure 1.7 [62-63], illustrates the
protein quaternary structure is an assembly of several peptide chains in single function of
integral structure, the arrangement of peptide chain which gives rise to a stable structure of the
protein. Moreover, the stability of the quaternary structure depends upon the non-covalent
interactions and disulfide bonds of the tertiary structure of the protein. Also, the assembling
of these polypeptide sub-units decreases the exposure of hydrophobic side chains to the

solvent medium.

Figure 1.7: Quaternary structure of protein with polypeptide chains.
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1.3 Protein folding and unfolding

Most of the proteins found in the environment have to receive a particular three-dimensional
conformation, termed as folded or native state for suitable functioning, which is important for
performing their different biological functions and activities. Basically, the understanding of
biological phenomenon depends on the single way or another on molecular recognition, and in
the arrangement of macromolecular complexes, is depending on protein folding. As discussed
in the previous sections, the physical process by which a polyamino acids or lypeptide chain
obtains its specific native three-dimensional structures to achieve the functionally and
biologically active native state is known as protein folding [61]. Generally, the native state of
proteins is called a folded state, whereas the denatured or the inactive state of proteins is
termed as an unfolded state. A complete loss of organized structures (such as secondary,
tertiary or quaternary structures) of proteins due to exposure to some kind of pressure is
called as unfolding or misfolding [74]. However, proteins can lose their native structure by
insignificant changes in the physiological environment, such as pH, temperature, pressure,
ionic strength, extreme cold, and mechanical stresses or by the addition of co-solvents [74—
78]. These slight changes in the environmental surroundings may influence the selection
between folding and unfolding or misfolding. The active state of a globular protein is
necessary for its bio-catalytic function; however, it is slightly stable opposed to unfolding
state. Protein can present in two different states, the active state having a compact native
(folded) conformation and denatured (unfolded) state that is schematically presented in

Figure 1.8.

Protein folding is a reversible transition state of a protein made up of AA residues that are in
prompt symmetry between its well-ordered and disordered states [75-77]. Furthermore, protein

folding is of specific disquiet in the production of industrial biocatalysis as well as for storage
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purpose, whereas the biomolecules are frequently inactive because of unfolding. The structure
and stability of a protein replicate the range to which its conformation resists change when
subject to pressure [79]. Accepting the protein folding process encourages us to understand the
performance of the protein is pose tremendous challenges in both present pharmaceutical and
biophysical environments. The absolute consequences of protein folding, and so, mirrors the
involvement of various interdependent impacts that lead to structures of intra-molecular or
increasing complexity as in protein folding [80,81]. Protein stability and associations totally
depend on the result of complex interactions such as ionic interactions, electrostatic, van der
Waals, hydrophobic, hydrogen bonds and steric interactions amongst themselves and with

other solvent molecules [82].

| Unfolded >

< Folded |
[ “
Chemicals heat Cold pressure
Protein folded state Protein unfolded state

Figure 1.8: Schematic representation of unfolded state of protein structure in the presence of

some physiological stress.

The unfolding process can be carried about not only by heat and pH but also through surface
action, ultraviolet light, high pressure and by addition of co-solvents etc. Denaturation process
is a slightly non-proteolytic alteration of the single structure of a native protein, gives rise to
certain modifications in chemical, physical, or biological properties.” Denaturation might carry

[75],
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(a) The decrease in the solubility

(b) Loss of biological activity

(c) Loss of crystallizing ability

(d) Increased reactivity of the constituent groups

(e) Changes in the molecular shape of the protein.
Particularly, protein unfolding/ denaturation is not only limited to industrial and biological
process but also protein unfolding can be resulted in many diseases such as Alzheimer,
Parkinson and Huntington's disease, sickle cell disease, Creutzfeldt-Jakob disease, cystic
fibrosis as well as degenerative and neurodegenerative disorders [83—-85]. This gives rise to
totally irreversible thermal denaturation and insolubility. Native structure of biomolecules
parallels to the particular structure that is thermodynamically more stable conformation under
physiological environments [86]. The fundamental principles of protein folding stability have
been a theme of impassioned study over the past several decades and remain one of the

boundless mysteries currently [87,88].

1.4 Effect of co-solvents on the protein structure and stability

In general, most of the proteins are sensitive and highly functional complex systems, exhibiting
a considerable amount of structural instability in their folded state. The structure and stability
of biomolecules in the co-solvent conditions are dependent on the natural surroundings of the
co-solvent, which can change a protein physical properties and structural arrangements
through molecular interactions amongst its functional groups and the solvent particles [89—
91]. Moreover, within the sight of co-solvents, the variances among a remarkable number of
folded and unfolded compliances take place by means of a wide range of pathways, then
again, proteins can be stabilized or destabilized. Thermodynamic point of view, a protein in a

solution exists in equilibrium between the folded and the misfolded states (Figure 1.8) [78].
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The protein molecule surface is basically answerable for the interaction with co-solvents that
provides to the protein stability. The support of a protein’s structure depends on the great
number of interactions made with the solvent condition [89,90]. Essentially, the co-solvents
that change the equilibrium towards folded state are called as protectants while those that favor
the unfolded/misfolded state are called as denaturants [75].

The use of proteins in co-solvents has comprehensive useful applications and permitted the
combinations of biologically active materials, which are challenging to achieve with
conventional biochemical catalytic agents. Several biophysical studies have been done in
enhancing the protein stability in the presence of co-solvents and it has been recognized that
the protein stability is stable between the intra-molecular interaction of protein functional
groups and their interaction with Co-solvent molecules environment conditions [92,93]. The
hydrophobic interactions with AA residues play a key role in various biological processes
such as membrane, protein interactions and protein stability. Proteins in aqueous solution,
particularly for polypeptides, the condition is even more difficult than just specified, for the
reason that water changes its atmosphere as a function of temperature [94,95]. The stability of
proteins is elevated by the protectants that are not interfering functional activity of the proteins,
while the stability of proteins is compact by denaturants, which ultimately destabilizes the
activity, as well as function sites, and changes the structure of the proteins. Small changes in
the native surrounding environment of a protein molecule can reason structural modifications
leading to the development of different conformations, and thus, disturbing the actual
functional shape of the protein. More essentially, deserts inactive native state protein folding
might be the molecular basis for an extensive variety of human genetic conditions. Luckily, the
environment has provided a shield of ensuring co-solvents to avoid this disorder in
biomolecules. Biologically, these rapid physiological stresses and disorder in biomolecules

overcome in the presence of biocompatible ILs that slightly represents a different class of
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environment-friendly compound. Since, ILs because of their specific nature, size, and
desirable physical properties play a pivotal role in the folding/unfolding states of proteins.
Consequently, in order to found the advantage of drug-based ILs for FDA, and also it is very
important and interesting to see the overall effects of the different types of ILs on the

structure and stability of various proteins [3,96-98].

1.5 The importance of thermophysical and thermodynamic properties

Thermophysical properties of pure solvents or mixed solvents are having much attention in
phase equilibria that can be parameter for the design of various technological processes and
many tremendous applications. These properties are the assets of a substance or material
which influence the mass transfer and storage of heat, they may change with the composition
temperature, and pressure of the mixture [99-102]. The investigations of composition
requirement of the thermophysical properties are of great significance and most essential in
many facets for the scientific communities, which can be an effective source of information
with respect to the visible impacts of the different types of intermolecular forces (such as
electrostatic, induction, dispersion and chemical forces) which are available in liquid
mixtures [103-105]. These molecular interactions provide specific information on how the
thermodynamic properties like entropy (S), energy (U), enthalpy (H), helmholtz free energy
(A) and gibb’s free energy (G) will be changing with pressure, density and temperature [106—
108]. Subsequently, volumetric properties of liquids are frequently communicated by
equations of state which are more suitable to ascertain thermodynamic/thermophysical

properties related to the independent factors or volume (V) and temperature (T).

To better understanding of the molecular interactions between the liquids and the liquid
mixture, a detailed knowledge of thermodynamic and thermophysical properties of liquids

and their liquid mixtures are essentially required. Moreover, experimental measurements data
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of thermophysical and thermodynamic properties of fluids and liquid mixtures are interesting
and of high essential, empirical significance for the chemical industry [109-111]. In spite of
the fact that a qualitative association between the microscopic and macroscopic features are
important to both academic research and chemical industry communities [112-114]. The
requirement for specific properties of thermodynamic/thermophysical information is winding
up progressively imperative for industrial applications. Although, the understanding of
thermophysical data of binary liquid mixtures of ILs with other organic solvents is vital for

improvement of particular chemical processes [115,116].

In the present situation there has been an extraordinary growth in thorough thermodynamic
properties of binary liquid mixtures not only because of industrial importance but also on the
source that they lead to a good understanding of the molecular interaction between (solute-
solvent) the liquid mixture and the continuation of solution theories [117-121]. When two
fluids are combined together, the consequential changes in thermophysical and
thermodynamic properties can be considered as an amount of any contributions in terms of
change in energy, change in free volume, molecular alignment, change in nature of molecular
interactions and stearic prevention [119,120]. Excess and apparent thermodynamic properties
of binary mixtures are more useful for obtaining the molecular interactions and in terms of
molecular size, shape, polarity, nature of component molecules and also structural changes

[121,122].

The better understanding of thermophysical properties of liquids and their liquid mixtures
have a lot of essential to the chemists and chemical engineers several approaches in terms of
the applicability theories of liquids and their mixtures will helpful in the assessment of

mixtures of similar nature,
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> to elucidate, compare and predict thermodynamic properties via molecular
thermophysical considerations,
> to find the applicability theories of fluids and to expect the properties of
mixtures of similar nature,
> to understand the intermolecular interactions between different kinds of
solutions,
> further, these volumetric properties are useful for designing the industrial
equipment with better precision, thus reducing the capital costs, pipelines and
pumps with better precision,
> volumetric measurement studies of liquids mixtures are useful from
petrochemistry to pharmaceutical industries,
> to examine the present theories of solutions due to their sensitivity to the
distinction in sign and magnitude of excess and apparent thermodynamic
functions and geometry of the component molecules,
> to test the present theories of solutions due to their sensitivity to the variance
in sign and magnitude of excess thermodynamic functions and geometry of the
component particles.
The excess and apparent properties are widely used to study the difference of a specific liquid
mixture from ideality of solution [123-125]. Moreover, the formation of hydrogen bond
interactions between the molecules of a binary liquid mixture is an additional mutual
chemical effect influence the thermodynamic properties or result to a greater extent than
other specific and physical interactions of liquid mixtures [126-131]. These interactions
clearly reveal that the scope of intermolecular interaction and self-association between unlike

molecules fluctuate with the composition of the mixture.
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The complex nature of the molecular interactions presently in the liquid stage creates the
assignment of predicting thermodynamic measures problematic [132-135]. However,
thermophysical information is in helpful industry, for the optimization of the development of
many industrial processes such as heat transfer, pipeline systems, surface facilities, oil
recovery mass transfer, oil and gas for flow assurance, fluid flow, biomedical research as well
as pharmaceutical, polymer for solvent emission and selection [109,123,129]. The
understanding of thermodynamic/thermophysical properties of the ILs mixture with other
solvents are helpful for the development of particular technological processes of a reaction
and chemical processes [130]. Evidently, thermophysical information of methods are used to
determine the thermophysical properties which are most important to designing advance
future developments and tools involving chemical and chemical engineering processes. These
thermophysical properties, containing activity coefficients of coponents at infinite dilution
and excess molar volumes and apparent molar volume are also very useful for the design of
predictive models for systems having ILs mixtures [131]. The classification of

thermophysical and transport properties is shown in Figure 1.9.
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Figure 1.9: Classification of thermophysical and thermodynamic properties.
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To this end, a database of anion and cation of ILs and thermophysical properties must be

helpful and partial volumes at infinite dilution (V:i) can be utilized as a basis for the

understanding of the molecular interactions namely dispersion forces, hydrogen bonding
interactions in liquid mixtures. Correspondingly, thermophysical data provide useful
information and very interesting to understand the intra- and intermolecular interactions in
between the component particles in the mixtures and are also used to easily reveal the solute-
solute, solvent-solvent and solute-solvent structural interactions between the ions of ILs and
solvent molecules of liquid mixtures which is an essential aspect of the scientific community
[104,132-134]. Mainly, the objective of investigating thermophysical properties of binary
liquid mixtures of ILs is to provide to a database of thermodynamic properties of liquid
mixtures containing components efficient of undergoing particular interactions and to explore
the relationship between ionic structures of the IL. And also establish the principles for the
molecular arrangements, molecular design, geometrical effects and molecular modelling of
suitable ILs for chemical separation processes [121,132,135,136].

Therefore, an industrial scale point of view to design any chemical process containing an IL it
is essential to recognize the thermodynamic properties such as density, sound velocity as well
as activity coefficients at infinite dilution [137]. These ILs have received, over the past
decade, much attention as environmentally-benign substitutes to conservative organic
solvents [19,138,139]. Till to date, ILs characteristically consist of minor anions and large
cations such as pyridinium, imidazolium, cholinium, quaternary ammonium, and
phosphonium. Nevertheless, the intermolecular interactions between ions so weak as
compared to coulombic interaction between dipolar molecules that atomic behavior of ILs is
different from that of conservative dipolar liquids. In contrast to the strong electrostatic
interaction between ions, the steric effect of the big size of cations inhibits ILs from getting

solidified at room temperature as take place in common salts. Finally, attending to the scarce
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of experimental works corresponding to an ionic liquid containing mixtures, further research
is essentially important to understand their internal association and developed models for
expectation.

1.6 Scope of the present study

The thesis is divided mainly into two parts.

1.6.1 The study of protein folding/unfolding in the presence of different class of ILs
The structure and stability of proteins in the presence of ILs has been of considerable due to
their biotechnological and pharmaceutical applications. Various studies have been carried out
by many research groups on this protein science field, since a complete understanding of the
unsolved puzzle of protein folding will certainly result in obvious biotechnological and medical
applications. Attractively, biocompatibility has been attained for a number of these ILs in
recent decades. Moreover, the biomolecular mechanisms of Hofmeister anion series of
imidazolium and cholinium-based ILs special effects on different biomolecules have not been
clearly explained. Therefore, we have taken this opportunity to study the effect of structure and
stability of proteins in imidazolium and choline-based ILs. Consequently, in order to improve
our understanding of the effect of Hofmeister series, studies on the anions of different ILs on
the structure, stability and activity of BM protein has been carried out in the present thesis
work.

Therefore, the present studied reported the structural stability and activity of BM in the
presence of choline and imidazolium-based ILs such as ([Bmim][Cl]), ([Bmim][Br]),
([Bmim][1]),  ([Bmim][HSO4]),  ([BmIim][CH3COOQ]),  ([Bmim][NOs]),  ([Ch][Ac]),
([Ch][Dhp]), ([Ch][CI]), ([Ch][BIt]), ([Ch][OH]) and ([Ch][l]) by using UV-visible
spectroscopy, dynamic light scattering (DLS), steady-state and thermal fluorescences,

circular dichroism techniques.
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1.6.2 Excess/apparent properties of binary mixtures

As a part of this study, thermodynamic properties such as excess molar volumes (V),
deviation in viscosities (4#), deviation in isentropic compressibilities (4Ks) and deviation in
refractive indices (4np) were calculated from experimental densities (p), viscosities (7), sound
velocities (u) and refractive indices (np) values for the ammonium-based ILs with N, N-
dimethylacetamide (DMA) at various temperatures from 25 to 40 °C and atmospheric
pressure. The calculated thermophysical properties (VE, AKs Ay Anp) Were correlated with
the Redlich-Kister polynomial type equation to confirm the accuracy of measurement data of

different binary systems.

Furthermore, it has been explored using apparent properties for the binary mixtures
containing IL 1-methyl-1-propyl pyrrolidinium tetrafluoroborate [MPpyr][BF,] and solvents
water, alcohols (methanol and ethanol) at different temperatures. The apparent molar volume

(V,) have been calculated from the experimental density data, respectively. Limiting

apparent molar volumes (V(f), the limiting apparent molar expansibility (Eg) and thermal

expansion coefficients a, were also calculated using Redlich—Mayer type equation.

1.7. Research aim and objectives

The aim of the present research is to explore the role of biocompatible ILs on the protein
folding/unfolding studies as well as to enhance the structure, stability and activity of BM in

the presence of different (cations and anions) biocompatible ILs. In addition,

» To identify the anion effect of biocompatible ILs on protein structure
> Identification of suitable co-solvent for a particular protein,
» To see the concentration effect of biocompatible ILs on protein stability,

» To see whether Hofmeister series of anion is followed or not.
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Furthermore, measure the thermophysical properties of different concentrations of ILs and

their derivatives in organic solvents at various temperatures and under atmospheric pressure

and study the alkyl chain length of cation/anion of ILs effect on the organic solvents

interactions of the liquid mixtures. The present study will also focus on excess and apparent

properties of binary mixtures containing specific and non-specific interactions.

The objectives below will be achieved in the following steps:

>

>

To explore protein folding/unfolding in the presence of different ILs.
To study the effect of Hofmeister anion series of ILs on protein folding studies.

To interpret temperature effect on the molecular interactions between ammonium
based ILs and N, N-dimethylacetamide (DMA) molecule as well as solute-solvent
interactions between 1-methyl-1-propyl pyrrolidinium tetrafluoroborate [MPpyr]
[BF4] with water or alcohols.

To understand the molecular interactions between the DMA with ammonium group of
binary mixtures of ILs.

To understand the solute-solvent interactions between the pyrrolidinium-based ionic
liquid with water and alcohols.

In the current study, it has been explored various thermodynamic properties such as
VE, ks, Aks An and Anp for the binary mixtures of DMA + ILs of quaternary
ammonium salt as well as V, for the binary systems of [MPpyr] [BF4] + water or
alcohols.

These thermodynamic properties (VF, ks Axs An, 4np and V,) actively using in
solution chemistry to know the various solvent and solution properties.

To investigate the effect of temperature on these properties and their derived

properties.
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1.8 Outline of the thesis
The outline of this thesis is as follows:
Chapter 1 gives an introduction to the study of proteins, folding/unfoding, ILs and

thermophysical properties of ILs mixtures.

Chapter 2 delineates the detailed review of the literature on protein structure and stability of
imidazolium and choline based ILs. Chapter 2 also gives a summary of the literature on

thermophysical properties of binary mixtures containing ILs.

Chapter 3 mainly describes the materials and experimental techniques used throughout the

research for carrying in this present thesis.

Chapter 4 presents the obtained results and discussions on study of proteins folding/unfoding

in presence of ILs and thermophysical properties of ILs with aguous and organic mixtures.

Chapter 5 presents the conclusions of the work carried out in the thesis.
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CHAPTER 2

LITERATURE REVIEW
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2.1 Structure and stability of proteins/enzymes in the presence of various ionic

liquids

Varieties of proteins/enzymes are present in the environment and are the important molecules
in the processes of a life cycle. They all belong to a class of biomolecules, which means that
they contain evidently, and often especially, long polypeptide chains of amino acids. One of
the major challenges in protein science has been the ability to protect the three-dimensional
protein structure [140,141]. Though, the maintenance of a protein structure in its active native
state is one of main significance for its biological functions and activities. In the present
situation, the stability and biological activity of proteins in the presence of ILs have been an
area for dynamic research due to their biomedical, biological, food fields, biotechnological
and pharmaceutical applications [142—-144]. Moreover, the physical and chemical properties,
folding, unfolding, stability, the activity of a protein depends on the sequence of amino acids
residues and also in the presence of co-solvents [50,57,145]. The equilibrium between the
stability and destability of proteins can be perturbed by the addition of co-solvents. For the
sake of clarity, it has been presented the equilibrium between the unfolded and folded the

states of proteins Figure 2.1.

[l -
& . // rA &7 ‘
R 5 CAVA
P (O P AL R
rotectants | | ‘a % 1 Denaturants g )
e RC~r
TR = L\
NS L J
vl s Native protein Unfolded state

Figure 2.1: The stability of a protein in presence of co-solvents.

28



Basically, all biological processes depend on molecular recognition, which either is
intermolecular as in ligand binding macromolecule complexes, or intramolecular between
protein functional groups. Therefore, it is very essential for a protein to be in its native state
(folded state) to accomplish several biological functions. Consequently, plenty of work has
been done on the structure and stability of different proteins in ILs. Figure 2.2 signifies the
year-wise journals straightly dealing with the stability of proteins/enzymes in the presence of
different combination of ILs. However, medium-induced proteins stability using ILs are
likely to be used progressively more in a valuable approach for enhancing the performance of

enzymes/proteins.
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Figure 2.2: A number of publications regarding protein stability in ILs as a function of the

year based on our own literature survey up to June 2018.

The protein stability using novel reaction media is definitely and consistently evolving.
Biocompatible ILs has been exposed to be suitable media for proteins stabilities and their

synthetic reactions. In recent times, these ILs are being recognized as the good solvent media
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for the comprehensive study of protein folding/unfolding. ILs have developed as a novel class
of solvents that have significantly improved protein stability in surrounding environments
[146-149]. Protein folding is usually carried out in dilute aqueous solutions in order to prevent
protein aggregation and improvement of a renaturation additive avoiding aggregation. In
specific, the influence of ILs on protein structure has only recently become a focus of study and
fascinated considerable attention. In the beginning, the first significant statement on the
stability of protein in the presence of ILs was explored by Flowers and Summers [150] in 2000.
Subsequently, a lot of researchers have been reported plenty of works on the stability of several
proteins in different ILs. In this context, Sankaranarayanan et. al., [151] investigated the key
role of ILs in folding/unfolding reversible studies of globular protein and also proposed after
a specific concentration of ILs change from helical to B-sheet structure conformation takes
place which finally resulted in the pre-fibrillar state [152]. Moreover, the stability, activity,
and specificity of enzyme/protein are often connected to the solvent properties of ILs such as
hydrophobicity, viscosity, polarity, hydrogen-bond basicity, ion kosmotropicity and
nucleophilicity of anions.

2.1.1 The influence of imidazolium-based ionic liquids on the stability and activity of various

proteins

The stability of proteins is among the most fascinating and essential developing scientific research
fields whereas ILs are beginning to play a role in protein science. The major interest of biological
applications including proteins and ILs, additional studies has been devoted to many aspects
of structure and stability of proteins and enzymes in ILs. Several attention-grabbing studies
related to the various ILs interactions with proteins have been carried out focussing on the
role of ILs on protein folding/unfolding studies. In this respect, it can be concise that ILs are
promising as potential solvents in various scientific applications. Subsequently, dissolving ILs

in an aqueous solution as co-solvents have been a more advantageous approach in this area and
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will be the focus of this literature survey. The uses of proteins in imidazolium-based ILs have

improved because of their outstanding electrochemical properties, for example an extensive

potential window, high conductivity, as well as selective tunable extraction properties

[153,154].

In recent years, Kumar et al. [155] and Egorova et al. [156] concluded that the

imidazolium-based ILs were helped to understand the proposed mechanism behind the

identified effects on protein stability, and improve better ILs.

Table 2.1 The influence of various ILs on the stability and activity of proteins.
Author and Protein ILs Stabilized Activity of
Reference - the
Destabilized biomolecule
Takekiyoet  Cyt C and (EAN) Stabilized
al. [157] Lyz ([Bmim][SCN])
Luetal. CytC ([Emim][Br]), ([Bmim][Br])
(158) and ([HMIM][BTr])
Fujita et (IBmim][DHPY]),
al.(159) CytC Bmim][CH3;COO0]),
([Bmim][MeSOy4)), ([Bmim][CI])
and ([Bmim][lac])
Diego et CT ([Emim][NTf2]) Stabilized
al. (146)
Lozano et (IEmim][BF4]), ([Emim] [NTT;]), Stabilized
al. (160) ([Bmim][PF¢])- ([Bmim][BF4]),
([Bmim][PFg¢])and ([MTOA][
NTf,])
Noritomi et Noritomi ([Emim][FSI]) and Destabilized
al. (161) ([Emim][PF¢])
Bisth BM ([Bmim][Br]) and ([Bmim][Gly]) Stabilized
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etal. (162)

Jha et al.
(163)

Lange et al.
(164)

Wang et al.
(165)

Mandal et
al. [166]

Kumari et
al. [167]

Yamaguchi
et al. [168]

Shu et al.
[169]

Satish et al.
[170]

Huang et al.
[171]

Zang et al.
[172]

Safavi et al.
[173]

Jha etal.
[174]

Pei and Li
[175]

Lin et al.

BM

Lyz

Lysozyme

Lysozyme

Lysozyme

Lysozyme

Bovine
serum
albumin

Bovine
serum
albumin

Bovine
serum
albumin

myoglobin

myoglobin

haemoglobin

haemoglobin

haemoglobin

([Amim][CI])

([Bmim][CI]), ([OH-Pmim][CI])

and ([OH-Emim][CI])

([Bmim][Br]), ([Bmim][BF4]),
(IMmim][1]) and([Bmim][CI])

([Bmim][OS])
([Omim][CI])
([Bmim][CI])

(IDBmim][CI]), ([Bmim][CI])
and ([Bmim][NOs])

([Bmim][CI])

[Bmim] [CI], [Hmim] [CI] and
[Omim] [CI]

[Bmim][BF4 ],[Bmim][ NOs ],
[Bmim][CI '], and[Bmim][Br ]

([Bmim][Cl])

([Bmim][CI]), ((Emim][CI]),
([Dmim][CI]) and ([Hmim][CI])

([Csmim][Br]), ([Cemim][Br]),
([Camim][Br]), ([Cemim][CI])
and ([Csmim][ClI]

([Omim][Br])

32

Stabilized

Destabilized
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scu et al.

Human
serum
albumin

Human
serum
albumin

a_
chymotrypsi
n

Cytochrome-

C

Cytochrome-

C

Lysozyme

Cytochrome-
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DNA
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Lysozyme

RNA

([EmIm][NO3]), ([Emim][DMP]),

([Emim][BFa]), ([Emim][SCN]),
([Emim][EtSOy4)), and
([Emim][DCA])

([Comim][CI]), ([Comim]- [dca]),
([Csmim][CI]), ([Camim][dca]),
([C20HmMIm][CI]),
([C.OHmMiIm][dca]),
([C4dmim][CI]) and
([C:Omim][CI])

[Ch][Ac], [Ch][CI], [Ch][Dhp]
and [Ch][OH]
([Ch][DHP])

([Ch][Dhp])

([Ch][Dhp])

([Ch][DHPY]), (IChI[TMA]),

([Ch][Prop]), ([Ch][Hex]),
([ChI[DMP)), ([ChI[TFMS]),

([ChI[TFN]), ([Ch][Lac]) and
([ChI[CI])

([Ch][Glu]) and ([Ch][DHP])

(ICh] [DHP])

([Ch][DHP])

([Ch][DHP]) and ([Ch][CI])

([Ch]LCID), ([ChI[Ac]),
([Ch][Lac]) and ([Ch][C:SOs])

as ([Ch][DHP]), ([Ch][CI])
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Kennedy et
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Hekmat et
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Mann et al.
[202]
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al. [203]

Jha et al.
[204]

Kumari et
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Cunha et al.
[206]
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et al. [207]

Sankaranar
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al. [151]

Patel et al.
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Lysozyme
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hemoglobin
and
myoglobin
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chymotrypsi
n

collagen

Myoglobin
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serum
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(TEAP), (TEAA), ([TBP][BT]),

(IBZmim][BF4]) and
([BZmim][CI]),

(EAF), (EOAN), (EAP), (EAN),

(EAMs), (EAA), (EAP),
(TEOAN), and (EATTA)

(EAF), (EAN), (DMEG) and
(IMeOEAAC))

(EAF), (PAF) and (MOEAF)

([TMG][Pro]) and ([TMG][Lac])

[TEAH], [TMAH], [TBAH] and

[TPAH]

([BMOP][BI)

([BMPYR][CI]) and
([BMPYR][CI]).

(PEP) and (PMS)

([Emim][OH])

([DMP][ID)

Destabilized
activity
Decreased
stabilized
stabilized Maintained
activity
Destabilized
increased
activity
Destabilized
Destabilized

Takekiyo et al. [157] reported that (EAN) and ([Bmim][SCN]) can be utilized as

cryoprotectant of cytochrome C (cyt C) and lysozyme (Lyz). However, these both ILs

remarkably reduced the activity and induced unfolding of secondary structure of cyt C and

lysozyme. After the exclusion of these two ILs by dialysis after cryo-preservation and

consequent heating, the activities of both cyt C and lysozyme regained to > 90% and the
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conformation structural changes were recuperated (i.e. refolded) at IL concentrations > 10%.

This work revealed that the unfolding effect of imidazolium-based ILs is mostly reversible.

Lu et al. [158] completed the extraction study of Cyt C in the presence of imidazolium-based
ILs with variable alkyl chain lengths such as ([Emim][Br]), ([Bmim][Br]) and ([HMIM][BTr]).
The outcomes revealed that 94% of the Cyt C can be extracted into the rich phase of ILs
during the extraction method. From the results, they concluded that this aqueous two-phase

system has the potential to be applied to extraction and concentration of Cyt C.

Consequently, Fujita et al.[159] studied the structure and stability of Cyt C in
([Bmim][DHP]), ([Bmim][CH3COO]), ([Bmim][MeSO,]), ([Bmim][CI]) and ([Bmim][lac]).
From the experimental results, the authors identified that ILs having anions such as tetra
fluoroborate and chloride are not noble solvents for Cyt C even after the adding of 20 wt %

water, despite the insignificant basicity as well as hydrogen bonding potential.

In other works, Diego and co-workers [146] explored the formation of stabilization capability
of ([Emim][NTf2]) on CT and the stability of CT in this IL was compared with 3 M sorbitol,
1-propanol and water. Among all the co-solvents, IL was found to be a good stabilizing agent
for CT structure, as compared with different solvent media. Due to their excellent properties,
ILs appeared as a good alternative to organic solvents for emerging hygienic biotechnological

processes.

Later, Lozano et al. [160] found that the CT stability has improved during esterification
process in the presence of ILs such as ([Emim][BF4]), ([JEmim] [NTf;]), ([Bmim][BF4]),
([Bmim][PF¢]) and ([MTOA][ NTf;]). Among all the ILs, ([Bmim][PFs]) was acted as the
best stabilizing IL for CT structure. They explicitly anticipated at the first time that ILs were

best suitable solvent media for protein stability.
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Noritomi et al. [161] revealed that CT exhibited activity in the presence of two different ILs
such as ([Emim][FSI]) and ([Emim][PFg]) at 80 °C, whereas increasing the temperature of ILs
the activity of CT was decreased. Moreover, the activity of CT is strongly affected by various

anions of the ILs.

In 2016, Bisth et al. [162] investigated the Interactions of bromelain (BM) with ([Bmim][Br])
and ([Bmim][Gly]) by using different techniques. They were found that the anion moieties of
the imidazolium-based ILs play a vital role towards to the structure of the protein. However,
the ([Bmim][Br]) not only acted as best stabilizers for the bromelain native state but also
defend the BM against thermal unfolding of BM structure. In their results, they observed that as
([Bmim][Br]) is more biocompatible as compared ([Bmim][Gly]) for stabilizing the BM
structure. In conclusion, the spectroscopic and enzyme activity results shown that tertiary
structure of BM is completely maintained at high concentration (0.05-0.1 M) of both

imidazolium family ILs.

Jha et al. [163] observed the conformational stability, enzyme activity and thermal stability of
BM in the presence of (JAmim][CI]) using various spectroscopic methods. Excitingly, CD
and fluorescence results indicated that the low concentrations (0.01-0.10 M) of ([Amim][CI])
are ostensible only altering the structural arrangement of the BM without having strong
significances on their enzyme activity and stability. The thermal stability of BM in the

presence of IL was continuous decrease with increasing concentration of ILs (except 0.01 M).

Lange et al. [164] Investigated the effect of ([Bmim][Cl]), (JOH-Pmim][CI]) and (JOH-
Emim][CI]) on the stability of lysozyme. The authors are found that the transition
temperature (Tm) of lysozyme (Lyz) decreased remarkably with increasing cation alkyl chain
length of the ILs. After testing the effect of all imidazolium family ILs, again they confirmed

that increasing the hydrophobicity and the alkyl chain length of cation moiety abnormally
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decreases the conformational stability of Lyz. Though, insoluble aggregates were prevented
in the higher concentration of 2 M of each IL after denaturation of selected protein and
dilution into each IL, and at 0.5 M lower concentrations, ([Hmim][CI]) was the maximum
effective suppressor of insoluble aggregates, whereas less hydrophobic cations were not as

active.

Moreover, Wang et al. [165] reported the Tm values of Lyz crystals produced in different
imidazolium-based ILs as an additive and thermaly increased from 65.6 to 71.4 °C
([Bmim][CI]), 81.2 °C ([Bmim][BF.]), 78.2 °C ([Mmim][l]), and 81.9 °C ([Bmim][Br]).
Therefore, the enhanced thermal stability attained with the ILs followed the trend as:
([Bmim][Br]) > ([Bmim][BF4]) > ([Mmim][I]) > ([Bmim][CI]) . The thermal stability of Lyz
crystals was ascribed to enhanced crystal contacts, changes in conformational stability, and
intermolecular interactions between ILs and lysozyme molecules, which affected Lyz

nucleation and crystal development and morphology.

Mandal et al. [166] studied the destabilizing effect of ([Bmim][OS]) on Lyz. It is very
necessary to know the effect of ILs on the structure and stability of lysozyme in an aqueous
medium, and understanding the molecular level is required to achieve a deeper insight into
the interactions between ILs. The variations in the structure of Lyz were monitored using
spectroscopic techniques in phosphate buffer medium (pH 6 and 8) at 25 °C. Tryptophan
residues in the presence of lyz made it fluoresce which was quenched by the interaction with
the IL. Both static and dynamic quenching was observed in the presence of fluorescence

analysis.

Kumari and co-workers [167] investigated the dependency of the enzymatic activity of hen
egg white Lyz (HEWL) in the presence of ([Omim][CI]). The results showed that IL

significantly quenches the fluorophore of lysozyme by static quenching mechanism. The
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thermodynamic parameters show that the interaction of ([Omim][CI]) bind to protein
functional groups are dominated by hydrophobic interactions. Additionally, based on the UV
and CD results, the authors determined that the imidazolium-based IL induce the

conformational change in lysozyme protein and increase its enzymatic activity.

Yamaguchi et al. [168] studied denaturation of Lyz in the presence of different hydrophobic
imidazolium cations joined with a Cl anion and observed that refolding was best attained with
short N-alkyl chain length of the cations, with ([Bmim][CI]) attaining the maximum refolding
yield of 84%. Furthermore, Increasing the alkyl chain length and hydrophobicity of the cation

moiety of the ILs decreased the refolding yield.

Furthermore, Shu et al. [169] studied the interaction of imidazolium family ILs such as
(IDBmMim][CI]), ([Bmim][CI]) and ([Bmim][NOgz]) with bovine serum albumin (BSA). By
means of spectroscopic results, they were concluded and interpreted the loss of secondary and
tertiary structure of BSA influenced by various amounts of ILs and determined that the
driving forces contain hydrophobic and electrostatic interactions. In contrast, the influence of
these ILs on the conformation stability of BSA decreased according to the following order of

([BmMim][NOgs]) > ([Bmim][CI]) = (|[DBmim][CI]).

A study by Satish and Millan [170] on BSA exhibited that imidazolium-based ILs of cations
play an important role in stabilizing BSA against thermal denaturation. The thermodynamic
investigation revealed that very weak interactions occur in between BSA and ILs. Authors
revealed from their study, hydrophobicity played a vital role in the destabilization of BSA as
well as destabilization increased promptly as a function of concentration in the presence of
more hydrophobic ([Bmim][CI]). Therefore, it was found that the thermal stability of BSA in

the presence of ILs follow the order as ([Emim][ESO,4]) > ([Emim][CI]) > ([Bmim][CI]).
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Huang et al. [171] explored the interaction of BSA in the presence of fixed imidazolium
chloride [CI] anion from three different cations such as [Bmim], [Hmim] and [Omim], by
using UV, fluorescence. The obtained results indicated that imidazolium-based ILs interacted
with tyrosine (Tyr) and tryptophan (Trp) residues, changing the native structure as well as the
internal hydrophobic form of BSA. The UV results exhibited that the after addition of the ILs
will cause redshift of BSA absorption peak and decrease the adsorption intensity.

Zang et al. [172] investigated the effect of the same cation 1-butyl-3-methylimidazolium
(Bmim) with different combinations of anions such as BF, , NOz, CI', and Br in phosphate
buffer solution on the stability of myoglobin (Mb). Conforming denaturation intermediates of
Mb were nearly related to those obtained results in the absence of sodium salts in phosphate
buffer solution. These observed results indicate that [Bmim] cation can promote the unfolding
of Mb. Finally, the results revealed that the denaturation ability of imidazolium family ILs
increases with increasing alkyl chain length of the cation of ILs as well as that hydroxyl-
substituted imidazolium cation could also encourage the unfolding of Mb.

Safavi and research group [173] significantly reported the Mb in IL interaction by using UV-vis
spectroscopy and displayed that Mb maintains its native structure in the presence of
([Bmim][Cl]) as a function of temperature. By means of the gradual increasing of ([Bmim][CI])
up to 0.2 M, there are no significant changes in the UV spectrum was observed. Furthermore,
they revealed that the bioactivity of the protein was retained in presence of 0.2 M concentration
of IL. This indicates that the Mb is almost stable below these conditions. The conformational
variations in the properties of the Mb with the addition of IL might be because of the changes
in the environment in Mb.

In 2015, Jha et al. [174] extensively explored the different cationic effect of ([Bmim][Cl]),
([Emim][CI]), ([Dmim][CI]) and ([HmMim][ClI]), on the conformational stability of haemoglobin

(Hb) protein at various concentrations of ILs in buffer solution, and they concluded that the
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destabilization trend of ILs toward Hb increases with increasing the cation chain length of ILs.
Moreover, the imidazolium cations of ILs complied with the Hofmeister arrangement when
arranged in the sequence of providing stability to protein structure.

Pei and Li [175] reported that 76-100% of the Hb can be extracted into the IL rich phase in only
singular point separation in the presence of imidazolium family ILs. It is indicating that
partitioning of the proteins is dominated by the hydrophobic interactions between the Hb and
cations. In contrast, The ability of the alkyl chain length of the cations of the ILs for phase
separation process follows the trend: ([Cemim][Br]) > ([Csmim][Br]) > ([Csmim][Br]) >
([Cemim][CI]) > ([Csmim][CI]).

Lin et al. [176] identified that 1-octyl-3-methylimidazolium bromide (JOmim][Br]) was the
best suitable ionic liquid for extraction and separation of Hb. Absolutely, while the extraction
process was ascertained by hydrophobic interaction, electrostatic interaction also played a vital
role in the intrinsic factors that were associated with the extraction efficiency of protein.
Akdogan et al. [177] observed the stability of Human serum albumin (HSA) in imidazolium-
based ILs for example, ([Emim][NOs]), ([Emim][DMP]), ([Emim][BF4]), ([Emim][SCN]),
([Emim][EtSO4]), and ([Emim][DCA]). From the experimental results, they determined that
the denaturation of HSA after adding of ILs was concentration dependent also the
denaturation of the ILs over HSA follows the trend ([Emim][DMP]) < ([Emim][NOs]) <

([Emim][BF.4]) < ([Emim][EtSO.]) < ([EMIim][SCN]) < ([Emim][DCA]).

Silva et al. [178] observed that longer alkyl side chain lengths of imidazolium cations are
more hydrophobic and are related to a greater destabilizing effect on HSA than short alkyl
groups. An increase in the alkyl chain length of cations of ILs leads to destabilization of native
protein hydrophobic interactions along with a greater aggregate of binding. This
conformational limitation affected by ion-interaction makes some difficulty in the three-

dimensional structure and although a more squeezed structure.
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2.1.2 The conformation structure and stability of various proteins in the presence of
choline-based ionic liquids

The different families of ILs, particularly choline-based ILs and their derivatives, have gained
great attention in the recent decades for their distinct outcome on protein stability and specious
biocompatibility. Hence, the investigation of protein and choline-based IL interaction is
necessary to observe the result of a particular effect on the conformational and structural
stability of the protein. Moreover, choline family ILs have established as one of the best
suitable applicants for stabilization of biopharmaceuticals and biotechnological because of their
biocompatibility and distinct effect on protein structure and stability [179,180]. From the
previous studies, it was found that cholinium-based ILs are highly biocompatible,
metabolism, transport of lipids, less toxic to an acceptable range, biodegradable, cytotoxicity
as well as they are able to degrade completely under aerobic conditions [181,182]. According
to,

Bisht and Venkatesu [183] comprehensively revealed the effect of choline family ILs on the
conformational structure, stability and activity of CT. The conformational and thermal
stability of CT in the presence of different choline family ILs followed the trend [Ac] > [CI]
> [DHP] >> [Cit] >> [OH] with ([Ch][Ac]) having the best overall stabilizing effect on CT,
increasing Tm values from ~ 49 to 63 °C as a function of concentration. Moreover, the
activity of CT in the presence of choline-based ILs similarly followed a related order,
excluding ([Ch][Cit]) decreased the proteolytic activity of CT more than (JCh][OH]), and a
slight increase in activity was observed with ([Ch][Ac]); such that the according to the follow
order: [Ac] > [CI] > [DHP] >> [OH] >> [Cit]. These results were clearly indicated that the
anions of ILs play an important role in affecting the structural stability and the enzymatic

activity of CT.
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Weaver and Vrikkis [184] investigated the effect of [Ch][DHP] on the thermal and structural
stability of Lyz and recombinant human interleukin-2 (RHIL-2) at different concentrations.
Increased IL concentrations from (20 to 40% wi/v) resulted in increased a-to-f change in the
secondary structure of lyz at various pH (pH 4 and 7.2). On the other hand, again increasing the
concentrations of IL (0.5 to 12% w/v) enhanced the secondary order of rHIL-2 by reducing the
amount of unordered content. The Tm of rHIL-2 was found, particularly at the higher
concentration (12% wi/v or 680 mM), increasing from 61.7 to 74.2 °C. Lyz Tm values were
also increased with increasing concentrations of IL; (40% w/v) ([Ch][DHP]) at pH 7.2 shifted
the Tm from 73.7 to 88.8 °C. The experimental results demonstrate that ([Ch][DHP]) prevents
denaturation of Lyz and RHIL-2 by interactions on the protein surface but changes the
secondary structural features in a way dependent on the Lyz. Furthermore, thermal denaturation
of Lyz, as well as RHIL-2, formulated with IL lead to in the development of irreversible
aggregates.

Fujita et al. [159] studied that Cyt C displays no important structural change and maintains its
activity when dissolved in the [Ch][Dhp]. Additionally, the protein was active even after 18
months of storing at room temperature. Other studies also show related results, [Ch][Dhp] is
best biocompatible IL for several biomolecules.

In this same direction, Fujita et al. [185] investigated the stability and utility efficiency of Cyt
C in [Ch][Dhp]. From their results, they concluded that IL provides a stabilizing solvent for
Cyt C and the structural stability and activity of the protein was maintained even after 180
days of storage at room temperature. However, the thermal stability behavior of protein was
slightly changed after 4 months storage in the [Ch][Dhp].

Rodrigues et al. [186] enhanced the structure and stability of Lyz in the presence of a choline-
based ILs such as ([Ch][DHP]), ([Ch][TMA]), ([Ch][Prop]), ([Ch][Hex]), ([Ch][DMPY]),

([Ch][TFMS]), ([Ch][TFN]), ([Ch][Lac]) and ([Ch][CI]). Authors shown that ([Ch][DHP]) is
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best stabilizer, whereas ([Ch][TF,N]) is weak destabilizer among all studied choline family
ILs for Lyz. The stability order for the anions of choline family ILs was observed to be
following the order: [DHP] > [DMP] > [Lac] > [CI] >> || [Prop] > [TEMS] ~ [TMA] > [Hex]
> [TF;N]. The effect of choline family ILs was also found to be totally concentration
dependant; for example, ([Ch][DHP]) had a destabilizing effect above 0.5 M and a stabilizing
effect above this concentration.

Very recently, Bisht et al. [187] observed various choline ILs coupled to (di-carboxylate)
anions -based and DHP as best potential media for long-term stability of cyt C. Among the
various choline family ILs investigated, >50- fold catalytic activity of protein was observed
in the aqueous solution of choline glutarate [Ch][Glu] at 50% wi/v of the IL, compared to
phosphate buffer solution (PBS), and >25-fold compared to ([Ch][DHP]) ~ 33% wi/v.
Moreover, the catalytic activity of the protein in ILs was maintained against various external
stimuli, denaturants (H,O, and GuHCI) as well as temperatures about 120 °C, along with
long-term storage of up to 21 weeks at room temperature. It is interesting to note that the
activity of the enzyme is increased with the partial unfolding of the tertiary structure.
Additionally, they discovered that the choline family ILs have more capability to enhance
both the stability and activity of Cyt c.

Vijayaraghavan et al. [188] reported that DNA reveal excellent long-term stability in
hydrated choline-based ILs and observed that ([Ch] [DHP]) supportive as a best chemical
DNA stabilizing agent and a nuclease inhibitor. Interestingly, Uv-CD results indicated that
the characteristic positive band at 275 nm and a negative band at 245 nm resulting from the
confirmation of DNA in IL. Moreover, these specific CD bands are still present even after 6
months of long-term storage at room temperature.

Later, Matias et al. [189] The obtained results indicate that no significant changes in the

redox behavior of Cyt c in ([Ch][DHP]) versus the corresponding buffer PBS were found that
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may be attributed to the presence of the IL in the aqueous solutions. These results recommend
that by the usage of the cholinium-based IL, protein stabilization and biocompatibility aspects
can be judiciously designed and conserved.

Curto and co-workers [190] studied the ions effect of various choline based ILs on the
structure, stability and biocatalytic activity of an important enzyme lactate oxidase (Lox). The
CD results reveal that the secondary structure of the enzyme exhibited changes in the a-helix
and p-sheet unperturbed in ([Ch][DHP]) with a noticeable decrease of a-helices and
a concomitant increase of B-sheets. Additionally, long-term structural stability results showed
a significant ions effect on the Lox, particularly for (JCh][CI]), for which dropping to ca. 80%
of the original (day 0) activity is retained after storage 140 days at high temperature (51°C).
Furthermore, Lox in the presence of DHP and CIl anions thermally denatured at 90°C
indicates that irreversible aggregation of the enzyme has occurred. In conclusion,
([Ch][DHP]) performance was well in terms of protein stabilization.

Kowacz et al. [191] observed that the concentration effect of choline family ILs such as
([Ch]LCID), (ICh][Ac]), ([Ch][Lac]) and ([Ch][C1SOs]) on the crystal structure development
of the Lyz. The experimental results reveal that biocompatibility and protein stabilization of
cholinium-based ILs can be rationally designed and preserved. Finally, experimental results
reveal that Lyz stabilization and biocompatibility physical characteristics can be preserved
and designed rationally in the form of the cholinium-based ILs.

The study by Constantinescu et al. [192] reported the Tm values at various concentrations of
the choline-based ILs such as ([Ch][DHP]), ([Ch][CI]) and other ILs for the thermal stability
of ribonuclease A (RNA). The results indicated that except for ([Ch][DHP]), among all other
ILs show destabilization tendency toward the RNA. In the case of ([Ch][DHP]), while the

hydrophobic choline cation is identified to levy destabilization, in the presence of a good
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stabilizing anion like dihydrogen phosphate can override the influence of choline to provide

stabilization against destabilization, hence the resultant increase in thermal stability.

2.1.3 The conformation structure and stability of proteins in the presence of some other ILs
Apart from above studies, there are still several research activities on stabilization/
destabilization of some other protein in the presence of different ILs [193-198].

Attri et al. [199] identified that the CT structure of the native state is not changed in the
presence of ILs. The experimental results clearly differentiate the variation of Tm values,
which relate to the transition temperature of CT to the unfolded state, as a function of the
concentration of IL. As can be seen that ILs promptly increase Tm values of CT (varying
from 42.0  C in the absence of ILs) to 65.0, 62.0, 52.0, 50.0 and 49.0 °C in the presence of
ILs such as (TEAP), (TEAA), ([TBP][Br]), ([BZmim][BF4]) and ([BZmim][ClI]),
respectively.

Kennedy et al. [200] investigated the effect of (EAF), (EOAN), (EAP), (EAN), (EAMS),
(EAA), (EAP), (TEOAN), and (EATfA) on the crystallization process of Lyz. Their
experimental results reveal that these 10 ILs surrounded by the concentrations of 100-200
mM can be utilized as an effective and suitable solvent for the crystallization process of the
Lyz. Afterward, they specified that the impact of the ILs as additives on the crystallization of
protein was different for each studied ILs, as well as they, determined that the influence of
the ammonium family ILs on Lyz is absolutely IL specific.

Hekmat et al. [201] also examined the activity mechanism of the crystallization process of
Lyz in ammonium-based ILs such as (EAF), (EAN), (DMEG) and ([MeOEAACc]). Moreover,
the biocompatibility of the protein was also concluded by during long- period measurement
of the complete relative protein activities. These authors finally detected that the protein

activities were decreased only to 10-15% in ammonium based ILs.
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Mann and co-workers [202] found that the (EAF), (PAF) and (MOEAF) were behaved as
good stabilizers for Lyz structure as well as threatened the protein against thermal
denaturation. From Uv-CD results, authors revealed that the thermal stability of the lysozyme
in ILs was depended on the total amount of water in the IL compound. Obviously, the
unfolded protein was perceived to be absolutely refolded by all ammonium-based IL in the
presence of 25% of water content present in the aqueous solution.

In contrast, Ebrahimi et al. [203] studied the stability and activity of photinus pyralisluciferase in
tetramethylguanidine-based ILs such as ([TMG][Pro]) and ( [TMG][Lac]). The authors observed
that the enzyme activity increased up to 0.25 M concentration of ([TMG][Lac]) similarly the
activity reduced in the presence of same concentrations of ([TMG][Pro]). Additional,
spectroscopic study of thermal stability exhibit good stability of enzyme only in the presence of
([TMG][Lac]). Finally, they concluded that in the presence of two ILs lactate anion has enhanced
thermal stability and activity as compared to propionate anion.

Jha et al. [204] enhanced the extent of stability of heme proteins such as hemoglobin (Hb) and
myoglobin (Mb) in different ammonium-based ILs such as [TEAH], [TMAH], [TBAH] and
[TPAH]. For both the heme proteins the stabilizing effects of these ammonium based ILs
follow the trend TMAH < TEAH < TPAH < TBAH. Consequently, their experimental results
exhibit that the after addition of ILs to the both heme proteins diminishes thermal stability and
permitting both proteins to be in an unfolded state. Finally, they concluded that less viscous
ILs carrying short alkyl chain of TMAH is strongest destabilizers of the heme proteins as
compared to the long alkyl chain which is high viscous ILs, such as TBAH.

Kumari and research group [205] observed that the interaction of HSA in the presence of
pyrrolidinium-based IL and ([BMOP][Br]) by using spectroscopic methods. The experimental
results revealed that the utilization of pyrrolidinium-based IL, BMOP for stabilizing human

serum albumin (HAS) native structure is a non-productive endeavor as the BMOP binds with
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protein at hydrophobic pocket domain IIA of the protein with hydrophobic, van der Waals and
hydrogen bonding whereas hydrophobic interactions were main dominating.

Cunha et al. [206] explored the catalytic activity efficiency of CT that can be increased from
2.74 (in buffer) to 5.36 as well as 6.47 in the presence of pyrrolidinium-based ILs such as
([BMPYR][CI]) and ([BMPYR][CI]).

Tarannum et al. [207] observed the effect of phosphonium family ILs such as (PEP) and
(PMS) on the stability of collagen. The spectroscopic results illustrated that, the interaction of
the ions in the ILs with the protein showing destabilization effect at higher concentration
levels. Their spectroscopic results concluded that the anion plays an important role on the
higher level of molecular interaction with collagen towards the stabilization or destabilization
of protein in the presence of phosphonium based ILs.

Further, Sankaranarayanan et al. [151] were studied the effect of phenylalanine-based IL
(Phe-IL) on the structural stability of myoglobin (Mb) in aqueous solution as well as the
structural changes in the Mb were experimentally observed using fluorescence and circular
dichroism (CD) spectroscopy. The spectroscopic results showed that the stability of the Mb is
completely depended on the concentration of the IL. This is probably because of the exposure
of the Trp to a more polar environment in Phe-IL.

Patel and group [208] investigated the effect of [DMP][I] on the structural stability of BSA.
Fluorescence spectroscopic results confirmed that pyrrolidinium family IL strongly quenches
the intrinsic fluorophore of protein. Interestingly, the stability of BSA in pyrrolidinium IL was
decreased rapidly with increase in temperature. FTIR results indicated that the
conformational stability of BSA in the presence of IL shifted from native folded form
towards to unfolded form of protein, respectively. Furthermore, the interaction between BSA

and [DMP][I] were mainly dominated by the van der and hydrogen bond interaction forces.
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2.1.4 The protein stability in Hofmeister series of ionic liquids

The phenomenon of Hofmeister series includes the particular effects of ions in aqueous
solution and was primarily connected to the solubility of biomolecules [209,210]. The
Hofmeister series of ions influence the specific interaction of cations and anions of different
families of ILs with proteins/enzymes [211,212]. The effect of Hofmeister ions are having
a huge impact on a series of biological existences though, it is still very far from thoroughly

understood in the research field of protein folding/unfolding studies [213,214].

Chaotropic Kosmotropic
Kosmotropic Chaotropic

Figure 2.3: The stability order of anions of Hofmeister series.
These biomolecular interactions depend on the basis of ion properties and there are classified
as Kosmotropes are known as ‘structure-makers’ and chaotropes are known as ‘structure
breakers’. The strong interaction of kosmotropes is mainly considered as ‘structure-makers’
because they increase the protein/enzyme stability in an aqueous medium. In contrast, weak
interaction of chaotropes are the °structure breakers’ and they decrease the stability of
proteins in aqueous solution [215,216]. Moreover, a combination of kosmotropic anions and
chaotropic cations is the best medium to study the stability/destability of proteins in the
presence of ILs [217]. Figure 2.3 shows the stability order of anions of Hofmeister series [330]. In
the past few years, series of ion effects involving on protein aggregation was carried out by,
Geng et al. [218] studied the interaction of BSA with imidazolium-based IL, [Cismim][Br].

This experimental results showed the structural stability of a secondary structure of the BSA



was completely depends on the concentration of the IL which is used in this study.
Interestingly, the hydrophobic interactions were destabilized the protein structure, which is
predominant in the case of [C1smim][Br] with a higher number of C-atoms in the chaotropic
cation chain length. From all of the above results, authors demonstrated that though the
kosmotropic anions of IL play an important role in protein stabilization, although the
donating effect of the cation chain cannot be ignored.

Debeljuh et al. [219] studied a reversed Hofmeister series when protic ammonium-based ILs
were listed in order of fibrilization rate and structure association of AB16-22 peptides sequence.
These authors found that PILs having kosmotropic anions such as phosphate (PO,*) and
sulfate (SO,*) encourage fibrilization with developed fibrils making inside whereas PILs
consisting the mesylate (Ms) anion totally quashes amyloid fibrillization. The addition of
highly ordered anions might cause the disorderliness of the protein.

Heitz et al. [220] investigated the effect of imidazolium family ILs such as ([Bmim][Cl]),
([Hmim][CI]), ([Emim][NOs]), ([Emim] [MeSOg]), ([Emim] [TFMS]), ([Emim] [Tf,;N]) and
([Bmim][MeSOg]) on the enzyme activity of mushroom Tyrosinase enzyme. Concurrently,
the increased hydrophobic interaction prompt stronger ion-ion interaction, therefore, the
pattern was consistent with Hofmeister series. The results revealed that the enzyme activity
was repressed by the ions of ILs with consistent of Hofmeister series. Moreover, Hofmeister
series of more kosmotropic cations and chaotropic anions were the highest inhibition effect.
Yamamoto et al. [221] studied refolding effect of Lyz in the presence of pyridinium family
series of ILs such as ([MPy][CI]), (JAIPY][CI]), ([BPY][CI]), ([OPy][CI]) and ([HexPy][CI]).
Though, all pyridinium-based ILs are unsuccessful to retain the native structure of the protein
against the thermal denaturation of Lyz. On the other hand, the thermal stability of protein

decreased with the increase in the alkyl chain length of the cation in the presence of IL.
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Akdogan and Hinderberger [177] enhanced the protein stability of human serum albumin
(HAS) in imidazolium-family ILs for example, ([Emim][NOs]), ([Emim][DMP]),
([Emim][BF4]), ([Emim][DCA]), ([Emim][EtSO4]), and ([Emim][SCN]). The experimental
results determined that the destabilization of protein after addition of ILs was concentration
dependent manner (Protein was stable up to 35% of all ILs) and the denaturation action of
the ILs over HSA follows the trend [DMP] < [ [NOs] > [BF4] < [EtSO.] < [SCN] < [DCA],
respectively.

Shi and research group [222] explored the effect of ([Bmim][CI]), ([Bmim][Br]),
([Bmim][PFg]), ([Bmim][BF4]), ([Bmim][OTf]) and ([Emim][CI]) ILs on the catalytic
features of alcohol dehydrogenase(ADH). Apparently, ADH exhibited higher activity and
good stability in the presence of ([Emim][CI]), ([Bmim][Br]), ([Bmim][CI]), and
(IBMIM][PFe]) than especially displayed significant less activity and stability in the presence
of ([Bmim][OTf]) or ([Bmim][BF,4]). Furthermore, the results revealed that CI" anion protects
the ADH from thermo-inactivation more effectively than PFg anion. In addition, the authors
concluded that the decrease in the stability of the ADH in the anions such as PFg or OTF" ILs
is because of the maximum exposure of the Tyr AA residues of the ADH in the presence of
selected ILs.

Recent years they are receiving a very good response from the industrial point because of
their high surface activity, less aqueous toxicity as well as resistance to oxidation and
reduction processes. Finally, similarly to imidazolium-based ILs, cholinium family ILs have
also found intersting in protein stability studies. However, unexpectedly choline based ILs are
found more biocompatible and less toxic than imidazolium-based ILs for BM structure.

To the best of our knowledge, there is no report in literature for BM + selected imidazolium

or cholinium based ILs.
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2.2 A review of the thermophysical properties of binary mixtures

An extensive literature review reveals that significant data have been accumulated on the
thermodynamic/thermophysical studies of ionic liquids (ILs) and their binary mixtures. In
many of the investigations, thermophysical properties that have been measured such as
density (p), viscosity (»), speed of sound (u) and refractive index (np) as well as their
excess/apparent parameters. Moreover, the extensive studies of composition dependency of
the thermodynamic/thermophysical properties are used to understand the nature and
macroscopic effects of the different types of molecular interactions which are present in
liquids and their mixtures [223-225]. The understanding of the thermophysical properties of
ILs with various solvents is one of the great significance for chemists as well as chemical
engineers. In recent decades, huge numbers of various solvents have been utilized for several
processes in academia by many scientific researchers from all disciplines associated to both
academic and in industrial processes [2,226,227]. The thermodynamic/thermophysical

properties of some of the investigated binary mixtures are listed below.

2.2.1 Excess molar properties

Table 2.2 Summary of the binary systems from literature is given below.

Author and Systems VAV,  Akd K, Ay Anp
Reference
Xu et ( N4NOg3 . ethanol, methanol,  negative negative
al.(228)

1-propanol, 1-butanol)

Xu et (N4AC+ methanol, ethanol, positive positive negative

al.(229) n-butanol, n-propanol)

Bettencourt ([N4AC], [N4Pro], [NsHex],  negative negative negative
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et al. (230) and [N4Dec] + ethanol )

Olivieri et al. (NBAO + 1-butanol, 1-
(231) pentanol,

1-propanol, and 1-hexanol)

Alvarez et  (2-HEAA+ water, ethanol and

al. (232) methanol)
Kurnia et al. (BHEAA + 1- propanol,
(233)

methanol and ethanol)

Kurnia et al. (BHEMF+ methanol,

(233) ethanol, and 1-propanol)

Massel et al. ([N1114]-[Tf,N] +ethanol,
(234) 1-propanol )
and (N,N-dimethylformamide
(DMF))
MohdTaib ([BHEAA]+ water)

et.al(234) And ([BHEAA]+ [MEA))

Pintoetal. ([HEAP], [HEAB], [HDEAH],
(236) [HEAH] + water)

Umapathiet  ([DEAS], [DEAA], [TMAS],

al(237)  [TEAS] [TEAA and [TMAA]
with water)

Houetal.  (N2Ac) and (N3Ac) with water
(238)
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negative negative

negative

negative negative

Positive

negative

Negative

positive

negative

negative negative positive

negative

positive

positive



Attri et al.
(239)

Attri et al.
(240)

Kavitha et
al.(241)

Chhotaray et
al. (242)

Kavitha et
al.(243)

Usula et al.
(244)

Govinda. et
al (245)

Fan et al.
(246)

Wouet al.
(247)

Zarei et

([TMAS], [TMAA] and
[TMAP] + [DMF])

([TEAH], [TMAH], [TPAH]
[TPAH]+DMF)

([DEAA], [DEAS], [TEAA],
[TEAS]+ [NMP])

([PAF], [3-HPAA][3-PAF],
[PAA], [3-HPATFA] +water
and[NMP])

([TPAH], [TMAH], [TBAH]
[ TEAH]+ (NMP))

([XAN] with (NMP))

(ITEAH], [TBAH], TMAH],

[TPAH]([Emim][MeSOQ,]) +
([Emim][CI]), [Bmim][CI]),
([Bmim][BF4]), [DMSO])

([Emim][BF4])+[DMF],
and [DMA])

([C4mim][BF.]) + (DMA),
(DMF), (NMP), methanol,

Acetonitrile)

([Emim][BF4]), [DMA] and
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negative negative

negative negative

negative
negative negative
negative negative

negative negative



al.(248) [DMF]

Bahadur et ([BMPYR][BTr]) + water and

al. [249] methanol
Panda et al. (INMP][HSO4]) and
[250] ([PY][HSO4]) + water and
[DMSQ]
Sumanaetal. ([PMPY][I]) and ([EMPY][I])
[251] with acetonitrile

Alvarez et al. [2-HEAA] + water, ethanol

[252] and methanol
Kumar et al. ([BHEA][CH3COOQ]) and
[253] ([BHEA][For]) + water and
ethanol

Dasthaiah et [BDMAH], [BDMAP] and
al. [254] [BDMAA] + water and ethanol

Caietal. (IDMSCA][Tos]) + water and

[255] methanol
Kulhavy et  (2-HDEAL) + water, methanol
al. [256] and ethanol

Bahadur et (IMOA][Tf,N]) with ethanol

al. [257] and ethyl acetate
Bahaduret [MOA][Tf;N] + methyl acetate
al. and methanol
{Formatting
Citation}
Muscle et al. [DEAA], [DEAF], [DEAB]
[259] and [DEAP] + water
Pintoetal.  [HEAP], [HEAB], [HDEAH],
[236] and [HEAH] + water
Gyanendra et [DEEAP] + water
al. [260]
Zafarani- ([TBA][PFg]) and
Moattar et al. ([Bmim][PFs]) and +methanol,
[261] [DMA], tetrahydrofuran,

acetonitrile, and [DMSO]
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positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive

positive
and
negative

negative

positive

positive

positive
and
negative

positive
and
negative
positive
positive

and
negative

positive

positive



Zafarani- ([Bmim][Br]) + ethanol, positive

Moattar et al. methanol and water
[262]
Shekaari et [Hmim][Br] + water
al. [223]
Abdulagatov ([Bmim][BF,]) + ethanol negative
et al. [263]

Gonzalezet  ([Hmim][TfO]) + 1-propanol,  positive
al. [264] 1-pentanol 2-propanol, 2-
butanol and 1-butanol

Xu et al. [228] reported the p and # of (N4NO3) and its binary mixtures with alcohols such as
ethanol, methanol, 1-propanol, and 1-butanol at various temperatures from (298.15 to
313.15K) and found the negative values for both excess molar volumes (V) and deviations
viscosities (Az) for all binary mixtures. The VF values of all investigated binary mixtures
increased with increasing the chain length of alcohols as well as decreased as a function of
temperature. On the other hand, Ay in the studied all binary systems increase rapidly as the
temperature increases. Therefore, obtained negative results indicated that the V& and Ay
values of four binary mixtures can be attracted to strong interactions as well as van der Waals
interactions between IL and organic solvents due to an effective packing of the components
in the mixture.

Xu and co-workers [229] performed the #, p and np for IL (N4AC) with methanol, ethanol,
n-butanol and n-propanol and their binary mixture under atmospheric pressure and
temperature range (293.15 to 313.15) K. In other words they reported the np of above
mentioned systems temperature range only at 298.15 K. The values of V&, 4,5 and Ay were
attained from the experimental values and fitted with the Redlich—Kister type equation.
Positive values were obtained for VE and Az, while negative values were obtained for 4np
over the whole range of composition. The obtained results were discussed in terms of

interactions and structural aspects of IL + alcohols mixtures.
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Later, Bettencourt et al. [230] investigated the thermophysical properties such as p, # and u
for binary mixtures of ammonium family IL such as [N4Ac], [N4Pro], [NsHex], and [N4Dec]
with ethanol at (293.15-313.15) K. In the case, all binary mixture, the VE, and A« values are
more negative except for viscosity deviations Az (less negative) over the complete
composition range at all studied temperatures. The obtained thermodynamic results were
deliberated in terms of structural effects and efficient intermolecular interactions between ILs
and solvent molecules.

Olivieri and research group [231] evaluated p and u for [NBAQO] and its binary mixtures with
1-butanol, 1-pentanol 1-propanol, and 1-hexanol over the complete range of composition at
temperatures from (288.15-308.15) K and under atmospheric pressure. The calculated results
were interpreted in terms of dispersion-type interactions and structural effects between IL and
Alcohol mixtures.

Further, Alvarez et al. observed the experimental p and u data of binary mixtures of an IL
containing [2-HEAA] with water, ethanol and methanol throughout the complete composition
range and the temperature at T = (288.15 to 323.15) K under atmospheric pressure. The V&
and Axs were calculated from the measured data. The obtained VF and Axs values were
negative throughout the entire composition range studied. Isentropic compressibility results
in combination with NMR measurements shown that the formation of complex because of
ion-pair interactions beyond a higher concentration of the IL in the binary mixtures.

Kurnia et al. [232] examined the thermophysical properties such as p for the binary mixtures
of [BHEAA] with 1- propanol, methanol and ethanol over the whole composition range from
(293.15 to 323.15) K, respectively. The p values are positive and decreased with an increase
in both mole fraction and temperatures of all binary systems. The authors found that the

calculated values obtained for excess molar volumes are negative for all systems. For the
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investigated binary systems, these V& values are more negative when temperature increases
and indicating that the strong interaction between IL and alcohols.

Kurnia et al. [233] further studied the p and # for the binary mixtures of [BHEMF] with
methanol, ethanol, and 1-propanol at temperatures from (293.15 to 323.15) K under
atmospheric pressure. The derived properties of VE and 47 were calculated from experimental
p and 7, respectively. The negative values were obtained for V& and these results attributed to
ion-dipole interactions between the molecules of IL and alcohols. The A5 values are also
negative over the entire composition range, and their 45 values become less negative as the
temperature increases.

Massel et al. [234] investigated the thermodynamic properties of p for binary mixtures of
[N1114]-[Tf2N] with ethanol, 1-propanol and N,N-dimethylformamide (DMF) over the whole
compositions range at (308.15 to 323.15) K under atmospheric pressure. The VF values for
all the studied binary systems were calculated from the experimental data. The V& values
were positive for the mixture with DMF and negative for the mixtures with alcohols.

Mohd Taib and Murugesan [235] reported the p and VF for the binary mixtures containing ILs
of [BHEAA] with monoethanolamine [MEA] and water over the entire composition range
and temperatures at T= 303.15 to 353.15) K. The derived properties of V& were calculated
from experimental data. Authors concluded that the measured densities of both binary
mixtures decreased with increasing temperature, whereas the V& values were completely
negative for IL + water mixtures while positive for the IL + MEA binary system except at
higher temperatures, demonstrating the nature of the molecular interactions between IL and
used solvents.

Pinto et al. [236] measured the p and np values for the binary mixtures of PILS such as
[HEAP], [HEAB], [HDEAH], and [HEAH] with water [H,O] temperature range at T =

(298.15 and 323.15 K). The derived thermophysical properties for V= were explored from the
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measurement data.The obtained V= values were negative and exhibited a smooth difference
with increasing ILs chain length. Negative values recommended that the packing efficiency
capability or attractive interactions take place in between the ILs + water mixtures.

Umapathi et al. [237] reported p, #, u and np for the binary mixtures of ammonium family ILs
such as [DEAS], [DEAA], [TMAS], [TEAS], [TEAA] and [TMAA] with water over the full
composition range at 298.15 K under atmospheric pressure. The V& and Ax values for the all
above systems are negative while the values for 4n and Anp were positive at the same
experimental conditions.

Hou and coworkers [238] investigated the p and np of two ammonium based ILs such as
(N2Ac) and (NsAc) with water at 298.15 K. Using the experimental experiments data, V= and
Anp values were calculated. The VE values of the above-mentioned both systems are negative,
whereas the 4np values are positive. The results were discussed in terms of intermolecular
interactions and structural effects between the ILs and water of binary systems.

Attri et al. [239] studied the thermodynamic properties of p and u of a series of common
cation and different anions containing ammonium family ILs such as [TMAS], [TMAA] and
[TMAP] with N,N-dimethylformamide [DMF] binary mixtures over the whole composition
range and at temperature from T = (298.15 to 323.15 K) atmospheric pressure. The derived
properties of VE and 4xs were obtained from experimental results. The results of VE value are
negative at all composition ranges, except TMAS or TMAP with DMF at 298.15 K. The
negative VE values indicated that strong attractive interaction, and effective packing upon
mixing of the IL and DMF. Furthermore, negative V& decreased with an increase in IL
concentration that can be attributed to the weakening of hydrogen bonding interaction. On the
other hand, they were found negative 4, values for all studied systems and temperatures,

except TMAA + DMF binary system.
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Moreover, Attri et al. [240] investigated the influence of molecular interactions between
highly polar solvent of DMF and ammonium-based ILs include [TEAH], [TMAH] and
[TPAH]. The VF and 4Ks were calculated from the experimental data at a temperature range
from (298.15 to 323.15) K atmospheric pressure. The VE is negative and exhibited variation
from negative to positive with an increase in the concentration of ILs. These negative results
revealed that the strong interactions as well as more efficient packing upon mixing the ILs.
On the other hand, the 4Ks were negative for all studied binary systems and also credited the
more attractive interactions owing to the solvation of the ions in these mixtures, respectively.

Later, Kavitha et al. [241] studied , p, # and u of a series of ammonium family ILs such as
[DEAA], [DEAS], [TEAA] and [TEAS], with N-methyl-2-pyrrolidone [NMP] over the whole
range of composition and at the temperature range starting from (298.15- 313.15) K. From
the derived properties, authors concluded that the fascinating results were obtained for
effective structural based as well as temperature dependent on properties ILs with an organic
solvent.

Chhotaray et al. [242] reported experimental p and u of ammonium based ILs namely,
propylammonium formate [PAF], [3-HPAF], [PAA], [3-HPATFA] and [3-HPAA] with
water and N-methyl-2-pyrrolidone at temperatures from (293.15 to 333.15) K. The
experimental p and u data have been used to calculate thermal expansion of coefficient,
isentropic compressibility VE and «s of investigated binary mixtures. The obtained results
were discussed in terms of hydrogen bonding, ion—dipole interaction and interstitial packing
between ILs and molecular solvents.

Kavitha et al. [243] investigated the thermodynamic properties of p, u and #» for binary

mixtures of (TPAH), (TMAH), (TBAH) and (TEAH) with (NMP) over the whole

compositions range at (298.15 to 313.15) K and at atmospheric pressure. The obtained results
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were discussed in terms of the ion-pair interactions, ion-dipole, and hydrogen bonding
interaction between ammonium based ILs and solvent molecules.

Usula et al. [244] measured the p for a binary mixture of IL: (XAN) with (NMP) at 298.15 K
over the complete composition range and at under atmospheric pressure. The measured p
values were used to calculate V. Negative VF values were observed for IL+NMP for studied
system at 298.15 K temperature. It indicated that strong attractive interactions between the IL
and organic solvents.

Govinda et al. [245] explored the ions effect of two different families of ILs include [TEAH],
[TBAH], [TMAH] and [TPAH] from ammonium family and ([Emim][MeSO,]),
([Emim][CI]), ([Bmim][CI]) and ([Bmim][BF4]) from imidazolium family of ILs with
dimethyl sulfoxide [DMSQ] over the entire range of concentrations of ILs at temperatures
range from (298.15 to 323.15) K. The derived properties of VE, 45 and 4xs were calculated
from density, viscosity and speed of sound, respectively. Obviously, their fascinating results
revealed that the IL cation size was accountable for the modification of the thermophysical
properties such as VF, Ak, and 4y of all binary mixtures. Finally, their studies were illustrated
that these derived properties completely depend on the cations alkyl chain length of
ammonium-family ILs along with the anions of imidazolium ring containing ILs.
Subsequently, Fan et al. [246] investigated the thermophysical properties of binary systems
containing IL ([Emim][BF,]) besides organic solvents such as [DMF], dimethylacetamide
[DMA] under atmospheric pressure, at temperatures range between (303.15 to 333.15) K
over the whole composition range. The derived VE and Az properties were calculated from
the experimental p and 5 data. Obviously, the both V& and 47 exhibited negative values due
to the weak interactions ions of ([Emim][BF,]) with organic solvents in the all binary

mixtures.
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Moving further, Wu researcher’s group [247] evaluated the measurements of p and » of binary
mixtures containing IL: ([C4mim][BF,]) with (DMA), (DMF), (NMP), methanol and
acetonitrile solvents were made at under atmospheric pressure in the temperature range from
(303.15 to 333.15) K. The VF and Az values were calculated from experimental p and # of
mixtures, respectively. The obtained V= and 47 both values were negative for all studied
binary systems over the whole range of composition at all studied temperatures.

Zarei and Keley [248] have reported the thermophysical properties of p and u for pure
([Emim][BF4]), [DMA] and [DMF] and their binary mixture systems over the complete range
of compositions and temperature at (293.15 to 343.1)5 K. The obtained VE values of both
binary systems were negative in mole fraction from 0.1 to 0.8 M, after that they were positive
in > 0.8 M, as well as they became more negative with increase in the temperatures. On the
other hand, the A« values were negative and become more negative values with an increase
in the temperature for both binary systems.

Therefore, there is no research work in literature on has explored for DMF + selected
ammonium based ILs.

2.2.2 Apparent molar properties

Bahadur and his research group [249] studied the experimental p and V,, for a binary mixture
of [BMPYR][Br] with water and methanol at various temperatures from 293.15 to 343.15 K
and over the entire composition range. In the case of both systems, the V, values were
decreased with an increase in the concentration of IL and also demonstrated that the resulting
of ion—ion interactions are decreased, when the IL concentration was increased. Moreover,
the limiting apparent molar volumes, V,° values were increased as temperature increases for
both binary mixtures as well as V,,° values indicated that the intermolecular interactions for 1L

+ water are stronger than for IL + methanol.
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Panda et al. [250] reported the experimental p and u of pyrrolidinium-based ILs such as

(INMP][HSO4]) and ([PY][HSO4]) with water and [DMSO] as a function of concentration of
ILs at different temperatures from (293.15-333.15) K and under atmospheric pressure. The
derived properties, namely apparent molar volumes (V,) as well as adiabatic compressibilities
(K,) were calculated and correlated using to the Redlich—-Mayer type equation. From this
obtained data, they have concluded that the limiting apparent molar volumes for the aqueous
system are higher than the conforming values for the solvent system at various temperatures.
The results exhibited that ion-solvent interactions are stronger for IL + water system than
those of (IL + DMSO) binary mixture containing systems.

Sumana and Ramesh [251] have been explored the solute-solvent and solute-solute
interactions between the pyrrolidinium-based ILs with organic solvent. In their work, they

have investigated the thermophysical properties of p and u for binary mixtures of

([PMPYT][I]) and ([EMPY][1]) with acetonitrile over the complete range of concentration and
different temperatures from (293.15 to 328.15) K. Additionally, the Redlich-Mayer
polynomial equation was used for correlating these obtained derived properties, namely V,
and K, in order to estimate the type of interactions arising between the ILs and molecular
solvent.

Alvarez et al. [252] measured the thermophysical properties of p and u for [2-HEAA] with
water, ethanol and methanol over the complete concentration range at different temperature
from (288.15 to 323.15) K. Derived properties such as the V,, and K, were evaluated from the
experimental data. These V,, and K, values were positive, the values of three binary mixtures
increased promptly at the range of lower concentration, whereas at high concentrations levels
of three systems values were almost constant. Finally, the obtained limiting apparent molar
volumes (V(,,O), indicated that high temperature for the aqueous mixture is stronger than the

alcoholic containing mixtures.
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Kumar et al. [253] determined experimental p and u of ammonium family ILs include
(IBHEA][CH3COO]) and ([BHEA][For]) with water and ethanol at several temperatures
ranging from (293.15 to 318.15) K as a function of molality under atmospheric pressure. The
obtained derived properties namely V,, K,, V,” and k,” were calculated from experimental
data. The results obtained indicated that V,, and K, values for both systems were decreased
with an increase in the concentration of ILs and increased with temperature increases.
Moreover, the corresponding V,° and k,° values revealed that ILs+ ethanol interactions
become stronger than the ILs—water systems.

Dasthaiah et al. [254] evaluated the p and u of binary mixtures containing ammonium family
IL namely [BDMAH], [BDMAP] and [BDMAA] in water and ethanol at various
temperatures from (293.15 to 318.15) K. The Redlich—Mayer equation was used to analyze
the V, and K, as well as the corresponding parameters. The V,, and K, values of calculated
(ILs + water or ethanol) binary systems increased with increasing in ILs concentration and
temperature, except in the case of (BDMAA + water) at 293.15 K, whereas V, values
decreased with a concentration of BDMAA have been observed. Further, the V,° values
increase by increasing size of studied anions as well as temperature. On the other hand, the
obtained limiting apparent molar adiabatic compressibility (k(,,o) values were positive and
negative for studied all binary mixtures.

Cai and coworkers [255] studied p of ([DMSCA][Tos]) with water and methanol at various
temperatures from (303.15 to 328.15) K. The experimental results indicated that both
properties of binary systems were decreased with increasing the temperature. The V,, values
were positive for the IL in the water system and increased with temperature, whereas they
decreased with temperature increases in methanol. In addition, The V,° values of the IL in

water system are higher than those in the other system (IL + methanol), which suggested that
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the ion-solvent interactions for (IL + water) binary system are stronger than those for IL +
methanol system.

Kulhavy et al. [256] investigated the experimental p and u of PIL (2-HDEAL) with water,
methanol and ethanol at temperatures ranging from (288.15 to 323.15) K. the experimental
data were used to obtain the derived properties such as V,, K, and isobaric thermal expansion
coefficients for all studied binary systems. The obtained results reveal that IL interactions in
alcoholic mixtures are stronger than in the studied IL in water mixture.

Bahadur and Deenadayalu [257] have measured the p and u of the mixtures containing the IL,
(IMOA][Tf,N]) with ethanol and ethyl acetate at (298.15-313.15) K. The values for apparent
molar volume and apparent molar adiabatic compressibilities were positive and increased as
temperature increased for all binary system. From the derived results authors concluded that
the values of limiting apparent molar volumes for (IL + ethanol) was greater than for (IL +
ethyl acetate) system at all temperatures. On the other hand, positive limiting apparent molar
isentropic compressibilities values of both systems were interpreted in terms of increased in
the isentropic compressibilities of the solution as compared to the pure (ethanol and ethyl
acetate) solvents.

In the same direction, Bahadur and Deenadayalu [258] reported the p and u of the binary
mixtures containing IL [MOA][Tf,N] with methyl acetate and methanol at various
temperatures from (298.15 to 313.15) K. For the binary systems explored, the apparent molar
volumes and molar isentropic compressibilities have been evaluated and fitted to the
Redlich—Mayer equation from which the consistent apparent limiting values were acquired.
The limiting apparent molar volume and limiting apparent molar isentropic compressibilities
values demonstrated that intermolecular interactions for ([MOA][Tf,N] + methyl acetate)
system are stronger than for ((MOA][Tf;N] + methanol) system at all temperatures excluding

at 298.15 K.
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Muscle et al. [259] evaluated p and u for binary mixtures of [DEAA], [DEAF], [DEAB] and
[DEAP] with water. These thermophysical properties were measured over the complete
compositions range at (293.15 to 313.15) K as well as the u at 298.15 K. The values of V,
decreased with an increase in the concentration, whereas these values increased as the
temperature increases. Moreover, K, values increased with increasing in the concentrations at
298.15 K. The obtained results have been interpreted in terms of temperature as well as
concentration-dependent, hydrophobic ion interaction and water structural variations.

Pinto et al. [236] investigated the p for binary mixtures of ammonium family ILs such as
[HEAP], [HEAB], [HDEAH], and [HEAH] with water at different temperatures from
(298.15 to 323.15) K. The obtained V, revealed that the maximum considerable changes
occurred in the solvent rich region. The V, values are positive and also suggested that the
strong ion-solvent interactions between the ILs and water molecules, as well as these
interactions, become stronger when the temperature increased.

Gyanendra et al. [260] determined the p and u of [DEEAP] and its binary mixture with water.
The thermophysical measurements were measured at an under atmospheric pressure at
various temperatures from (298.15 to 328.15) K. Furthermore, Redlich-Mayer equation was
fitted to analyze V,, K,, and its corresponding adjustable parameters. Positive values of V,
and K, derived properties were found for all binary systems.

Zafarani-Moattar and Shekaari [261] reported experimental p and u of two different families
of same anion different cations of ILs such as ([TBA][PFs]) and ([Bmim][PFg]) and their
binary mixtures with methanol, [DMA], tetrahydrofuran, acetonitrile, and [DMSO]. Authors
were concluded that the nature and strength of particular interaction between the ionic liquid
([TBA][PFg]) or ([Bmim][PFs]) with the organic solvents studied have followed the trend

DMSO > DMA > MeCN > MeOH > THF. The obtained derived values for V,%and k,’ have
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been used to attain some extensive information about ion-solvent interactions in the studied
binary systems.

Zafarani-Moattar and Shekaari [262] determined p and u for three binary mixtures
comprising of IL ([Bmim][Br]) and different solvents, namely ethanol, methanol and water
under atmospheric pressure and various temperature from (303.15 to 333.15) K over the
entire composition range. The derived properties such as V, and K, values were calculated
from the measured data and correlated using the Redlich Mayer polynomial equation from
which the V,%and k,” of the binary solutions have also been evaluated at all studied
temperatures. The results revealed that (IL + water) interactions are very stronger than the
ethanol and methanol solutions.

Shekaari et al. [223] measured the p and u of IL, [Hmim][Br] and their binary mixture with
water under atmospheric pressure and different temperatures from (283.15 to 308.15) K over
the whole composition range. Using experimental data, the V, and K, have been calculated at
all temperatures. These corresponding values indicated that the molecular interactions
between IL and water decreased with an increase in the temperature. Moreover, the derived
limiting apparent molar expansibility results also support this conclusion.

Abdulagatov and research group [263] examined the experimental p for the binary mixtures
of ([Bmim][BF,4]) and ethanol over the full scope of composition and different temperatures
from T = (298.15 to 398.15) K and at atmospheric pressures up to 40 MPa. The experimental
p have been performed to obtain the V, values. The V, values increased promptly at low
concentrations, whereas the values are almost constant at higher concentrations. Authors have
revealed that the V, values increased with temperature at concentrations levels above 0.3147
M, whereas at low concentrations below 0.3147 M, the V, values decreased marginally up to

a temperature of 373.15 K and then decreased significantly at higher temperatures.

66



Gonzalez et al. [264] reported measurement of p for five binary mixtures containing IL
([HMim][TfQO]) and alcohols such as 1-propanol, 1-pentanol 2-propanol, 2-butanol and 1-
butanol over the complete range of composition and at 323.15 K. From this experimental p,
the corresponding values of V,, were calculated as well as correlated using the Redlich—Mayer
polynomial type equation. The obtained V, results for all binary mixtures increased with
molality and increased by the increasing the chain length of the cation of IL, whereas values
are constant at higher concentrations of ([Hmim][TfO]). The investigated binary systems
comprising a primary alcohol present V, values were greater than the mixtures with a
secondary alcohol binary system. Finally, they concluded that the molecular interactions
between the secondary alcohols and the ([Hmim][TfO]) systems are stronger than the primary

alcohols and the ([Hmim][TfO]) systems attributed to weaker interactions with the ions of IL.

Therefore, there is no research reported in literature on 1-methyl-1-propyl pyrrolidinium

tetrafluoroborate [MPpyr] [BF4] + water, alcohols (methanol and ethanol).
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CHAPTER 3

EXPERIMENTAL METHODS &
THEORETICAL FRAMEWORK
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3.1 Materials and Sample preparation

3.1.1. Materials

All of the chemicals used are of high purity and obtained from several sources and are given in
Table 3.1. Here, we have given the summary of all chemicals and protiens, which have been
used all over the work. Figure 3.1 represent the chemical structure of the ILs and other solvents

used in the present work.
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Figure 3.1: Chemical structure of the different families of ILs and other solvents used in the

present work.

69



Table 3.1: A division into groups of chemical compounds: lonic liquids, proteins, solvents

Chemicals Supplier Mass fraction Molar mass CAS No.
Purity (%) (g/mol)
Bromelain Sigma-Aldrich >99.0% 23kDa 37189347
[Bmim][CI] Sigma-Aldrich >99.0% 174.67 79917901
[Bmim][Br] Sigma-Aldrich >97.0% 219.12 85100772
[Bmim][1] Sigma-Aldrich >99.0% 266.12 65039056
[Bmim][HSOs]  Sigma-Aldrich >94.5% 236.29 262297132
[Bmim][CH3COO]  Sigma-Aldrich >95.0% 198.26 284049758
[Bmim][NO3] Sigma-Aldrich >95.0% 201.22 179075888
[Ch][Ac] Sigma-Aldrich >98.0% 163.21 14586357
[Ch][Bit] Sigma-Aldrich 99% 253.25 87672
[Ch][OH] Sigma-Aldrich 46 wt% in H,O 121.18 123411
DMA Sigma-Aldrich >99 87.12 127195
[Ch][CI] Alfa aesar >99% 139.62 67481
[Ch][1] Alfa aesar 98% 231.08 17773103
[Ch][Dhp] lolitech >98% 201.16 83846928
[MPpyr][BF4] lolitech >98 % 215.04 327022593
casein Sisco >95% 23.6 kDa 9000719
Methanol Fluka >99.9% 32.04 67561
Ethanol Fluka >99.9% 46.07 64175
trichloroacetic acid SRL >99 163.38 76039
sodium phosphate SRL >99% 119.98 7558807
monobasic
sodium phosphate SRL >99.5% 177.99 10028247

dibasic dehydrate

Ammonium-based ILs such as tetraethylammoniumhydroxide (TEAH), tetrapropylammonium

hydroxide (TPAH) and tetrabutylammonium hydroxide (TBAH) are synthesized in our

laboratory [243].
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3.1.2 Structure of stem bromelain (BM) used in the present work

Stem bromelain (SBM) is well-known proteolytic enzymes and belongs to cysteine proteinase
family, a glycoprotein isolated from the stem of pineapple (Ananas cosmosus), which is having
an asparagine-linked particular hetero oligosaccharide chain unit per molecule [265-268]. The
polypeptide chain of BM consists of 212 amino acid residues with highly identical to that of
papain. It also contains three disulfide bonds and a single free cysteine (Cys) residue. BM
protein belongs to the o+B class of protein with helix, sheet and turns structure and has a
molecular weight of 23,800 Da. BM finds extensive applications in several areas such as food,
pharmaceutical and industrial fields [267,269-271]. Furthermore, BM has been used for the
treatment of arthritis, anti-inflammatory, immunomodulator, antiedematous, fibrinolytic, anti-
metastatic, anticancer, antibiotic, anticoagulative and antithrombotic functions [162,271,272].
BM possess a wide range of numerous therapeutic benefits such as malignant cell growth,
thrombus formation, inhibition of platelet aggregation, dermatological properties, skin
debridement properties, pyelonephritis, surgical traumas, enhanced wound healing, modulation
of cytokines and immunity, reversible inhibition of platelet aggregation, enhanced absorption of
other drugs, angina pectoris, mucolytic properties, bronchitis, sinusitis, digestive assistance and
cardiovascular and circulatory improvement [273-277]. In addition, the structure of BM has
aromatic amino acids such as tryptophan (Trp), phenylalanine (Phe) and tyrosine (Tyr) have 5,

6 and 14, respectively [269,278]. The chemical structure of BM has displayed in Figure 3.2.

Figure 3.2: Schematic diagram of the structure of BM.
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3.2. Sample preparation

All samples were prepared gravimetrically by using a Mettler Toledo analytical balance
(Japan) with a precision of + 0.0001 g. In order to check the concentration-dependent effect of
different ILs on the protein structure and stability, a set of ILs concentrations have been taken.
The set consists of aqueous (i.e. in the PBS buffer) IL solutions range between (0.01-1.5) M.
The concentration of protein ~0.5 mg/ml was used for UV-absorption, steady-state
fluorescence, thermal fluorescence, and circular dichroism (CD) measurements. On the other
hand, ~2 mg/ml of protein was used for dynamic light scattering (DLS) measurements. All
protein samples were also filtered with 0.45 um disposal filter (Millipore, Millex-GS) through
syringe prior measurement and were incubated for 30 min at 25 °C in order to obtain complete

equilibrium before performing experiments.

All mixtures with composition spanning the whole mole fraction and molality range prepared
for thermophysical properties. The binary mixtures prepared by transferring with a disposable
syringe, the pure liquids into stoppered bottles (to prevent evaporation). The ILs were first
added into an air-tight stoppered 5 cm?® plastic vial and weighed. By using a Mettler Toledo
balance for the determination of mass of each component with a precision of +0.0001 g.
The approximate uncertainty on the mole fraction and molality compositions are found to be
less than 0.0005 and + 0.0001 mol-kg ™ *, respectively. The binary mixtures are shaken in order
to make sure complete homogeneity of the two compounds. To avoid the formation of bubbles
inside the vibrating U-shape tube of the densimeter, injections are done slowly. All the
chemicals were kept in tightly closed vials with screw caps to ensure a secure seal and to

prevent evaporation.
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3.3 Experimental methods
3.3.1 Spectroscopic techniques
3.3.1.1 UV-visible spectroscopy

UV- visible absorption spectroscopy is a simple and effective method that processes the
interaction of different molecules with electromagnetic radiation. Light in the near-ultraviolet/
visible (UV-vis) range of the electromagnetic range has a force of about 150-400 kJ mol™ [15].
As shown in Figure 3.3 [15], the force of the light is used to push the electrons from the ground
state to an excited state. Molecules with electrons in delocalized aromatic structures frequently
absorb the energy of light in the near-UV (150-400 nm) or the visible (400-800 nm) region and
their particular band is achieved when the absorption spectra of light are calculated as a
function of wavelength or frequency. The absorbance of a protein in a solvent depends linearly
on its concentration and then absorption spectroscopy is perfectly suitable for quantitative
measurements for the proteins studies. Proteins represent the broad peak in between 250-300
nm range of the ultraviolet spectrum composed of several overlapping bands from the aromatic

residues mainly in terms of ©1 — 7* transitions involving the electrons of their aromatic rings

[15,17].

N - —— o*(Anti-bonding)

— - — x* (Anti-bonding)

n(Bonding)

Energy from the light

x(Bonding)

o —+>n* o—>c*

o(Bonding)

Figure 3.3: The possible electronic transitions in UV-vis spectroscopy.
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As illustrated, the absorption bands in between 275 and 280 nm region are affected by the
absorbance of the two aromatic AA, Trp, and Tyr to a small extent, by the absorbance of Cys
[17]. Furthermore, the absorption bands of Trp and Tyr depend strongly on their
microenvironment, and they are observed to be slightly red-shifted or either quenched when
transferred from a polar to a non-polar environment, for example in the interior of a globular
protein or vice versa. Apparently, changes in the secondary, tertiary, and quaternary structures
of protein, all affect absorbance, thus factors such as pH, ionic strength and co-solvents can

easily vary the characteristic absorbance bands of the protein [18].

Figure 3.4: UV-visible spectrophotometer (UV-1800, from Shimadzu Co.).

The UV-vis spectrophotometer which has been used in this work is shown in Figure 4. UV-Vis
absorption spectra of the protein aqueous buffer solution were recorded between 190 to 600 nm
through a double beam UV-visible spectrophotometer (UV-1800, from Shimadzu Co., Japan)
at room temperature. An aliquot of sample solution (2.5 ml) was transported into the quartz cell
of 1.0 cm path length. The spectrophotometer has quartz cells, with a spectral bandwidth of 1.0

nm with a wavelength accuracy of = 0.3 nm along with an automatic wavelength adjustment.
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3.3.1.2 Enzymatic activity of bromelain protein

Enzymatic activity of BM was measured by using casein as the substrate with the help of UV—
vis spectrophotometer (UV-1800 Shimadzu, Japan). A denatured casein solution (0.5 mL of
0.2%), pH 7.0 is incubated for 10 min at 37 °C with BM in buffer (0.5 mg/mL) pre-treated with
the different concentrations of the ILs. The undigested casein is separated by the centrifugation
the precipitates which are formed owing to the addition of 1 mL of 110 mM trichloroacetic acid
(TCA) to prevent the reaction after 10 min [279]. Reaction outcome is associated with the
absorbance spectra values which are spectrophotometrically determined at 275 nm against a
substance blank. From the standard spectrum of absorbance of well-known quantities of the
Tyr, the activity of BM samples can be measured in terms of units per mL which is the measure
of the micromoles of Tyr equivalents out from the casein per minute. The BM enzyme activity

(units/mL) was calculated using the following equation.

(u mole tyrosine equivalents released) (V)

Activity = (3.1)

((times of assay in minutes)(vy)(v3))

Where V is total volume of assay in mL, v, is volume of enzyme used in mL, v, is the volume

of sample in mL used for UV measurements.

3.3.1.3 Fluorescence spectroscopy

Fluorescence is a method of photon emission of light by a compound which occurs during
molecular relaxation from the lowest level of singlet electronic excited states and is usually
depicted by well-known Jablonski diagram [280] which is presented in Figure 3.5. In
biophysical chemistry, the use of fluorescence is very important. The fluorescence spectrum is
very much sensitive to the biochemical atmosphere of the fluorophore [281]. Therefore, in
specific, the measurements of the fluorescence spectrum, is a great method of studying the

stability of proteins in a biological system. Emission spectra alter extensively and are depends
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upon the chemical shape of the fluorophore and the co-solvent in which it is dissolved.
Fluorescence spectral values are usually displayed as emission spectra [204]. A significant
feature of the fluorescence is high sensitive detector for the polarity of the fluorophore

microenvironment [204].

The intrinsic fluorescence spectrums for the AAs are highly sensitive for studying the
conformational changes of proteins containing fluorophore aromatic residues such as Trp, Tyr
and Phe. Because of their distinct absorption wavelengths, they fluctuate in their emission
spectral wavelengths [281]. Quantum yield of Trp fluorescent is higher than Tyr or Phe. This is
owing to Trp’s much higher quantum yield; the resonance energy transfer is higher and is
overpowering the emission spectra of Tyr and Phe. Consequently, the fluorescence spectrum of
a protein including the three AAs (Trp, Tyr and Phe) generally resembles that of Trp [282]. The
measurement of fluorescence spectra reported in this thesis is Trp fluorescence of bromelain
protein in the presence of ILs. Trp and Tyr both AAs will be exited at the excitation wavelength

of 280 nm. But selectively Trp excite only wavelength of 295 nm must be used [283].

High-energy state

)

Lowest singlet excited state

Fluorescence

Energy absorption
ss0| ABiau3

Ground state

Figure 3.5: Schematic representation of a Jablonski diagram (energy diagram) representing
fluorescence mechanism.
The most significant evidence is that the fluorescent quantum yield of Trp is mostly depending
on the solvent. Following universal phenomena, as the polarity of the solvent decreases the
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spectrum changes to slighter wavelengths and increases in fluorescence intensity. Due to this
reason, Trp residues buried in hydrophobic domains of the folded state of proteins expose a
spectral shift of ~ 10 to 20 nm. This phenomenon has been utilized to study protein stability in

the presence of co-solvents and solutes [280].

As shown in figure 3.6, a Cary Eclipse spectrofluorimeter (Varian Optical Spectroscopy
instruments, Mulgrave, Victoria, Australia) was used to display the fluorescence emission
bands of protein sample that was prepared with thermostated cell holders and temperature was
set aside constant through a rotating water bath handling a peltier device (accuracy of + 0.01

%C) connected to the sample holder of the fluorimeter.

Figure 3.6: Varian Cary eclipse fluorescence spectrophotometer.

The steady-state fluorescence measurement was conducted at a fixed temperature (25.00 °C).
The excitation wavelength was fixed at 295 nm in order to determine the contribution of the
Trp and Tyr residues to the complete fluorescence emission of protein BM all over the
experiments. The experiments were conducted using a 1.0 cm closed cell and both emission
and excitation slit width was fixed at 5 nm and adjusted for background signal. The
fluorescence intensity at the emission wavelength maximum for the native all proteins (~332

nm for Trp and ~303 for Tyr) were continuously recorded with increasing temperature was
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starting from 25 to 85 °C at an approximate rate of 2.0 °C/min with an accuracy of the
temperature changes were + 0.01 °C. This allowed complete temperature equilibration time for
the spectrum analysis of the small structural alteration in the proteins/enzymes. Apparently, the
variations in the fluorescence intensity and the maximum shift in wavelength were reported and

analyzed the protein structure.
3.3.1.3.1 Thermodynamics analysis of protein unfolding using fluorescence spectroscopy

Fluorescence properties such as fluorescence intensities (Imax) and the emission wavelength
(Amax) Of Trp in a protein changes upon unfolding. Thus, the thermal fluorescence unfolding of
the proteins in the presence of co-solvents (ILs) was monitored by using fluorescence
spectroscopy [284,285]. Figure 3.7 display the fraction of the unfolded protein (aqueous
medium) in ILs versus function of temperature. This is a reversible two-step folding
mechanism observed in which the transition from folded state to unfolded state is without any
intermediate states. Using Figure 3.7, the overall process of calculating the thermodynamic
parameters such as transition temperature (Ty,), free energy change (4G), enthalpy changes

(4H) and heat capacity (4Cp) changes were calculated which is discussed below [286-288].

Fluorescence Intensity (a.u.)

.i.

m

Temperature (°C)

Figure 3.7: Schematic representation of two-state unfolding transitions in a protein as a
function of temperature.
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As presented in Figure 3.7, the sigmoidal fluorescence transition curve of a globular protein can
be divided into three regions on the origin of the vary in fluorescence properties [289]. These

three regions include,

(@) The pre-transition region in which the fluorescence emission (Y.) of the protein

changes slowly with the temperature

(b) The transition region (Y) represents the major structural changes as the unfolding
proceeds with temperature

(c) The post-transition region (Yy) represents which indicates slow changes in the
fluorescence emission of the completely unfolded protein

For each thermal transition curve, the value of the fraction of unfolded ( f,) protein can be

calculated using the following equations,

For each thermal curve, the value of the fraction of unfolded ( f,) protein can be calculated

using the following equations [284,285],

f = (3.2)

In an equation, fu is the fraction of unfolded protein, Y is the measured intensity at a given

temperature, Y is the measured fluorescence intensity of the folded state, and Y= is the intensity
of the totally unfolded state. The T, of the protein is the temperature at the fraction of unfolded

protein is equal to 0.5.

The equilibrium constant (K) between the native/folded and the denatured states at a particular
temperature was obtained using the following equation

fe Yo-Y

- - 33
1-f, Y-V, (33

The difference in free energy between the denatured and the native conformations (AG) can be

calculated using the equation as given below,
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AG = -RT I K, (3.4)

Where R is the gas constant (1.987 Cal mol™) and T is the absolute temperature.

The difference in free energy between the denatured and the native conformations (AG) can

then be calculated using the equation as below,

AG =—RT InK (3.5)
Where R is the gas constant (R= 1.987 Cal mol™) and T is the absolute temperature.
At equilibrium,

AG=0 (3.6)

Using K, free energy change of unfolding (AG,) at a temperature T (K) can be obtained
according to the relation presented in equation 4. The value of T, can be calculated by analysis
of the plot of AG, vs T (K) where AGis 0. Furthermore, a detailed understanding about the
stability of proteins in the presence of ILs can be understood by additional thermodynamic
parameters, for example, the enthalpy change of unfolding (AH,) and entropy change of
unfolding (AS,) and heat capacity change (AC,) associated protein unfolding, using Gibbs-

Helmbholtz equation expressed below [286—-288].

AGU(T):AH{l—(_:-—mH—AC{(Tm ~T)+T IH(TT_,“H (3.7)

AC, is the key parameter required to extrapolate the thermal unfolding result at any
temperature. AH, and AS, at each temperature can be originated by use of the following
equation. Consequently, all these thermodynamic parameters expected during unfolding studies
are helpful in providing detailed information about the molecule interactions which are playing

the main role in stabilizing enzyme/protein providing structural arrangements.
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3.3.1.4 Circular dichroism (CD) spectroscopy

CD spectroscopy is one of the most commonly used technique to determine the conformational
changes in the protein structure [290]. CD spectroscopy provides differences in the absorption
of right-handed polarized light as opposed to left-handed polarized light which arises because
of structural asymmetry in a molecule. CD spectroscopy is an excellent instrument for
examining the interactions, structure and stability of proteins in solvents. The absence of
expected structure results in zero CD absorption signals, whereas a controlled structure
consequence in a spectrum which may have equally negative and positive signals. CD uses a
basis of circularly polarized light, in which the vectors oscillates rotationally to the left and

right, form a helix around the axis of circulation [291,292].

The chromophores existent in proteins are polypeptide bond (absorption in between 190-240
nm), aromatic AA residues such as Tyr, Trp, Phe and His (absorption in the range 260-320 nm)
and disulfide bonds (weak absorption bands centered nearby 260 nm). Absorption spectra range
between 190 to 240 nm is known as far-UV CD region and absorption spectra in the range of
260 to 320 nm is known as near-UV CD region. The signal strength in the far-UV CD region is
much strong than that of the near-UV CD region [293]. Therefore, for near-UV CD
measurement require more concentrated sample than near-UV CD measurement. Far-UV CD
spectroscopy provides detailed information about the secondary structure as well as near-UV
CD spectroscopy may give complete information about conformation changes in the tertiary
structure of proteins. The advantages of using the CD spectroscopy is that it is very sensitive to
the changes in the conformation despite the spectral regions of the protein, secondly, the CD is
applicable to a particularly broad range of solvent environment is available to study with
relatively small amounts of material. In the present thesis, the secondary and tertiary structures

of protein were monitored by using far-UV (190-240) spectra, (0.1 cm path length cuvette) and
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near-UV (250-300 nm), (1.0 cm path length cuvette), respectively. These both CD structural

results for the proteins are commonly used as the mean residue and molar ellipticity [0].

[9]= 0x100x M

3.8
Cxlxn (38)

Where, [6] is molar ellipticity in deg.cm?.dmol™.
@ is the ellipticity in degrees,
| is the optical path length in cm,
M is the molecular weight,
n is the number of residues in the protein,
C is the concentration in (mg/ml).
3.3.1.4.1 Analysis of the secondary structure of a protein using CD

CD spectroscopy examines the secondary structure of proteins due to the peptide bond is
asymmetric in nature and molecules without a plane of symmetry. The amide chromophore of
the peptide bond dominates the CD spectrum of proteins/enzymes at less than 250 nm. The
characteristics of far-UV CD spectra provides the information about the percentage contents of
all a-helix, B-sheet and random coil in the arrangement of protein structure. Absorption in this
region is below 240 nm and is mainly because of the peptide bond; there is a weak broad n —
n* transition centered approximately ~ 220 nm and a more strong m — m* transition

approximately ~190 nm [293].

These both transitions states dominate the interest of far-UV region in CD spectroscopy (< 240
nm). The transition n — m* is electrically prohibited, but, it is magnetically acceptable,
accountable for the negative bands of similar magnitude at 222 and 216-218 nm, which are the

characteristics of a-helix and the B-sheet spectrum, respectively, which is shown in Figure 3.8.
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The transition m — m * is mainly answerable for the positive band at ~ 190 nm and the negative
band at 208 nm, distinctive of the a-helix spectrum, and for the positive band at ~ 198 nm,

distinctive of the 3-sheet spectrum [293,294].

o = helix

- P - sheet

- = random coil

mdeg

180 190 200 210 220 230 240 250

Wawvelength (nm)

Figure 3.8: The analysis of a-helix, B-sheet and random coil using CD spectroscopy.

3.3.1.4.2 Analysis of the tertiary structure of proteins using CD

The near-UV CD spectra in the wavelength range between 260 to 320 nm reflect the bio-
environment of the aromatic AAs side chains and it gives information about the tertiary
structure of the protein [295]. Aromatic residues such as Trp, Try and Phe exhibit CD spectra
with m — ™ absorption at between 250 and 300 nm. Trp residue shows a fine structure peak
between 270 and 305 nm as well as Tyr a band between 275 and 282 nm, with a shoulder at
higher wavelengths frequently obscured by bands because of Trp and Phe show generally
weaker however sharper bands with well structure peak between 255 and 270 nm. On the other
hand, disulfide bonds also give rise to weak broad signals around 260 nm. The magnitude and
shape of the near-UV CD spectra of a protein will depend on the number of each kind of

aromatic AA existing, their flexibility, the nature of their environment (H-bonding and
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polarizability) and their three-dimensional disposition in the protein. Disulfide bonds also have

CD related to a transition n — ¢* at around 290 nm [293,295,296].

All CD spectroscopic studies were performed using a Pistar-180 spectrophotometer (Applied
Photophysics, UK) equipped with a Peltier system for temperature control. The diagram of CD
instrument is presented in Figure 3.9. CD calibrations were performed using (1S)-(+)-10-
camphorsulphonic acid (Aldrich, Milwaukee, WI), which shows a 34.5 M/cm molar
extermination coefficient and 2.36 M/cm molar ellipticity (0) at 285, 295 nm wavelengths,
respectively. The sample was pre-equilibrated at the required temperature for 15 min and the
scan speed was fixed (error + 0.01) with a reaction time of 1 sec and 1nm bandwidth. Each and
every spectrum was collected by averaging six spectra. All sample spectrums were attained by
deducting suitable blank media having no protein from the experimental original spectrum

[146].

Figure 3.9: CD instrument (PiStar-180 spectrophotometer, Applied Photophysics, UK).
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3.3.1.5 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) is a technique for measuring the intensity of light that is
scattered from dissolved macromolecules or suspended particles within a liquid. DLS measures
the scattering owing to Brownian motion and relates this to the analysis of the particle size of
the proteins in solution [294,297]. By means of classification, the Brownian motion is the
random group of particles due to the attack by the solvent molecules that surround them. In
contrast, a small particle would be “kicked” by the solvent molecules and their motion would
be more rapidly. A precisely well-known temperature is required for DLS because the
understanding of the viscosity is compulsory (because the viscosity of a liquid is correlated to

its temperature).

The hydrodynamic radius size of particles and molecules can be calculated from the

translational diffusion coefficients by using the Stokes-Einstein equation

d(H)= 32{) (3.9)
Where,
dH) = hydrodynamic diameter
D = translational diffusion coefficient
k = Boltzmann’s constant
T = absolute temperature
n = viscosity of the solution mixture

To investigate more information about the phenomenal changes of IL on protein structure and
stability, we have performed the DLS experiments for different protein samples through

Malvern Zetasizer Nano instrument, U. K., which is displayed in Figure 3.10. The instrument
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was equipped with 4mW He-Ne laser (633 nm); fixed with an automatic laser attenuator with
the transmission of 100% to 0.0003%. The time-dependent fluctuations in the intensity were
measured at a fixed scattering angle of 90°. All protein samples of the DLS experiments were
measured at a fixed temperature of 25 °C. Moreover, progressive avalanche photodiode, Q.E. >
50% at 633 nm was utilised as a detector. The measurements for each of the constant
temperature was accomplished and recorded frequently for 50 times to develop the signal-to-
noise ratio of the experimentation. All data obtained that can be analyzed by using Malvern
Zetasizer Software, version 7.01. The DLS instrument is having an inbuilt automatic correlator
for the exposure of the scattered intensity and the significant autocorrelation function
calculations were conducted by the instrument using advanced method utilities and different

analysis algorithms.

Figure 3.10: Malvern zetasizer nano dynamic light scattering (DLS) instrument.
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3.3.2 Measurement of excess molar volumes and apparent molar volumes

3.3.2.1 The vibrating tube densitomer (Anton paar DMA 4500 M)

The densities have been measured using an Anton Paar DMA 4500M vibrating U-tube
densimeter. The densimeter contains an in-built device controller capable of maintaining the
temperature range of (0-90) °C. Typically, density precisions are +0.00005 g.cm . Prior to
each experimental run, the cell is first flushed with acetone or ethanol. After flushing
compressed dry air is blown through the cell. The ultra-pure water supplied by syringe
calibration (used as the calibration standard) is then introduced into the cell through a glass
syringe. The injection process carried out slowly, allowing the liquid to totally wet the tube
walls, and also to lighten the risk of trapping air bubbles in the U-tube. A diagram of the
density measuring apparatus used in this work is presented in Figure 3.15. The density of air
and water is set for the calibration. The compounds were introduced into the sample cell in
accurately the same method as for the ultra-pure water. Density values of water and pure
solvents are determined between each solution injection, to permit a continuous check on both

sample purity and densitometer operation.

Figure 3.11: Anton-paar densitometer 4500M
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3.3.2.2 Ultrasonic interferometer

In the present thesis ultrasonic sound velocities (u) in pure liquids and binary mixtures were
measured at various temperatures (2 MHz frequency) using a variable path single crystal
ultrasonic interferometer (model F-05) from Mittal Enterprises, New Delhi, India. The cell
temperature is maintained from (25 to 40 °C) by circulating water bath (LAUDA alpha 6,
Japan) from a thermostat which is controlled to within £0.02 K. It is a simple and direct
technique to determine the ultrasonic velocity in liquids with a high degree of accuracy.
A diagram displaying the ultrasonic interferometer F-05 and interferometer is shown in Figures
3.12 and 3.13. The interferometer cell of capacity 12 cm® is made up of a stainless steel tube of
internal diameter 1.6 cm. A gold plated quartz crystal of diameter 0.9 cm is covered to the
bottom of the cell. The waves move from this crystal till they are reflected back through the
movable fused quartz rod reflector. A heavy base provides the measuring cell the require it
being from a thermostatically controlled bath into a jacket around it measuring space to
continue the experimental sample at a constant temperature during the experiment. Moreover,
two controls to regulate sensitivity and to adjust the initial current of the meter are also
provided. This distance between the quartz transducer and the reflector plate is moved by the
screw downwards. To improve the accuracy of the measurement, several maxima are passed
and their number n counted. The anode current is finally adjusted to the maximum and the
reading of the micrometer was again recorded. The frequency of the quartz crystal f being

accurate known (2 MHz), the sound velocity, u, is calculated using the relation,
u=2xf (3.11)

where u is the sound velocity, A is wavelength, (A) and (f) frequency, respectively.
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Figure 3.12: Mittal-ultrasonic interferometer model F-05

Figure 3.13: Diagram of interferometer cell
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3.3.2.3 Viscosity measurements (Sine-wave Vibro viscometer)

In the present work viscosities of pure liquids and binary mixtures were measured using sine-
wave vibro viscometer (Model: SV-10 A&D Company Limited, Japan). It is a simple and direct
device to determine the viscosity in liquids with a high degree of accuracy. The viscometer has
been shown in Figure 3.18. The instrument has been equipped with two sensor plates of gold
covering. These two plates vibrate with electromagnetic force at the same frequency as well as
immersed into the sample cell which was mounted on the adjustable base. The calculated
viscosity values were read from a digital display unit, which is attached to SV-viscometer. The
experimental samples were taken at sufficient heating rate for getting the thermodynamic
equilibrium. Usually, the uncertainty of the viscosity measurement is to be 1%. The experiment
was performed at temperatures ranging from (25 to 40) °C by using a circulating water bath

(LAUDA alpha 6, Japan) to control the cell temperature to an accuracy of + 0.02 K.

Figure 3.14: Sine-wave vibro viscometer (Model: SV-10 A&D Company Limited).
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3.3.2.4 Refractive Index Measurements

Refractive index values of the pure ILs and their compounds were determined using Abbe
Digital refractometer from Mittal Enterprises, New Delhi, India. It has been shown in Figure
3.19. The refractometer connected integrated peltier with thermostatically controlled circulating
water to measure the refractive index measurements of these systems at various temperatures.
Refractometer was calibrated by measuring the np values of the high-purity water and an
accuracy of np is +0.0002. All results such as present temperature, measurement values,

measurement temperature, etc., are electronically displayed.

Figure 3.15: Illustration of Abbe digital refractometer from Mittal enterprises

3.4 Theoretical study of thermophysical properties

3.4.1 Density (p)

The density (p) is a measure of a substance of the ratio of its mass and its unit volume.
The volume and mass both are extensive quantities. Density of liquid compounds and
associated volumetric properties are essential for several applicative aspects as well as for
theoretical investigations. The p of liquids is a fundamental element for research and industrial

field. Furthermore, using this p data to calculate the excess molar volume (VF) and apparent
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molar volume (V,) at infinite dilution which is one of the vital thermodynamic properties of
liquid compounds and signifies the first derivative of Gibb’s function with respect to pressure.
Especially, p is used to resolve the several types of problems such as quality control and quality
assurance in the production of industrial fluids or concentration determination in the beverages
and food processing industries, as in determining sugar and alcohols concentration.
Thermodynamic studies of the apparent molar volumes or partial molar volumes and excess
molar volume of solutions are used to explore the ion-ion, solvent-solvent and ion-solvent

interactions.
Density (p) is a function of temperature for pure liquids. It can be defined as:
p=kT+m (3.12)

kand m' are constants and T is temperature.

3.4.2 Excess and apparent molar volume (V= and V,)

The correction terms which relevant to the properties of real mixtures to those of ideal mixtures
are called as an excess function [298, 299]. An excess thermodynamic volume of mixing, VF is
defined as the alteration between the amount of mixing of a real compound and the value
corresponding of the ideal mixture at the same environments of composition, temperature and

pressure which is provided by the equation [300-304] of the excess volume below,

VE=yM _yM

real ideal

(3.13)

The volume change on mixing arises due to the arrangement of the following factors:
> Variations in size and shape of the component molecule,

> Development of novel chemical species,
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> The variance in the molecular interaction energy between similar and dissimilar

molecules,

> Structural variations such as in the correlation of molecular interactions, and

> Hydrogen bonding.

Excess and apparent volumes data are also useful in the conversion of thermodynamic
functions determined at a fixed pressure to the conditions of mixing at a fixed volume, in
determining composition from p measurements of compounds, in obtaining the other virial
coefficient. Therefore, the complexity connected with the origin of excess volume coupled with
the simplify with which is the later can be achieved experimentally with better precision makes
it a penetrating tool in challenging the theories of liquid solutions. By definition [305-309] the

excess molar volume, and apparent molar volumes are given by:

VmE={X1M1+X2M2_(lel+x2M2H (3.14)
P P1 P2

where V © the excess molar volume, x;and x, are the mole fractions, M, andM,are molar

masses p, and p, are the densities where 1 and 2 refers to the component 1 and 2, respectively.

v -M_(p=p) (3.15)

" p mpp,

where M is the molar mass of the solute, m is the molality and p, p,is the densities of the

solution and pure solvent, respectively [310].
3.4.3 Sound velocity (u)

Ultrasonic sound velocity (u) in liquid mixtures is mainly determined by its adiabatic
properties. The u data provide direct and detailed information about the adiabatic properties of

the fluids. The measurement of u in liquid gives a way to acquiring some equilibrium
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thermodynamic information which is not promptly possible by other experimental techniques.
The equation state of u is closely related to the derivatives. The research on u measurements
has been asserted to be an essential device in the classification of intermolecular forces present
in solutions and liquid compounds. This might be accomplished through the assessment of
some determined properties like isentropic compressibilities and excess isentropic
compressibilities. These derived properties are calculated by using the Newton-Laplace

equation:

K, = (3.16)

where p the density and u is the sound velocity of the binary mixtures.
3.4.4 Deviation in isentropic compressibilities (Aks)
The isentropic Compressibilities deviation is therefore written as:

Akg =Kg — (X1K51 + XZKSZ) (3.17)
where X, andx,are the mole fractions, x5, andxg, are the isentropic compressibility for
component 1 and 2, respectively.

3.4.5 Viscosity (n)

Viscosity (7) is a measure of the internal friction of a fluid, which has a tendency to compete
with any dynamic change in the fluid motion. The dynamic viscosity “n” is well-defined as
force per unit essential to maintain a unit velocity gradient in between two similar layers which
are at a unit distance separately. # is transport property of liquids, is a leading tool to define
different physical characteristics of the liquid and liquid mixtures. In the case of liquid
mixtures, the greatness of the recessive dragging forces differs because of variation in surface

area and velocity gradient due to the presence of interactions between the component molecules
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of the binary mixture. The knowledge of # embraces the idea of the internal friction between
the particles of the liquid for, whenever any portion of a liquid is caused to move, neighboring
parts have a tendency to be carried along too. This resistance to the improvement of velocity
changes inside a fluid is the important feature of viscosity and its methods the basis of the

quantitative assessment of 7.

Viscosity measurement has additionally turned out to be a valuable tool for the physical
scientific chemist since the viscosity coefficient is significantly affected by the size, shape and
arrangement of the molecules. For laminar flow of a Newtonian liquid, the dynamic viscosity, #
can be characterized just as the force per unit region required to sustain unit variance in velocity
between two parallel layers of the liquid which are unit expanse apart by Stokes and Mills.

It might be composed as:

)

where 7 is the viscosity, T is the force per unit area and (a%y) is the velocity gradient

n= (3.18)

standard to the planes of flow. Because 7 seems as a proportionality aspect between the shear
stress and velocity gradient, it is generally called as the coefficient of viscosity. The kinematic
viscosity is a measure of the resistive flow of a liquid below the effect of gravity. It is expressed

as the ratio of absolute viscosity to density and can be given by the following expression:

(3.19)

v="T
o,

The viscosity, is defined as force per unit area essential to sustain a unit velocity gradient

between two parallel layers which are at a unit distance separated. Numerous researchers

proposed experimental and semi-experimental relations, which signify the necessity of
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viscosity of binary mixtures on composition and viscosities of pure liquids components.

Therefore we have measured the deviation in viscosities of binary mixtures.
3.4.6 Deviation in viscosity (An)
The deviation in viscosities, of binary liquid mixtures, can be expressed by the relation:
Anp =1 (Xn +X,1,) (3.20)

Where 7 is the viscosity of the mixture 71, 7, viscosities and X, X, are the mole fraction of the

pure components 1 and 2, respectively.
3.4.7 Refractive index (np)

By definition, the refractive index, np, is given by:

_ Speed of light inmaterial1 _ sinel

= = 3.21
" Speed of light inmaterial 2  sine2 ( )

This is written as the refractive index in material 2 relative to material 1. The incident light is in

material 1 and the refracted light is in material 2.

If the instance light is in a vacuum this value is known as the absolute refractive index of
material 2. By definition, the refractive index in a vacuum is 1. Actually, air makes a slight
change to the refraction of light with a complete refractive index of 1.0008, so the value of the
absolute np can be used assuming the incident light is in the air. The np is also defined as the
ratio of the speed of a wave either light or sound in a reference medium to a second medium.
Frequently it is used in the environment of the speed of the wave moment of light with
a vacuum as a reference medium, although historically other reference media (e.g. air at

a standardized pressure and temperature) have been used. In the case of light, the np is written

by:
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nd = Vgr:ur (322)

where np is a fractive index, g, is its relative permeability and &, is relative permittivity [311].
3.4.8 Refractive index deviation (Anp)

Finally, the deviation refractive index (Anp) of binary liquid mixtures can be expressed by the

relation:

Ang =ng —(X,Ng +X,Np,) (3.23)
where np is the refractive index of the mixture np; and np, refractive index 1 and 2,

respectively.
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CHAPTER 4

RESULTS & DISCUSSION
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4.1 Investigation of structure and stability of bromelain (BM) in the presence of
[Bmim][CI], [Bmim][Br] and [Bmim][I] using spectroscopic studies

The present study is an attempt has been made to understand the structure and conformational
stability of BM in the presence of imidazolium based ILs Such as [Bmim][CI], [Bmim][Br]
and [Bmim][l] by using different biophysical techniques such as UV-vis, fluorescence
spectroscopy, circular dichroism (CD) and dynamic light clattering (DLS). Results from
spectroscopic analysis are shown in figures 4.1A-4.6A (Appendix II). Obtained transition
temperature (T,) and hydrodynamic diameter (dy) values for BM in the presence of ILs are
presented in Table 4.1A-4.2A (Appendix I1). The observed results were discussed in terms of

BM stability/destability, which has been published [312].

4.2 Influence of imidazolium-based ionic liquids on the structure and stability of
stem bromelain (BM)

4.2.1 Absorption spectroscopy of BM in Imidazolium-Based ILs

UV- absorption spectroscopy is a easy and effective technique to inspect the conformational
changes in the structure of protein when present along with co-solvent media [313,314]. In
the case of proteins, the UV absorption maxima between 275-280 are due to aromatic
residues such as tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe) [314]. In many
cases, the absorbance differences of a protein are especially useful for observing the
conformational changes of a protein [315]. The protein folding and unfolding can be assessed
from the absorbance of aromatic AAs [195,316,317]. For BM in aqueous buffer, the
intensity of absorption maximum occurs approximately at 280 nm. UV-visible spectra of BM
with imidazolium-based ILs such as [Bmim][HSO,4], [Bmim][CH3COO] and [Bmim][NOs] at

different concentrations of ILs (0.01 to 1.5 M) have been represented in Figure 4.7. The low
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concentration of ILs (0.01-0.05 M), absorbance at 280 nm was observed to be almost same as

that in the case of BM in buffer as can be seen in Figure 4.7.
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Figure 4.7: UV-vis spectra analysis of BM in buffer (black) and in (a) [Bmim][HSO,] with
0.01 M (red), 0.05 M (green), 0.10 M (blue), 0.50 M (cyan), 1.0 M (magenta), 1.5 M (yellow)
at 25 °C (b) [Bmim][CH3COO] with 0.01 M (red), 0.05 M (green), 0.10 M (blue), 0.50 M
(cyan), 1.0 M (magenta), 1.5 M (yellow) at 25 °C and (c) [Bmim][NO3] with 0.01 M (red),
0.05 M (green), 0.10 M (blue), 0.50 M (cyan), 1.0 M (magenta), 1.5 M (yellow) at 25 °C.

The absorption intensities are observed to be continuously increased with increasing
concentration of [Bmim][HSO,], [Bmim][CH3COO] and [Bmim][NO3] as shown with
simultaneous loss of band at 28 nm. This indicates more exposure of the aromatic residues to

the solvent resulting in more absorbance intensity of BM at higher concentration of ILs (0.10-

100



1.5 M). Here, less compact conformation of BM can be assumed as compared to that in
aqueous buffer. This may be attribute to some kind of unstability in the hydrophobic pocket
of the proteins which result in exhibition of more aromatic amino acid residue to the solvent
environment ultimately results in more absorbance. It can be predicted that the ILs have
decreased the stability of BM in the presence of ILs with increasing concentration of [0.10-

1.5 M] ILs.

4.2.2. Analysis of BM structure and stability with the aid of fluorescence spectroscopy

Steady-state fluorescence spectroscopy is an easy and rapid method for evaluating structures
and conformation stability of protein in solvent media . Intrinsic fluorescence of proteins
containing aromatic residues such as Trp, Tyr, and Phe are very responsive to study the
interactions between protein and ILs and concurrently to explore the quenching mechanism,
binding constants, conformational transition, denaturation, and so on [318,319]. The
investigation of microenvironment around the Trp of BM can give detailed insight into the
conformational stability of in the presence of varying concentrations (0.01, 0.05, 0.10, 0.50,
1.0 and 1.5 M) of different imidazolium-based ILs the spectra has displayed in Figure 4.8.
The alteration in the maximum intensity (Inax) as well as the maximum emission wavelength
(Amax) in the fluorescence spectroscopy are very responsive to the polarity of the
microenvironment around Trp. Figure 4.8, represents the interaction of the fluorophore
present in BM in the buffer and also in the presence of different concentrations such as [0.01-
1.5 M] of ILs. BM contains total 5 Trp residues in which three are unfolded in the
hydrophobic core and two are revealed to solvent. The Trp fluorescence of BM displayed a
Amax band located at around 348 nm, with the excitation wavelength of 295 nm. We observed
with increasing concentration of the ILs such as [[Bmim][HSO,], [Bmim][CH3COQ] and
[Bmim] [NOg], the fluorescence intensity continuously decreased with increasing the

concentration of ILs. As can be visualized from Figure 4.8 a and b that the fluorescence
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spectra of BM in [Bmim][HSO,4] and [Bmim][CH3COOQ] decreased with redshift at higher

concentrations (0.5 to 1.5 M) of ILs.
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Figure 4.8: Fluorescence spectra analysis of BM in buffer (black) and in (a) [Bmim][HSO,]
with red 0.01 M (red), 0.05 M (green), 0.10 M (blue), 0.50 M (cyan), 1.0 M (magenta), 1.5 M
(yellow) at 25 OC (b) [Bmim][CH3COO] with 0.01 M (red), 0.05 M (green), 0.10 M (blue),
0.50 M (cyan), 1.0 M (magenta), 1.5 M (yellow) at 25 0C and (c) [Bmim][NO3] with red
0.01 M (red), 0.05 M (green), 0.10 M (blue), 0.50 M (cyan), 1.0 M (magenta), 1.5 M (yellow)
at 25 °C.

The results indicate that the addition of [Bmim][HSO,] to the BM shifted Amax from 348 to
430 nm as there is increase in the concentration of IL from 0.01 to 1.5 M. In the case of
[Bmim][CH3COO] when compared to [Bmim][HSO,] fluorescence intensity decreased from

86 to 50 a.u and Amay Shifted from 348 to 395 nm at the same concentrations of IL. Asan be
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seen from Figure 4.8 a and b, in the presence of 0.01M there were no considerable changes
in the fluorescence spectra of BM when it is compared to the spectra of BM in buffer. Until
0.1 M, there was decreased fluorescence intensity without any shift observed in the spectra of
BM in [Bmim][HSO4] and [Bmim][CH3COO]. Moreover, while enhancing the higher
concentrations of ILs from 0.5 M to 1.5 M there was quenching of the fluorescence emission
of the Tyr residue and redshift was observed [Bmim][HSO,]. Both bathochromic shift and
hypochromic shift in the spectra of BM in the presence of [Bmim][HSO,] and
[Bmim][CH3;COO] might indicate of the exposure of Trp towards the more polar
environment. As compared to [Bmim][HSO,] and [Bmim][CH3COOQO] in case of
[Bmim][NOs] at higher concentration (0.5-1.5 M) has been observed almost negligible
fluorescence intensity. However, a marked increase in intensity was observed upon the
addition of 0.01 and 0.05 M [Bmim][NOs]. While increasing the higher concentration such
0.50, 1.0 and 1.5 M the fluorescence intensity was completely decreased. Here, more
quenching is observed in the Trp fluorescence in the presence of NO3s containing IL. This
decreased fluorescence intensity was suggested the unfolding of BM at such a high
concentration of IL. Evidently the stability of BM with the increasing concentration of ILs at

pH 7.0 the quenching was found to be in the order of NO; > CH3;COO > HSO, .

4.2.3. Thermal stability of BM in ILs

The transition temperature (Ty,) results are required us to find out the thermal stability of BM
in the presence of imidazolium-based ILs and results have been shown in Figure 4.9 and
corresponding values have been collected in Table 4.3. The T, of BM in buffer was found to
be 67.61 °C. The thermal stability of the BM in low concentrations of ILs was observed to be
much higher with respect to the T,, of BM in buffer. As compared to BM in the buffer,the T,

values in the presence of each ILs, there was an increase in Ty, value with increase in the
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concentrations of ILs (up to 0.50 M) clearly exhibits a significant stabilizing effect by the

ILs.

Table 4.3 Transition temperatures (Tn) of the BM in the presence of different concentrations

of ILs.
[Bmim][HS04] [Bmim][CH3COQ] [Bmim][NOg3]
Concentration (Tm) CC) (Tm) (°C) (Tm) (°C)
Buffer 67.61 67.61 67.61
0.01 M 70.77 69.93 69.22
0.05 M 69,44 69.21 68.64
0.10M e * 6890 e *
050M e * 6835 e *
000 21 1 —— * * *
(101 Y — S e *

*The error value for T, is + 0.2 °C.

Table 4.3 shows that Ty, values of 67.61, 70.77, and 69.44 °C for 0.0, 0.01 and 0.05 M of
[Bmim][HSQO,4], respectively. On the other hand, we obtained the T, values 67.61, 69.93,
69.21, 68.90, and 68.35 for 0.0, 0.01, 0.05, 0.10 and 0.50 M of [Bmim][CH3COOQO] and 67.61,
69.22 and 68.64 for 0.0, 0.01 and 0.05 M of [Bmim][ NOs], respectively. Obviously, we have
observed that the T, values in all the concentrations of ILs were still quite higher than pure.
Except [Bmim][CH3COQ], in the case of [Bmim][HSO,] and [Bmim][NOs]dramatically
follows the same panache with respect to increasing temperature. We were unable to find the
T value for higher concentrations such as 1.0 and 1.5 M of all the ILs, since we did not
observe any thermal fluorescence transition as a function of temperature. Finally, the results
show that the addition of lower concentrations (0.01, 0.05, 0.10 and 0.50 M) of all ILs to the

BM increases its thermal stability and the keeps enzyme to be in the folded state. Therefore,
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from the above results dictates that the increasing order of thermal stability of BM in the

presence of studied ILs.

BM in Buffer

7

701 /
60-.
50'.
40
30'.
20'.
10-

o-

0.0 0.01 0.05 0.1 0.5

Concentration of ILs (M)

Transition Temperature (T,,) °C

Figure 4.9: The variation in Tm values of BM in buffer (black) with red ([Bmim][HSO4]),
green ([Bmim][CH3COQ]) and blue ([Bmim][NOg]) which is obtained from fluorescence
analysis.

4.2.4. Changes in the secondary structure of BM in the presence of imidazolium-

based ILs

We have performed far-UV CD spectroscopy to monitor the changes in the secondary
structure of BM in imidazolium-based ILs. Figure 4.10 shows the secondary structure of BM
in the presence as well as in the absence of ILs. The far-UV CD spectra of BM in buffer
consist of two negative bands one band at 208 nm and second band at 222 nm where the band
at 208 is more extreme than at 222 nm (can be seen a black in Figure 4.10) suggesting that
the BM lies into the category of a + [ class of enzyme. The band at 208 nm parallels to IT to

IT* transitions of the a-helix, while the shallow band at 222 nm corresponds to IT to IT*
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transition for both a-helix and random coil are observed. As shown in Figure. 4.10a and b,
there is decreased negative ellipticities of these band with increasing concentration of the
[Bmim][HSO,4] and [Bmim][CH3COOQ].On the other hand, the secondary structure of the BM
was still maintained in the presence of lower concentrations (0.01 and0.05 M) of the
[Bmim][HSO,4] and [Bmim] [CH3COO]. Figures 4.10a and b represent secondary structure
destabilization at higher concentration of [Bmim] [CH3COQ] and [Bmim][HSO,] except at
lower concentrations such as 0.01 and 0.05 M. Exceptionally, in the case of [Bmim] [NO3]
we didn’t found any noticeable secondary structures. Therefore, it directs to the overall loss

of secondary structure of BM in the presence of [Bmim] [NO3].
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Figure 4.10: Influence of (a) [Bmim][HSO4], (b) [Bmim][CH3COQ] and (c) [Bmim][NOs]
on the structure of BM in buffer (black), from far-UV CD analysis with 0.01 M (red), 0.05 M
(green), 0.10 M (blue), 0.50 M (cyan), 1.0 M (magenta), 1.5 M (yellow) at 25 °C.
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4.2.5 Changes in the tertiary structure of BM in the presence of imidazolium-based ILs

We further performed Near-UV CD to observe the changes in the tertiary structure of BM in
the presence of various concentrations of [Bmim][HSO,4], [Bmim] [CH3COQ] and [Bmim]
[NO3] which has been displayed in Figure 4.11. The tertiary structure of BM in the buffer is
characterized by negative and positive bands between 270—300 nm that mostly originate from
the environments of Phe, Tyr and Trp, respectively. As can be seen in Figure 4.11 that
negative ellipticity is decreased with increasing the concentrations of [Bmim][HSO,4], which
reflects loss compact structure of the enzyme at a higher concentration such as 0.50, 1.0 and
1.5 M. However, Figure 4.11a indicates that the tertiary structure of BM completely lost in
the presence of [Bmim][HSO,] at their higher concentrations. The near-UV spectrum of BM
shows positive at 270—282 nm and negative 300 nm. In the Trp spectra shows a peak close to
300 nm, Tyr shows a peak around 282 nm. However, the tertiary structure changes in BM
interpreted by these bands. In the rest of the higher concentrations, we couldn’t find the
tertiary structure of BM in the presence of [Bmim][CH3;COOQO] and [Bmim][NO3]. Therefore,
our near UV CD results represent the tertiary structure of BM was completely interrupted at
higher concentrations of [Bmim][CH3COO] and [Bmim][NO3z] (Figures. 4.11b and c),

respectively.
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Figure 4.11: Influence of (a) [Bmim][HSQO4], (b) [Bmim][CH3;COO] and (c) [Bmim][NO3]
on the structure of BM in buffer (black), from near-UV CD analysis with 0.01 M (red), 0.05
M (green), 0.10 M (blue), 0.50 M (cyan), 1.0 M (magenta), 1.5 M (yellow) at 25 °C.

4.2.6 Exploration of hydrodynamic diameter of BM in the presence of imidazolium-

based ILs

Dynamic light scattering (DLS) is one of the well accepted methods used to determine the
size and shape of the biomolecule [318-321]. To further establish experimental results, we
have performed DLS measurements to observe the variation in the size of the particles in
terms of the hydrodynamic diameter (dy) of BM in the absence and presence of the different

concentrations of [Bmim][HSO,], [Bmim][CH3;COO] and [Bmim][NOs]. Figure 4.12
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elucidates intensity distribution graph of BM in water and in varying concentration of

different ILs.
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Figure 4.12: Hydrodynamic diameter (dy) obtained from the intensity distribution graph for
BM in buffer with red ([Bmim][HSQO4]), green ([Bmim][CH3COO]) and blue ([Bmim][NOs])
at different concentrations.

The deionized water has been used in the preparation of the protein samples in order to avoid
any intrusion caused by the ions present in the buffer and the pH is maintained approximately
equal to ~7. As depicted in Figure 4.12 that the characterization of size distribution graph of
BM in water in the presence of varying concentration of [Bmim][HSO,], [Bmim][CH;COQ]
and [Bmim][NOg] at constant temperature of 25 °C. The dy values of BM in the presence of
different concentrations (0.01 to 1.5 M) of all three ILs are presented in Table 4.4. The dy
values in Table 4.4 clearly show that the concentration of 0.01 M, the dy value is almost
similar in the case of all the studied ILs. As can be seen from Figure 4.12 as well as Table 4.4
in water the dy of BM was pivoted around 6.22 nm and it was 5.22 and 7.99 in 0.01 and 0.05
M of [Bmim][HSO,], respectively. We observe minimal enhancement in the size of the BM

in the presence of [Bmim][HSO,4], however, at 0.10 and 0.50 M of [Bmim][HSO4], there is
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the existence of the loose conformation of the protein as a result of slow denaturation of
protein at these concentrations. When there is a further increase of the concentration of this
IL, there is a substantial increase in the size of BM being 335.2 and 356.8 nm in 1.0 and 1.5
M [Bmim][HSQO4], respectively. In the presence of rest of the ILs such as [Bmim][CH3COQ]
and [Bmim][NOg3] up to the concentration of 0.50 M, we find that there is a minimal increase
in the dy values as compared to BM in water. In the case of all the ILs at higher
concentrations 1.0 and 1.5 M respectively, there exists an aggregated form of the protein due
to complete denaturation of both the ILs. It can be clearly seen from Figures 4.12b and c that
the dy values of BM first decreases at low concentration and then increases at high
concentration of ILs. These indicate the fact that the protein acted as a destabilizer in the
presence of high concentrations of ILs. Consequently, the obtained results confirming the
complete denaturation of BM protein at high concentration of [Bmim][HSO4],

[Bmim][CH3COO] and [Bmim][NOg3].

Table 4.4 Hydrodynamic diameter (dy) of BM in different concentrations of ILs.

Concentration of [Bmim][HSO4)/(nm)  [Bmim][CH3COQ]/(hm)  [Bmim][NO3]/(nm)

ILs

0.0 6.22 6.22 6.22
0.01 5.22 5.52 5.17
0.05 7.99 6.29 8.58
0.10 16.48 5.32 5.56
0.50 23.44 5.25 8.31
1.0 335.2 160.9 101.8
1.5 356.8 332.3 269.1
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Our spectroscopic and DLS results represent the interaction between BM in the presence of
imidazolium-based ILs and it was found to be concentration dependent. In this study, we
considered all results to explain the mechanism of stabilization/destabilization of BM in the
presence of different concentrations of ILs. We found a considerable absorbance of Tyr
residue in UV in the presence of [Bmim][HSO,4], [Bmim][CH3COO] and [Bmim][NOs] ILs
at their lower concentrations up to 0.05 M. On further increase in the concentration of IL the
absorption intensity bands are very broad in the presence of rest of all concentration (0.10 to
1.5 M) of ILs. An increase in the absorption intensities indicates the BM in the ILs can be
accredited to the alternations in the solvent system in the case of all ILs, the increase UV-vis
absorption intensity suggests that the polarity around the hydrophobic chromophore is
decreased due to the interaction between BM and ILs. The fluorescence intensity was
decreased with red shift of the spectra, which means there was a quenching of the fluorophore
with simultaneously decreased hydrophobicity around Trp residue to the polar environment
on addition of different concentration of HSO, and CH3COO. On the other hand, in the case
of [Bmim][NOg3] intensity continuously decreases with increasing the concentration of IL up
to 0.10 M. On further increasing the concentration of IL, the fluorescence intensity was
completely decreased. The large decrease in intensity suggested that unfolding has taken
place, which indicates that the BM protein completely denatured in the presence of such a
higher concentration. The order of the fluorescence quenching and destabilization of BM

protein in the presence of imidazolium-based ILs is found to be NO; > CH3COO >HSO, .

Moreover, in this study, we performed thermal fluorescence as a function of temperature to
characterize the effect on the thermal behavior of BM. With the addition of low
concentrations of all ILs shifted the T, values of BM towards a higher value. However, our
thermal results demonstrate that the thermal stability of BM was enhanced in the presence of

all ILs at lower concentrations. On further increasing the concentration of ILs we did not
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observe any thermal fluorescence transition as a function of temperature. This thermal Ty,
value indicates that the BM protein destabilized at higher concentrations of all ILs order of
destabilization NO; < CH3COO < HSO, . Also, the thermal values are accordance with UV
and fluorescence analysis with each other, which estimate that in a low concentration of ILs
the BM, are stabilized. Accordingly, far- UV CD spectroscopy analysis results show the BM
Secondary structure slightly perturbed after the addition of ILs at high concentration (From
0.10 to 1.5 M). From the results,it is quite clear that BM has maintained overall Secondary
structure in the presence of low concentration up to 0.05 M of all ILs, which is consistent
with our UV and Fluorescence results. On the other hand, Near-UV CD results also
accordance with far- UV CD results. There were no appreciable changes in the tertiary
structure of all ILs at higher concentrations. Furthermore, to expand the experimental results
we have performed DLS as well. In DLS, the particle size of BM stabilized at the lower
concentration up to 0.05 M of [Bmim][HSO,]. In the case of [Bmim] [CH3COQ] and [Bmim]
[NOs], there is the maintenance of the hydrodynamic size of BM up to 0.50 M as compared
to BM in the buffer. Further increasing the concentration of all ILs, we observed huge
aggregates with a particle size in the range of 150—-400 nm. Consequently, the obtained
results have been reported that the structure and conformational stability of BM in
imidazolium-based ILs at pH 7.0 is in the order of HSO, > CH3;COO > NOjs . Moreover, it
seems that these anions are following the Hofmeister stability order. Therefore, this anionic

of series may be suitable for explaining the protein folding/unfolding studies.

Finally, we observed from these results in the case of ILs, the structure of BM acted as a
stabilizer at lower concentration and acted as a destabilizer at higher concentration. However,
at a lower concentration of ILs such as 0.01 and 0.05 M were found to be stabilizing the BM
structure completely. As can be seen the opposite effect at high concentration. In other words,

the HSO, anion of IL considered as most kosmotropic anion as well as almost stabilizer while
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NOgsanion of IL considered chemotropic anion as well as least destabilizer for the structure of
BM. In the presence of particular ions can be best understood the mechanism relating to
unfolding/folding of proteins of the varying hydration levels by addressing which take place
surface of the protein. As a consequence of all the above results reveal that this type of
interaction for stabilization/destabilization of a protein depends not only on the hydrophilicity
of the anion of ILs but also hydrophobicity of amino acid side chains. Still, using these results
cannot be finalized only by imidazolium-based ionic liquids, so already we started working
on wide range of amino-acid containing ionic liquids to find out the new strategies in the field

of protein stabilization/destabilization by using the AAILS.

The Hofmeister series has been observed to have large impact on the wide range of biological
phenomenon including protein folding/unfolding. However, most aspect is that the effect of
Hofmeister series is still vague and unexplained. Some of the available reports suggest that
this series is only observable at high salt concentration while in some other cases the series is
observed to be partially & fully reversed whenever there is alternation in the concentration of

ion [322].

From the above results as well as from the previous results [312] it can be clearly observed
that the BM is able to sustain its folded conformation only at low concentration of the ILs
(i.e, 0.01 and 0.05 M). Therefore, it would be suitable to predict whether the series of anions
from the present work as well as from previous work would fallow the Hofmeister series at
0.05 M concentration of IL. The above results dictate the order of ions to be HSO, >
CH3COO > NOs in the stabilization of BM structure while the previous results [312] dictate
the order to be CI' > Br > I'. From both of these results it is quite clear that CH3COO is
stabilizer for the BM structure while I is observed to be destabilizer for the BM structure. By
looking at the T, values of BM at 0.05 M concentration of ILs, it is observed that the series
of ILs are not exactly being followed by these ions. However, the CH3;COO ion being
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stabilizer and I being destabilizer is consistent with the Hofmeister series. Our series of
Hofmeister ions are found to be in the order of HSO, > CH3;COO >NO; >Cl >Br > 1.
By looking closely at the series only the placement of NO3 seems to be described. I is a
large univalent ion of low charge density which can behave similar to hydrophobic solutes
and easily participate in H bonding. This type of ion can be supposed to be associated with
their counter ion in the solution [323]. In contrast anion such as CH3COO is supposed to be
found in less association with their counter ions (in this case imidazolium) and this ultimately

may result in the stabilization on the hydration of the charged portion of a protein.

In some of the reports it has been seen that there is reversal of the Hofmeister series at low
salt concentration while a direct Hofmeister series is exhibited at high salt concentration
[324]. The reason accounted for this was that the adsorption of more polarizable ion is
enhanced at low salt concentration by ion surface dispersion interactions. While at high salt
concentration adsorption of more polarizable anions ultimately results in effective revert in
surface charge which leads to an increase in cation adsorption results increase in surface
force. However, in the presence of ions of ILs, such reversal of the series is not observed
even at high concentration. In this contrast only, stability of the protein in the presence of ILs
was reviewed by Shu et. al [169] proposed that the exit a complicated combination of
mechanism in the presence of ion of ILs. This complicate mechanism can be due to combined

effect of hydrophobicity, nucleophilicity and H- bond basicity of ILs.

4.3 Influence of choline-based ionic liquids on the structure, stability and activity
of stem bromelain (BM)
To ascertain the role of anions of the ILs on the stability and activity of BM, we have

conducted experiments with ILs sharing a common choline cation combined with the various

anions forming ILs such as: [Ch][CI], [Ch][Ac], [Ch][Dhp], [Ch][Bit], [Ch][I] and [Ch][OH].
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These results analyzed conformational stability, thermal stability and activity of the BM in the

presence of different concentrations of choline based ILs by many biophysical techniques.

4.3.1 Absorption spectroscopy analysis for BM in choline-based ILs

UV-visible absorption measurement is a simple and efficacious method to explore
conformational changes of protein in the solvent media [313]. In the spectrum of proteins,
absorption in the 210-220 nm range is because of the peptide bond. The absorption bands
between 275 and 280 nm are affected by the absorbance of tyrosine (Tyr) and tryptophan
(Trp) in addition to a small amount, by the absorbance of cysteine (Cys) residue
[313,162,278] . Figure 4.13 signifies the spectral variations in UV absorbance of BM in
different concentrations of ILs. As shown in Figure 4.13, there is a strong absorption band at
around 280 nm for BM which is mainly due to the n-z* transition of aromatic amino acids
(AAS) [313]. As can be seen in Figure 4.13, the absorbance of BM progressively decreases
with increasing the concentration of [Ch][CI], [Ch][Ac] and [Ch][Dhp], while in case of
[Ch][Bit] absorbance decreases upto 0.1 M of [Ch][Bit] and then it starts to increase with red
shift at higher concentration (1.5 M). Due to high absorbance of pure [Ch][I] in the range of
250-280 nm the interpretation of spectra is difficult. In the case of [Ch][OH] shows a sharp
increase in the absorbance even at lowest concentration 0.01 M, and after increasing the
concentration of [Ch][OH] leads to hiking in absorbance escorted with insignificant red shift
(0.05 M). Moreover, at higher concentrations after 0.05 M of [Ch][OH], the analysis of UV-
spectra for BM is quite hard due to intrinsic absorbance of pure [Ch][OH]. As one can see
from Figure 4.13 (a-c), the absorption decreases with increasing the concentrations of
[Ch][CI], [Ch][Ac] and [Ch][Dhp], respectively, which indicates that the aromatic residues of
BM may be not as much of exposure to the solvent allowing less absorbance, in order, BM

can be expected in the more compact structure as compared to that in PBS buffer. On the
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other hand, [Ch][OH] exhibits a distinctive behavior in difference to the other ILs. An

increased absorbance of BM with increasing concentration of [Ch][OH] may be ascribed to

exposure of many aromatic residues to the polar solvent media, therefore, high absorbance.
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Figure 4.13: UV-visible absorption spectra of BM in PBS and varying concentrations of ILs
at 25 °C.
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4.3.2 Analysis of steady-state fluorescence of BM in choline-based ILs

Fluorescence spectroscopy detection is highly sensitive for studying the conformational
changes of proteins containing fluorophore residues such as Trp, Tyr and Phe. The
fluorescence spectral parameters such as maximum emission wavelength (Anax) and
maximum intensity (lmax) are highly susceptible to the polarity change around the
microenvironment of fluorophore. The fluorescence emission from Trp residues is more
sensitive as compare to Tyr and Phe [317]. As mentioned earlier, BM has 5 Trp residues
among all three are buried in the hydrophobic environment and two are exposed in the
protein surface[282]. Figure 4.14 represents Trp fluorescence of BM in PBS as well as in the
presence of different concentrations of various choline-based ILs. The Amax Of native BM in
PBS at pH 7.0 is at 347 nm (black spectra) after excitation at 295 nm. It is quite clear from
the Figure 4.14 that all ILs are perturbing the microenvironment around the Trp of BM. As
can be clearly observed in Figure 4.14 the fluorescence intensity (Imax) of BM in [Ch][CI] and
[Ch][Ac] is gradually increase with increase in the concentrations of both ILs, while varying
concentrations of ILs do not cause any shift in Anax. On the other hand, a chronic decrease in
the Imax With blue shift is observed in case of increasing concentration of [Ch][Dhp] as
compared to that of control. 1. for BM is also found to decrease with blue shift as a function
of concentration for [Ch][Bit]. We observed a slight increase of the emission spectra of
fluorescence on the addition of [Ch][I] upto 0.1 M however, after this concentration there is a
considerable decrease in the Ima with blue shift for BM on increasing the concentration of
[Ch][1]. In case of of [Ch][OH] a rapid decrease in the In. iS observed even at lowest
concentration (0.01M) which is a indication of entirely denatured conformation of protein.
From fluorescence results, it is clear that [Ch][CI] and [Ch][Ac] are behaving in similar way

at all concentration which is well consistent with UV results. By these results we can also
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predict that Trp of BM is getting more exposed to the hydrophilic environment due to

unfolding of the protein in presence of [Ch][OH] as compare to other ILs.
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Figure 4.14: Trp fluorescence spectra of BM at 25 °C in the presence of PBS and varying
concentrations of ILs.

4.3.3 Thermal stabilization of BM in presence of choline-based ILs
The thermal stability of BM was examined with the help of transition temperature (Tp,), it is

an important thermodynamic parameter for calibrating the thermal stability of a protein in
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solvent media [204]. The T, values of BM in the buffer and in different ILs with varying
concentration are displayed in Table 4.5 and Figure 4.15. The Ty, of BM in buffer is 66.0 °C.
As can be seen from Figure 4.15, that the T, values of BM increase in presence of [Ch][CI]
as a function of concentration, Ty, values increase from 66 °C (PBS) to 71 °C (at 1.5 M IL).
Whereas in case of [Ch][Ac], the T, values increase upto 1.0 M concentration and then start
to decrease. In presence of [Ch][Dhp] initially there is slight increase in the Ty, values of the
BM at lower concentrations up to the 0.1 M of IL, later T, values start to decrease at higher
concentrations (after > 0.1 M). However, T, of BM is largely affected in the presence of
[Ch][Bit] and [Ch][I], there is remarkably decreased in the T values with increasing
concentration of ILs. While in case of [Ch][OH] due to exceptionally quenching of
flourophore groups transition curves is not obtained except at the lowest concentration. By
comparison it can be conclude that thermal stability of BM is lowest in case of [Ch][OH] as
compare to all ILs. The thermal stability results are well consistent with steady state
fluorescence results. Thermal stability of BM in different ILs follow the order as : [Ch][CI] >
[Ch][Ac] > [Ch][Dhp] > [Ch][I] > [Ch][Bit] > [Ch][OH] according to T, values provided in

the Table 4.5 and Figure 4.15.

Table 4.5: T, values of BM in the presence of PBS at various concentrations of ILs.

Tm (°C)

Concentration ~ Ch [CI] Ch[Ac] Ch[Dhp] Ch[Bit] Ch 1] Ch [OH]
of ILs

0.0M 66.0 66.0 66.0 66.0 66.0 66.0
0.01M 66.5 65 66.8 64 64.5 58.2
0.05 M 67.0 67.8 67.1 59.0 63.2 -
0.1M 67.8 67.5 66.8 57.5 62.5 -
05M 69.5 67.5 64.7 56.5 62.0 -
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1.0M 70.0 68.8 63.6 54.2 61.6 -

15M 71.0 67.5 62.5 53.2 60.1 -

*The error value for Ty, is +0.2 °c.
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Figure 4.15: The variation in T, values of BM in the presence of PBS and varying

concentrations of ILs.

4.3.4 CD spectral analysis for BM in presence of choline-based ILs

Circular dichroism (CD) spectroscopy is considered as a most suitable tool to determine any
conformational transitions of BM in presence of any co-solvents [293]. We used CD
spectroscopy to examine further secondary and tertiary structural changes of BM
conformation in the absence and presence of ILs. The near-UV CD band in the wavelength

range from 260 to 320 nm give information about the environments of the aromatic AAs side
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chains. Trp shows a band near to 290 nm with unique structure of peak between 290 and 305
nm, Tyr give a band between 275 and 282 nm, with a shoulder at longer wavelengths [293].
The spectrum of BM shows positive bands around 270, 280 nm and a negative band at 299
nm [282]. Unfortunately, due to interference of the ILs, the interpretation of the spectra is
difficult in near UV region, only far region of the CD spectrum (190-250 nm) of BM could
be investigated, which can provide further insights for secondary structure changes.

Figure 4.16 signifies the secondary structure of BM conformational changes in presence of
different concentrations of various ILs. Far-UV CD spectra of BM shows two negative bands
at ~208 nm and ~222 nm (shown black in Figure 4.16) which suggests that
BM is the typical a + B class of enzyme [325]. In Figure 4.16, in presence of [Ch][CI], there
is minimal decrease in ellipticities for negative band at 208 and 222 nm with almost no
shifting of 208 nm band. These results show maintaince of a-structures or secondary structure
of BM at all concentration of [Ch][CI]. In case of [Ch][Ac] there is considerable increase in
a- helical structures at lower concentration upto 0.1 M, after this concentration, there is
comprehensive shifting of 208 nm band towards higher wavenumber nearby 213 nm. At
higher concentration (1.5 M) it is found that negative band shifted to 224 nm and a positive
band shifted at 213 nm with complete disappearance of o + [ structures [326]. As is clear
from the Figure 4.16 for [Ch][Dhp] that negative ellipticity is increasing upto 0.5 M
concentration of IL, after this negative ellipticity start to decrease but still more than the PBS
which reflects more compact structure of BM at all concentration of [Ch][Dhp].

From Figure 4.16 (d), it is clear that in presence of [Ch][Bit] secondary structure of BM is
disturbed even at low concentration. In Figure 4.16 (f) it can be observed that with increase in
concentration of [Ch][OH], there is decrease in o- structure with red shift of 208 nm band
trend towards the specific wavenumber of the B-sheet. Further increase in concentrations (at

1.0 and 1.5 M), there is complete disruption of secondary structure which is apparent from
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the replacement of whole negative bands. Again CD result of [Ch][OH] is well consistent

with UV, steady state fluorescence and thermal fluorescence results which shows that

[Ch][OH] is behave as a destabilizer.
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Figure 4.16: Far- UV CD spectra of BM at 25 °C in the presence of PBS and varying
concentrations of ILs.

Unexpectedly, because of high absorbance of the [Ch][I] exact interpret the secondary

structure changes of BM is difficult but it can be seen from the results that the secondary

structure is not disturbed much as compare to the [Ch][Bit] and [Ch][OH].
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4.3.5 Influence of choline-based ILs on the hydrodynamic diameter (dy) of BM by
dynamic light scattering (DLS) measurements

To further confirm these results, we have performed DLS measurements. DLS is very
popular biophysical technique to determine the particles size in any solvent system [297].
Table 4.6 demonstrates hydrodynamic diameter (dy) of BM in PBS and various concentration
of ILs. Figure 4.17 displays the volume distribution curve of BM in PBS and in the presence
of different concentration of ILs. As can be seen in the Figure 4.17, BM shows dy value
around 4.53 nm. From Figure 4.17 (a) and (b) it can clear that there no substantial change in
size of BM in presence of [Ch][CI] and [Ch][Ac] and the size is less change in presence of
[Ch][CI] as compare to [Ch][Ac]. The DLS results also showed that there is no only slight
shifting of dy towards the higher values as a function of increasing concentrations, however,
change in size is more at 1.5 M. However, in case of [Ch][Bit], [Ch][I] and [Ch][OH] the dy
values drastically changes from ~4.5 nm (control) to >100 nm at higher concentrations (>0.5
M) of ILs which represent highly denatured state or aggregate state of BM at these
concentration.

Table 4.6: Hydrodynamic diameter (dy) of BM in buffer and various concentrations of

choline based ILs.

Concentration Hydrodynamic diameter (dy)/nm

of ILs Ch [CI] Ch[Ac] Ch[Dhp] Ch][Bit] Chl] Ch [OH]
0.0 4.53 4.53 4.53 4.53 4.53 4.53

0.01 M 5.65 5.40 5.63 5.11 5.34 6.25

0.05M 5.55 6.00 5.82 4.40 5.93 6.42

0.1M 5.77 6.01 5.56 6.04 6.16 50.74

05M 5.86 6.20 6.54 6.04 108.2 125.4

1.0M 6.02 6.36 6.77 -- 178.3 165.5
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Figure 4.17: Hydrodynamic diameter (dy) of BM in the presence of PBS and various

concentration of ILs.
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4.3.6 Evaluation of activity of BM in the presence of choline-based ILs

After confirming the structural variations of BM in the presence of ILs by UV, fluorescence,
CD and DLS spectroscopic techniques, later the enzyme activity of BM was also confirmed
by enzyme assay. The enzymatic activity of the BM was measured using casein as substrate
[162] in presence of ILs at different concentration using ILs. Figure 4.18 displays the relative
activity pattern of BM in presence of different ILs. It can be observed from Figure 4.18 that
the caseinolytic activity of BM increase in case of [Ch][Ac] and [Ch][CI] up to 0.5 M, the
activity starts to decrease upon further increase in the concentration of these ILs. Here it is
important to note that the activity increase more in case of [Ch][Ac] than that of [Ch][CI]
upto 0.5 M, while enzyme activity is decreases in presence of [Ch][Dhp]. In case of
[Ch][Bit], the activity decreased sharply even with lower concentration (Figure 4.18), and
this decrease is continuous with increase in concentration of ILs. On the other hand, as can be
seen from the Figure 4.18 the enzyme deactivation is not much sharp in case of [Ch][l], the
enzyme activity is decreasing slowly with increase in concentration of IL. In case of
[Ch][OH], there is a remarkable decrease in activity of enzymes with concentration of IL.
The overall activity order of BM in presence of different choline based ILs are as: [Ch][Ac] >
[Ch][CI] > [Ch][I] > [Ch][Dhp] >[Ch][Bit] > [Ch][OH]. Therefore, present results revealed
that enzyme activity in ILs is anion as well as concentration of IL dependent. The ILs vary in
the anions connected to the choline cation, hence, probably varying in their ability and

hydrophobicity to combine with the enzyme [183].
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Figure 4.18: Relative proteolytic activity measurements of BM in PBS and in presence of
ILs at 25 °C

All the above results clearly illustrate that the stabilization/destabilization of BM in presence
of choline as a cation depends on anions and concentrations of ILs. All ILs have different
effect on the structure stability and activity of BM which shows that anions of ILs are playing
an important role on the stability of BM. It was found that interaction of ions of ILs with
protein is dependent on the interaction between ions and the AAs present in the
enzyme/protein [217,327,328]. Therefore, anions present in the choline-based ILs plays a
crucial role in the ascertaining the class of interaction between ILs and enzyme. After
comprehensive analysis of all above obtained results, we can understand that BM can form
more stable and active structure in presence of [Ch][CI], [Ch][Ac] and [Ch][Dhp] as
compared to same concentrations of [Ch][I], [Ch][Bit] and [Ch][OH]. Overall stability order
of BM in presence of various choline-based ILs follow the order as [Ch][CI] > [Ch][Ac] >
[Ch][Dhp] > [Ch][I] >[Ch][Bit]> [Ch][OH].

As is clear from the literature survey, that the stability and activity of protein is much
influenced by the chaotropicity/kosmotropicity characteristics of the ions of ILs [329,330].
Xue et al. [331] have revealed that [Ch][Ac] can improved the catalytic activity of Candida
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rogusa lipase in AOT inverse micelles. Kumar et al. [332] found that the anions such as
CH3;COO and CI of imidazolium-based IL with a common cation such as 1-butyl-3-
methylimidazolium, ([Bmim]*) can enhanced the stability of CT. Very recently, Bisht et al
[183] have revealed that structural stability and enzymatic activity of CT was maintained in
presence of [Ch][Ac], [Ch][CI] and [Ch][Dhp] whereas choline dihydrogen citrate
([Ch][Dhp]) and [Ch][OH] were found destabilizer for CT structure. These results shows that
only kosmotropcity of ions does not determine the stability of enzyme, other factors such as
polarity, H-bonding, anion nucleophilicity, hydrogen-bond basicity and interaction between
ILs and protein are also important factor for consideration [297,333,334]. The type of
interaction between protein and ILs can influence the protein performance either by direct
interaction with the protein functional groups or by changing the microenvironment in and
around the protein because of their several physicochemical properties [297,334]. In present
study ILs with the AC and CI anions are more kosmotropic so they have more hydrogen-
bond basicity, which replicates their high affinity or polarity for water hence the promote
water structure of the protein and showed a more stabilizing feature as compared to other ILs
[183,335].

The destabilization of BM in presence of [Ch][Bit] and [Ch][OH] may be due to the direct
interaction these ions with enzymes, which can form strong H-bonds with the polypeptide
backbone of enzyme which stripping off the essential water associated with the enzyme that
maintain the structural integrity of protein. In this regards Jha et al. [204] demonstrated that
the addition of hydroxide-based ILs to the hemoglobin (Hb) and myoglobin (Mb) decreases the
protein’s stability. Further studies also recommend that polar ILs shred water molecules from
biomolecules, attributed to their extraordinarily high hydrogen bond basicity leading to
protein unfolding [336,337]. While anions such as CI', CH;COO and Dhp may not forming

direct bond with BM protein but reorganize the water structure only around the protein and
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hence stabilize the BM structure. The overall conclusion thorough analysis of all results is
that the stabilizing ability of the proteins in ILs is dependent on cation as well anion of ILs,
concentration and other physiological conditions. Therefore, it can be concluded that the
stability of one protein cannot be extrapolated from the studies of other proteins. Present
work might help us to resolve main issues such as protein folding/unfolding, activity, stability
and function by correct selection of ILs. The ILs behaves quite differently in dilute and
concentrated conditions. For example in present study [Ch][I] behaved as stabilizers at lower

concentrations and destabilizer at their higher concentrations for BM.

4.4 Studies on thermophysical properties of binary mixtures of ammonium based

ionic liquids containing different anions with N, N-dimethylacetamide (DMA)

The studies were carried out to elucidate the thermophysical properties, such as p, u, # and np
of various alkyl chain lengths of ammonium-based ILs and their binary mixtures with DMA
at atmospheric pressure and in the temperature range of 25-40°C. Thermodynamic properties
such as excess molar volumes (VF), deviation in isentropic compressibilities (4 xz), deviation
in viscosities (47) and deviation in refractive indices (4np) were calculated with the help of
experimental data and the results are listed in Table 4.7A (Appendix IIl) and graphically
represented in Figures. 4.19A-4.22A (Appendix I11) at all studied temperatures as a function
of ILs concentration. We have displayed the data of p, u, # and np for DMA with all studied
ILs at 25 °C in Figures. 4.23A. The values of V&, Axs, Ay and Anp for the binary mixtures at
several temperatures as a function of ILs concentrations are mentioned in Table 4.7A
(Appendix I11). Figures 4.24A-4.27A (Appendix 111) demonstrates the values of VE, Ak, Ay
and Anp along with the fitted curves, correspondingly, at different temperatures. Furthermore,

the values of V&, Axs, Ay and Anp for ILs with DMA over the complete composition range at
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25 °C are graphically presented in Figure 4.28A (Appendix IIl). Values of the fitted
parameters are reported in Table 4.8A along with the values of standard deviations. The

obtained results have been described in published literature [338].

4.5 Studies on apparent molar properties of binary mixtures of 1-methyl-1-

propyl pyrrolidinium tetrafluoroborate ([MPpyr][BF,]) with water and alcohols
4.5.1. Density values for binary mixtures

The density ( o) data for the binary systems ([MPpyr][BF4] + water or methanol or ethanol)

have been measured at 25 °C, 30 °C, 35 °C and 40 °C and are the data presented in Table 4.9
and are also graphically shown in Figure 4.29. It has been observed that the p values increase
with increasing the IL concentration and decrease as temperature increases for all binary

systems.

Table 4.10: Molality (m), densities (o) and apparent molar volumes (V,) for

(IMPpyr][BF4] + water or methanol or ethanol) at 25 °C, 30 °C, 35 °C and 40 °C.

m (mol .kg™) p (kg.m?) 10°x V, (m*.mol™)

(IMPpyr][BF4] + water)

T=25°C
0.0517 997.20 0.2123
0.1033 998.80 0.1981
0.1550 1000.3 0.1938
0.2067 1001.7 0.1921
0.2583 1003.0 0.1913
0.3100 1004.3 0.1907
0.4134 1006.9 0.1898
0.5167 1009.6 0.1888

T=30°C
0.0517 995.70 0.2146
0.1033 997.20 0.2003
0.1550 998.70 0.1954
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0.2067
0.2583
0.3100
0.4134
0.5167
T=35°C
0.0517
0.1033
0.1550
0.2067
0.2583
0.3100
0.4134
0.5167
T=40°C
0.0517
0.1033
0.1550
0.2067
0.2583
0.3100
0.4134
0.5167

T=25°C
0.0530
0.1055
0.1558
0.2078
0.2595
0.3104
0.4147
0.5183

T=30°C
0.0530
0.1055
0.1558
0.2078
0.2595
0.3104
0.4147
0.5183

T=35°C
0.0530
0.1055
0.1558
0.2078
0.2595
0.3104

1000.1
1001.4
1002.7
1005.3
1007.9

994.00
995.50
996.90
998.20
999.60
1000.9
1003.4
1005.8

991.90
993.60
994.90
996.20
997.60
998.90
1001.3
1003.6

(IMPpyr][BF4] + methanol)

790.36
793.58
797.40
800.85
804.28
807.29
813.74
819.91

785.78
789.20
793.21
796.81
800.25
803.37
809.95
816.44

781.26
784.74
788.85
792.62
795.98
799.31
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0.1933
0.1923
0.1916
0.1905
0.1897

0.2169
0.2016
0.1970
0.1951
0.1934
0.1926
0.1916
0.1910

0.2217
0.2022
0.1982
0.1960
0.1942
0.1933
0.1925
0.1920

0.2154
0.1939
0.1787
0.1743
0.1714
0.1712
0.1694
0.1685

0.2123
0.1894
0.1737
0.1695
0.1675
0.1675
0.1661
0.1649

0.2067
0.1858
0.1702
0.1656
0.1649
0.1642



0.4147
0.5183
T=40°C
0.0530
0.1055
0.1558
0.2078
0.2595
0.3104
0.4147
0.5183

T=25°C
0.0534
0.1048
0.1565
0.2088
0.2605
0.3113
0.4147
0.5183

T=30°C
0.0534
0.1048
0.1565
0.2088
0.2605
0.3113
0.4147
0.5183

T=35°C
0.0534
0.1048
0.1565
0.2088
0.2605
0.3113
0.4147
0.5183

T=40°C
0.0534
0.1048
0.1565
0.2088
0.2605
0.3113
0.4147
0.5183

806.01
812.83

776.69
780.36
784.58
788.43
792.18
795.73
802.79
809.39

(IMPpyr][BF,] + ethanol)

789.90
792.56
795.54
798.47
801.48
804.00
808.60
813.87

784.62
787.29
790.38
793.40
796.54
799.24
804.42
809.67

780.29
782.97
786.06
789.11
792.25
794.96
800.15
805.42

775.82
778.61
781.72
784.78
787.91
790.63
795.85
801.14

0.1633
0.1616

0.2015
0.1803
0.1654
0.1613
0.1590
0.1581
0.1573
0.1576

0.2392
0.2139
0.2017
0.1958
0.1913
0.1905
0.1911
0.1889

0.2369
0.2129
0.2001
0.1940
0.1891
0.1878
0.1869
0.1857

0.2359
0.2125
0.1999
0.1937
0.1890
0.1877
0.1869
0.1857

0.2329
0.2095
0.1978
0.1922
0.1879
0.1868
0.1863
0.1853
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Figure 4.29: Density ( o), for the mixtures of (a) ([MPpyr][BF4] + water), (b) ([MPpyr][BF4]
+ methanol) and (c) ([MPpyr][BF4] + ethanol) at 25 °C (m), 30 °C (#), 35 °C (+) and 40 °C

(V).

4.5.2 Apparent

molar volumes

The apparent molar volumes, V,, for the binary systems ([MPpyr][BF4] + water or methanol

or ethanol) at several temperatures (25, 30, 35 and 40 °C) are collected in Tables 4.9 and as

displayed in Figure 4.30 (a—c). Figure 4.30 (a—c) represents that the V, values decrease with

increasing the temperature for all binary systems except ([MPpyr][BF4] + water) whereas

increases. The V, values are positive for all systems and decrease with an increase in

concentration of solute for all binary systems at all studied temperatures. At low molalities of
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IL the ions are nearby solvent molecules, suggesting strong IL-solvent interaction, and an

increase in the solute molality decreases the ion—ion interactions resulting in smaller V,
values. In the system ([MPpyr][BF4] + water) the values of V  increases with increasing the

temperature, is consisting with the literatures [262, 339]. The results indicate that the ion-

solvent packing of molecular interactions play the main role in the binary solutions.
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Figure 4.30: Apparent molar volume (V) for the mixtures of (a) ([MPpyr][BF4] + water),

(b) [MPpyr][BF,4] + methanol) and (c) ([MPpyr][BF4] + ethanol) at 25 °C (m), 30 °C (), 35
°C (») and 40 °C (v).
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The parameters of a Redlich—Mayer type equation [340], given below, were fitted to the

apparent molar volume data:
V, =V +S,m"+B,m (4.2)
where V(/? is refers the limiting apparent molar volume of solute ([MPpyr][BF4]) at each

temperature, By and Sy are experimental parameters. The values of V; at each temperature of
all binary systems were gained from Eq. 27 together with By and Sy are presented in Table
4.10. The data in Table 4.10 represent that V; values are positive for all the systems. The V;

values increase with an increase in temperatures for binary system ([MPpyr][BF4] + water)
whereas decreases for the systems ([MPpyr][BF4] + methanol or ethanol). Interestingly, the
observed conclusion is consisting with the literature i e. in N, N-dimethyl-N-(3-sulfopropyl)

cyclohexylammonium tosylate + water (30 to 55 °C) [255]. For the ([MPpyr][BF4] + ethanol)
system V¢0 values is greater than for the ([MPpyr][BF4] + methanol) at all temperatures

indicating that the (ion + solvent) interactions of ([MPpyr][BF,4] + ethanol) are stronger than

of ([MPpyr][BFs] + methanol). This may be due to the effect of addition alkyl chain of

ethanol. For the binary system ([MPpyr][BF,] + water) V; is smaller indicating that the (ion

+ solvent) interactions of ([MPpyr][BF,4] + water) are weaker.
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Table 4.11: Limiting apparent molar volumes (V¢°), and fitting parameters (Sy and By) and

standard deviation (o) of IL (solute) in water or Methanol or Ethanol (solvents) at 25 °C, 30

°C, 35°C and 40 °C.

T (°C) 10°xV?° 10° x Sy 10° x By 10°x o

mimorly (M3 mol®?kg"?)  (m® mol?kg)

(IMPpyr][BF,4] + water)

25 0.244 -0.181 0.148 0.002
30 0.248 -0.191 0.156 0.002
35 0.252 -0.199 0.162 0.002
40 0.263 -0.237 0.197 0.003

([IMPpyr][BF4] + methanol)

25 0.287 -0.389 0.336 0.003
30 0.286 -0.385 0.320 0.003
35 0.277 -0.383 0.315 0.003
40 0.273 -0.379 0.310 0.002

(IMPpyr][BF4] + ethanol)

25 0.315 -0.416 0.339 0.003
30 0.312 -0.407 0.325 0.002
35 0.310 -0.400 0.320 0.002
40 0.304 -0.389 0.315 0.002

The values of S, are negative for all binary mixtures and increase with temperature for the
([MPpyr][BF4] + methanol or ethanol) systems whereas decreases for ([MPpyr][BF.] +
water) system. The IL ion—ion interaction is stronger for the ([MPpyr][BF4] + water) than for
the ([MPpyr][BF4] + methanol) than for the ([MPpyr][BF4s] + ethanol) systems at all
temperatures. The ion-ion interactions decrease with an increase in temperature for the
((MPpyr][BF4] + water) system and increase for the (([MPpyr][BF4] + methanol or ethanol)

systems.
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The B, values are positive for all the systems at different temperature, indicating the
hydrogen bonding interactions between the [MPpyr][BF4] with water, methanol and ethanol.
For the ([MPpyr][BF4] + ethanol) system B, values is greater than for the ([MPpyr][BF.] +
methanol) at all temperatures indicating that the hydrogen bonding interactions between the
[MPpyr][BF4] with ethanol are stronger than of ([MPpyr][BF4] with methanol. This may be
due to the effect of addition alkyl chain of ethanol. For the system ([MPpyr][BF.] + water) B,
is smaller indicating that the weak hydrogen bonding interactions between ([MPpyr][BF4]
with water. The B, value of increases with an increase in the temperature for system
(IMPpyr][BF4] + water) whearas deceases for the systems ([MPpyr] [BF4] + methanol or

ethanol).

The temperature dependence of V(/? can be displayed as follows:

VO = A+BT +C? (4.3)

where A, B, and C are refers to experimental parameters and T is the absolute temperature.

The infinite dilution apparent molar expansibility Eg can be obtained by using Eq. (29) with

respect to temperature.

EO—(qu’O] =B+2CT (4.4)
[ - .
or o

The Eg values for all three binary systems are showed in Table 4.11 and provide detailed

information about the (solute—solvent) interactions [341]. As can be seen in Table 4.11, the

values of E(g are positive for the systems ([MPpyr][BF4] + water or methanol). The obtained

Eg values are positive and increases with increasing the temperature of binary systems
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(IMPpyr][BF4] + water or methanol) due to thermal agitation increases with temperature,
resultant in water or methanol molecules being released from [MPpyr][BF4], thereby

increasing the solution volume to a greater extent than for the pure solvent. The positive

values of Eg indicated the distinctive of electrostriction and solvation (the reduction of the

solvent surrounding ions) of electrolytes in mixtures. In contrast, ethanol in IL Eg values are
negative and decreases with temperature indicating that the pure ethanol increasing more
rapidly than the solution having the [MPpyr][BF,] ions. The negative values of Eg indicated
that the weak interactions between the solute— solvent in the binary system.

Table 4.12: The limiting apparent molar expansibility (Eg) and isobaric thermal expansion
coefficients ().

Solute Solvent 108 x Efj (m*. mol™.K?)
T=25°C T=30°C T=35°C T=40°C
[MPpyr][BF4] water 0.0002 0.0009 0.0015 0.0022
[MPpyr][BFs]  methanol 0.0324 0.0326 0.0329 0.0332
[MPpyr][BF4] ethanol -0.0003 -0.0006 -0.0008 -0.0010
10°x ¢, (K™
[MPpyr][BF4] water 0.0008 0.0036 0.0059 0.0084
[MPpyr][BFs]  methanol 0.1128 0.1138 0.1188 0.1214
[MPpyr][BF,] ethanol -0.0010 -0.0019 -0.0026 -0.0033

Using the apparent molar volume and expansibility the thermal expansion coefficient were

calculated as well as presented in Table 4.11.

oV ? VA
ap = io L = (4.5)
vV, aT o E,

It can be observed from the Table 4.11 that the values of «, are positive for ([MPpyr][BF4] +

water or methanol) whereas negative for ([MPpyr][BF,] + ethanol) at all temperatures.
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CHAPTER 5

CONCLUSION
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The first part of this thesis deals with the studies of protein folding/unfolding and their
functional consequences, which are essential in understanding the basis of the cellular life
cycle. The studies of biomolecules and ILs remain a subject of the active area of scientific
research. Therefore, it is necessary to find out the suitable co-solvent systems that are more
biocompatible and can stabilize the protein structure with different physiological environment
including temperature, pressure, pH, ionic strength, cold, high salinity as well as
concentrations. In this regard, ILs are the found to be one of the best suitable biocompatible
co-solvents for stabilizing some of the proteins. Therefore, two different families of ILs
namely imidazolium and cholinium-based ILs were selected and the stability of bromelain

(BM) has been studied in the presence of these ILs.

The stability/destability of BM in the presence of imidazolium-based ILs such as
([Bmim][CI]), ([Bmim][Br]), ([Bmim][l]), ([Bmim][HSO4]), ([Bmim][CH;COQ]) and
([Bmim][NOg3]) were observed. The conformational stability and structural changes of the
protein were investigated using spectroscopic techniques and DLS measurements. Finally,
from the two techniques, we have observed the quenching of fluorescence spectra with
simultaneous loss of secondary as well as tertiary structures by varying concentrations of ILs.
It can be also seen that the concentration of the ILs played an important role towards structure
and stability of BM. In addition, it was also concluded that the stability of BM was harshly
affected at higher concentrations (0.50-1.5 M) of ILs. From both of these results, it is quite
clear that HSO, is a stabilizer for the BM structure while I is observed to be destabilizer for
the BM structure. Fascinatingly, this imidazolium family ILs followed the Hofmeister series.
Clearly, series of Hofmeister ions are found to be in the trend of HSO, > CH3;COO > NO3

>ClI >Br >1.
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On the other hand, we successfully explored the role of concentration and anion of ILs as
well as related it to well-known Hofmeister series on the structure, stability and activity of
BM. For this purpose, choline-based ILs such as choline chloride [Ch][CI], choline acetate
[Ch][Ac], choline dihydrogen phosphate [Ch][Dhp], choline bitartrate [Ch][Bit], choline
iodide [Ch][l] and choline hydroxide [Ch][OH] were used and found that the lower
concentrations of all ILs show a different behavior in comparison to a higher concentration of
ILs. From the experimental results we conclude that the overall stability order of BM follow
the trend as: [Ch][CI] > [Ch][Ac] > [Ch][Dhp] > [Ch][I] >[Ch][Bit]> [Ch][OH]. The
concentration of ILs is very essential in deciding its role either as stabilizer or destabilizer for
the structure of BM. The overall summary of the protiens work is that the stabilizing ability
of the proteins in ILs is dependent on the cation and anion of the ILs as well as concentration
of IL. Also, it is not essential that an IL which is a destabilizer will still act as a destabilizing
agent for a different protein. We believe that the experimental result formed here on the
folding and unfolding of different families of ILs will be helpful in future for advance

biotechnology and biomedical applications.

The overall conclusion is that the stabilizing ability of the ILs on BM is different and is
depending on the cation and anion of the ILs as well as concentration of IL. A mutual effect
of the hydrophobic, as well as the electrostatic interactions between the ILs and protein,
played important role in elucidating protein folding and unfolding. We believe that the
experimental outcome produced hither on the protein folding/unfolding of various families of

ILs which is helpful in future for further biomedical and biotechnology applications.

The second part of this thesis deals with the studies on thermophysical properties such as
density (p), excess molar volume (VF), sound velocity (u), deviations in isentropic
compressibility (4xs), viscosity (1), deviations in viscosity (A7), refractive index (np) and
deviations in refractive index (4np) of the binary mixtures (TEAH or TPAH or TBAH +
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DMA) at different temperatures from 25 to 40 °C in steps of 5 °C under atmospheric pressure.
The interesting results are obtained for structure-based and temperature dependent properties

of ILs with DMA.

The negative VE values observed for the lower alkyl chain length of TEAH whereas the large
alkyl chain length of ILs such as TPAH and TBAH displayed negative to positive VE values.
The calculated values of 4Ks are negative complete ranges of composition, indicating that
attention of stronger attractive ion-dipole interactions between ions of ILs and DMA. The
positive values of Az for the investigated binary systems suggest that the attractive forces
and/or highest effective packing occur between the ions of ILs and DMA. The positive 4np
values of (TEAH + DMA) system is attributed to the hydrogen bond association between the
ions of ILs and DMA at low concentration and negative 4np values of binary systems (TPAH
or TBAH + DMA) suggested that self-ion-pair interactions formed between the ions of ILs

and DMA at higher concentration.

-y - -y . O
In addition to above, the apparent molar volume (V,), limiting apparent molar volumes (V,)),

the limiting apparent molar expansibility ( E:j), and thermal expansion coefficients (o, ) were

evaluated from experimental p data of binary mixtures containing 1-methyl-1-propyl
pyrrolidinium tetrafluoroborate ([MPpyr][BF,]) with water, methanol and ethanol at various
temperatures from (25 to 40 °C) under atmospheric pressure were aslo investigated. The v,
values are positive for all systems and decrease with an increase in concentration of solute for
all binary systems at all studied temperatures. For the ([MPpyr][BF,] + ethanol) system V;
values is greater than for the ([MPpyr][BF4] + methanol) at all temperatures indicating that

the (ion + solvent) interactions of ([MPpyr][BF4] + ethanol) are stronger than of

(IMPpyr][BF,] + methanol). This may be due to the effect of addition alkyl chain of ethanol.
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For the binary system ([MPpyr][BF4] + water) V; is smaller indicating that the (ion +
solvent) interactions of ([MPpyr][BF4] + water) are weaker.

The positive values of Eg for the systems ([MPpyr][BF4] + water or methanol) indicated the
characteristic of solvation and electrostriction of electrolytes in solutions. In contrast, ethanol
inIL Eg values are negative and decreases with temperature indicating that the pure ethanol
expanding more rapidly than the solution containing the [MPpyr][BF,] ions. The negative
values of Eg for system ([MPpyr][BF4] + ethanol) indicated that the weak interactions

between the solute— solvent in the binary system. Furthermore, the influence of anion on
thermophysical properties of ionic liquids with organic solvent is also explained. We believed
that certainly this work will enrich the knowledge of understanding the thermophysical and

thermodynamic properties of binary mixtures of ionic liquids and organic solvents.
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Figure 4.1A: UV-vis spectra analysis of BM in buffer (black) and in (a) [Bmim][CI] with
red (0.01M), green (0.05M), blue (0.10 M), cyan (0.50 M), magenta (1.0M), yellow (1.5 M)
at 25 °C (b) [Bmim][Br] with red (0.01 M), green (0.05 M), blue (0.10 M), cyan (0.50 M),
magenta (1.0 M), yellow (1.5 M) and (c) [Bmim][I] with red (0.01 M), green (0.05 M), blue

(0.10 M), cyan (0.50 M), magenta (1.0 M), yellow (1.5 M) at 25 °C at 25 °C.
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Figure 4.2A: Fluorescence spectra analysis of BM in buffer (black) and in (a)
[Bmim][Cl]with red (0.01 M), green (0.05 M), blue (0.10M), cyan (0.50M),magenta (1.0 M),
yellow(1.5 M) at 25 °C (b) [Bmim][Br]with red (0.01M), green (0.05M), blue (0.10 M), cyan
(0.50 M),magenta (1.0M), yellow(1.5 M) and (c) [Bmim][I] with red (0.01 M), green (0.05

M), blue (0.10M), cyan (0.50 M), magenta (1.0 M), yellow (1.5 M) at 25 °C at 25 °C.
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Figure 4.3A: The variation in Tm values of BM in buffer (black) with [Bmim][CI] (red),

[Bmim][Br] (green) and [Bmim][l] (blue) which is obtained from fluorescence analysis.

188



(b)

6 8
44 61 //i><//\\\
. 5] 44 Ve — S
v @ .",\// ~
‘C_>| o 2_=&‘ _/X-’ | R
—~ 07 = \ > =
E 2- 5 01
5 g -2
NE -4 < K\-IO
o € 1
> 6 o
g g ]
= 8- °
o = 81
= .10 - &-10-
-12 4 12 4
190 200 210 220 230 240 250 190 200 210 220 230 240 250
Wavelength (nm) Wavelength (nm)
(c)
6
2] ////—\\’:=*‘<<;7‘fi\\
S~ :EtjffTS:>c,<::::\
L S ;
—
a~ 0+
2 2
L
£ -4-
o
S -6
©
= 87
-10 4
12 4

190 200 210 220 230 240 250
Wavelength (nm)

Figure 4.4A: Influence of [Bmim][CI], [Bmim][Br] and [Bmim][I] on the structure of BM in
buffer (black), from far-UV CD analysis with red (0.01 M), green (0.05 M), blue (0.10 M),

cyan (0.50 M), magenta (1.0 M), yellow (1.5 M) at 25 °C.
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Figure 4.5A: Influence of [Bmim][CI], [Bmim][Br] and [Bmim][l] on the structure of BM in

buffer (black), from near-UV CD analysis with red (0.01M), green (0.05M), blue (0.10M),

cyan (0.50M), magenta (1.0 M), yellow (1.5 M) at 25 °C.
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Figure 4.6A: Hydrodynamic diameter (dH) obtained from the intensity distribution graph
for BM in buffer with [Bmim][CI] (red), [Bmim][Br] (green) and [Bmim][Il] (blue) at

different concentrations.
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Table 4.1A: Transition temperature (Tn,) of the BM in different concentrations of ILs.

Concentration [Bmim][CI] [Bmim][Br] [Bmim][1]

(Tm)! (°C) (Tm)! (°C) (Tm)! (°C)
Buffer 66.25 66.25 66.25
0.01M 66.24 66.29 66.21
0.05 M 65.53 64.30 64.00
0.10 M 65.83 6450  ---- *
0.50 M 63.97 63.00 - *
i00M e o e o e *
10 - L oo e *

*The error value for Tr, is + 0.2 °C.

Table 4.2A: Hydrodynamic diameter (dH) of BM in different concentrations of ILs.

Concentration of ILs  [Bmim][CI] )/(nm) [Bmim][Br] )/(nm) [Bmim][I1] )/ (nm)
0.0 5.14 5.14 5.14
0.01 5.05 5.23 5.04
0.05 4.954 3.31 285.08
0.10 5.09 5.23 204.65
0.50 7.75 7.12 273.23
1.0 229.3 259.56 386.46
15 275.5 333.53 401.1
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Figure 4.19A: Plots of densities (p) for the mixtures of ILs with DMA vs. mole fraction (X1)
of IL for (a) TEAH (b) TPAH or (c) TBAH + DMA (x,) at different temperatures, 25 °C (o),

30 °C (0), 35 °C (A) and 40 °C (m).The solid lines represent the smoothness of the data.
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Figure 4.20A: Plots of ultrasonic sound velocities (u) for the mixtures of ILs with DMA vs.
mole fraction (x;) of IL for (a) TEAH (b) TPAH or (c) TBAH + DMA (x;) at different
temperatures, 25 °C (0), 30 °C (0), 35 °C (A) and 40 °C (m).The solid lines represent the

smoothness of the data.
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Figure 4.21A: Plots of viscosities (i) for the mixtures of ILs with DMA vs. mole fraction
(x1) of IL for (a) TEAH (b) TPAH or (c) TBAH + DMA (x») at different temperatures, 25 °C

(o), 30 °C (o), 35 °C (A) and 40 °C (m).The solid lines represent the smoothness of the data.

195



1.428

1.407
1.424

1386 1.416

1.408

1.365 |- -

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.5 1.0

1.432

1424

1.416

1.408

1.400 |

0.0 0.2 0.4 0.6 0.8 1.0

Figure 4.22A: Plots of refractive indices (np) for the mixtures of ILs with DMA vs. mole
fraction (x;) of IL for (a) TEAH (b) TPAH or (c) TBAH + DMA (xp) at different
temperatures, 25 °C (o), 30 °C (o), 35 °C (A) and 40 °C (m).The solid lines represent the

smoothness of the data.
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Figure 4.23A: Plots of (a) densities (p) (b) ultrasonic sound velocities (u) (c) viscosities ()
(d) refractive indices (np) for the mixtures of ILs + DMA as function of the mole fraction (x;)
of IL; (o) TEAH; (o) TPAH and (A) TBAH at 25 °C. The solid lines represent the

smoothness of the data.
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Figure 4.24A: Plots of excess molar volumes (VF) for the mixtures of ILs with DMA vs.
mole fraction (x;) of IL for (a) TEAH (b) TPAH or (c) TBAH + DMA (x;) at different
temperatures, 25 °C (o), 30 °C (0), 35 °C (A) and 40 °C (m).The solid (-) lines correlated by

Redlich—Kister equation.
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Figure 4.25A: Plots of deviation in isentropic compressibilities (4x;) for the mixtures of ILs
with DMA vs. mole fraction (x;) of IL for (a) TEAH (b) TPAH or (c) TBAH + DMA (x;) at
different temperatures, 25 °C (o), 30 °C (o), 35 °C (A) and 40 °C (m). The solid (-) lines

correlated by Redlich-Kister equation.
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Figure 4.26A: Plots of deviation in viscosities (47) for the mixtures of ILs with DMA vs.
mole fraction (x;) of IL for (a) TEAH (b) TPAH or (c) TBAH + DMA (x;) at different

temperatures, 25 °C (o), 30 °C (o), 35 °C (A) and 40 °C (m).The solid (-) lines correlated by

Redlich-Kister equation.
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Figure 4.27A: Plots of deviation in refractive indices (4np) for the mixtures of ILs with
DMA vs. mole fraction (x;) of IL for (a) TEAH (b) TPAH or (c) TBAH + DMA (xy) at
different temperatures, 25 °C (o), 30 °C (o), 35 °C (A) and 40 °C (m).The solid (-) lines

correlated by Redlich—Kister equation.
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Figure 4.28A: Plots of (a) excess molar volumes (VF) (b) deviations in isentropic
compressibilities (4xs) (c) deviations in viscosities (47) (d) deviations in refractive indices
(4np) for the mixtures of ILs + DMA as function of the mole fraction (x;) of IL; (o) TEAH;

(o) TPAH and (A) TBAH at 25 °C. The solid (-) lines correlated by Redlich-Kister equation.
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Table 4.7A
Molecular mass (MW), solvent purity, density (p), speed of sound (u), viscosity () and refractive index
(np) for ammonium-based ILs and DMA at T = 30 °C.

p (g-cm™) u(ms") n (MPa-s) Np

Solvent MW (g.mol™) Expt. Lit. Expt. Lit. Expt. Lit. Expt. Lit.
TEAH 147.26 1.00731 1.00731*° 1803 1803*° 472 472" 1372 13722
TPAH  203.25 0.99360 0.99360*° 1790 1790*® 6.01 6.01*® 1.409 1.409°
TBAH 259.34 0.99170 0.99170*° 1788 1788*° 6.49 6.49*° 1405 1.405°
DMA  87.12 0.93224 0.93240° 1428  --- 0.88 0.882% 1435 ----

0.93168¢ 0.862°

0.93169°
% Reference [245]

b Reference [243]
¢ Reference [247]
9 Reference [248]
¢ Reference [246]

Table 4.8A: Mole fraction (x;) of ILs, Density (p), Ultrasonic Sound Velocity (u), Viscosity

(), Refractive Index (np), Excess Molar Volumes (VF), Isentropic Compressibility(xs),

Deviation in Isentropic Compressibility (4x;), Deviation in Viscosity (A7) and Deviation in

Refractive Index (4np) for TEAH, TPAH and TBAH with DMA system at different

temperatures.
X1 p u n Np VE Ks Axs  An Anp
(g.cm®) (ms') (mPa. (cm®>m (TPa (TPa  (mPa.
s) ol™) B D)
(TEAH + DMA)

T=25°C

0.0000 0.93683 1448 093 1437 0.000 509 0.0 0.000 0.0000
0.0216  0.94283 1472 119 1438 -0.358 490 -15.1 0.174 0.0020
0.0663 0.95407 1514 164 1438 -1.014 457 -38.1 0.444 0.0047
0.1133 0.96456 1558 2.08 1437 -1612 427 -58.4 0.696 0.0074
0.1628 0.97422 1605 249 1437 -2144 399 -76.8 0.901 0.0099
0.2150 0.98300 1652 283 1436 -2605 373 -91.6 1.037 0.0120
0.2422 0.98707 1676 299 1435 -2808 361 -98.1 1.088 0.0129
0.2988 0.99454 1722 328 1432 -3.158 339 -108 1.152 0.0139
0.3899 1.00392 1785 3.63 1428 -3514 313 -113 1.141 0.0155
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0.4894
0.5986
0.7188
0.8060
0.8995
1.0000

T=30°C
0.0000
0.0216
0.0663
0.1133
0.1628
0.2150
0.2422
0.2988
0.3899
0.4894
0.5986
0.7188
0.8060
0.8995
1.0000

T=35°C

0.0000
0.0216
0.0663
0.1133
0.1628
0.2150
0.2422
0.2988
0.3899
0.4894
0.5986
0.7188
0.8060
0.8995
1.0000

T=40°C

1.01112
1.01588
1.01782
1.01707
1.01426
1.00881

0.93224
0.93783
0.94851
0.95869
0.96825
0.97715
0.98133
0.98910
0.99920
1.00707
1.01247
1.01480
1.01436
1.01197
1.00731

0.92761
0.93249
0.94225
0.95190
0.96130
0.97033
0.97468
0.98288
0.99367
1.00211
1.00768
1.00978
1.00920
1.00710
1.00369

1834
1863
1868
1858
1842
1814

1428
1449
1487
1525
1567
1611
1631
1673
1731
1778
1810
1824
1825
1816
1803

1408
1423
1458
1495
1532
1573
1593
1630
1686
1732
1767
1787
1793
1793
1792

3.89
4.08
4.24
4.39
4.59
4.94

0.88
1.11
1.54
1.95
2.33
2.66
2.81
3.09
3.43
3.69
3.87
4.04
4.18
4.38
4.72

0.83
1.03
1.42
1.79
2.16
2.49
2.64
2.89
3.23
3.47
3.63
3.77
3.91
411
4.43

1.422
1.414
1.403
1.395
1.385
1.374

1.435
1.435
1.435
1.435
1.434
1.433
1.432
1.430
1.425
1.419
1.411
1.400
1.392
1.383
1.372

1.433
1.433
1.433
1.432
1.431
1.430
1.429
1.427
1.422
1.416
1.408
1.398
1.389
1.380
1.370
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-3.652
-3.513
-3.009
-2.379
-1.419
0.000

0.000
-0.311
-0.896
-1.446
-1.950
-2.401
-2.605
-2.963
-3.358
-3.529
-3.418
-2.913
-2.287
-1.346

0.000

0.000
-0.239
-0.728
-1.221
-1.702
-2.161
-2.379
-2.775
-3.232
-3.452
-3.343
-2.785
-2.119
-1.192

0.000

294
284
282
285
291
301

526
508
477
449
421
394
383
361
334
314
302
296
296
300
305

544
530
499
470
443
417
404
383
354
333
318
310
308
309
310

-113
-101
-78.1
-56.8
-31.6
0.0

-13.2
-34.5
-52.5
-69.5
-84.2
-89.4
-98.8
-106
-104
-92.6
-71.2
-52.1
-28.0
0.0

0.0
-9.1
-29.0
-47.3
-62.5
-77.1
-82.9
-91.1
-98.7
-96.9
-86.1
-65.8
-47.1
-24.9
0.0

0.999
0.750
0.428
0.228
0.053
0.000

0.147
0.405
0.635
0.825
0.955
1.000
1.063
1.055
0.930
0.691
0.399
0.205
0.046
0.000

0.000
0.122
0.351
0.552
0.744
0.886
0.935
0.985
0.996
0.878
0.645
0.355
0.178
0.042
0.000

0.0154
0.0145
0.0113
0.0086
0.0047
0.0000

0.0000
0.0014
0.0042
0.0071
0.0094
0.0115
0.0122
0.0138
0.0147
0.0146
0.0137
0.0102
0.0080
0.0046
0.0000

0.0000
0.0013
0.0042
0.0061
0.0083
0.0105
0.0113
0.0126
0.0136
0.0136
0.0126
0.0101
0.0068
0.0037
0.0000



0.0000
0.0216
0.0663
0.1133
0.1628
0.2150
0.2422
0.2988
0.3899
0.4894
0.5986
0.7188
0.8060
0.8995
1.0000

T=25°C

0.0000
0.0153
0.0476
0.0826
0.1205
0.1617
0.1837
0.2308
0.3104
0.4030
0.5122
0.6429
0.7453
0.8630
1.0000

T=30°C

0.0000
0.0153

0.92298
0.92764
0.93701
0.94638
0.95563
0.96458
0.96893
0.97716
0.98812
0.99647
1.00292
1.00561
1.00554
1.00401
1.00138

0.93683
0.94089
0.94855
0.95564
0.96197
0.96754
0.97003
0.97437
0.97924
0.98221
0.98368
0.98458
0.98585
0.98895
0.99594

0.93224
0.93601

1388
1402
1434
1467
1501
1538
1555
1590
1641
1687
1725
1756
1769
1777
1781

1448
1472
1505
1541
1580
1621
1642
1684
1749
1800
1839
1846
1835
1817
1801

1428
1448

0.77 1431 0.000
096 1431 -0.211
132 1431 -0.650
1.67 1430 -1.101
201 1429 -1554
233 1427 -1.989
247 1426 -2.199
272 1424 -2581
3.04 1419 -3.027
3.27 1413 -3.251
344 1405 -3.155
3.59 1395 -2.626
3.76 1387 -1.993
395 1378 -1.112
427 1368 0.000

(TPAH + DMA)

093 1437 0.000
1.15 1438 -0.212
158 1.438 -0.609
202 1438 -0.968
243 1438 -1.269
285 1438 -1.505
3.06 1438 -1.596
345 1437 -1.712
399 1434 -1.696
446 1430 -1.415
484 1425 -0.856
515 1419 -0.096
535 1415 0.380
566 1412 0.573
6.10 1.412 0.000

0.88 1435 0.000
1.07 1436 -0.178

205

562
548
519
491
464
438
427
405
376
353
335
323
318
315
315

509
491
465
441
416
393
382
362
334
314
301
298
301
306
310

526
510

0.0
-8.6
-27.0
-43.3
-57.6
-70.8
-715.5
-83.6
-90.0
-88.6
-79.1
-61.9
-45.1
-24.2
0.0

0.0
-15.5
-34.2
-52.0
-68.5
-83.5
-90.0
-101
-113
-113
-106
-82.7
-59.0
-30.6

0.0

0.0
-13.4

0.000
0.114
0.318
0.503
0.670
0.807
0.852
0.904
0.905
0.787
0.574
0.304
0.169
0.032
0.000

0.000
0.141
0.404
0.662
0.877
1.084
1.180
1.327
1.455
1.446
1.262
0.896
0.568
0.268
0.000

0.000
0.112

0.0000
0.0013
0.0041
0.0061
0.0081
0.0096
0.0103
0.0118
0.0127
0.0128
0.0117
0.0092
0.0068
0.0037
0.0000

0.0000
0.0011
0.0024
0.0035
0.0044
0.0051
0.0053
0.0054
0.0048
0.0033
0.0009
-0.0019
-0.0034
-0.0034
0.0000

0.0000
0.0009



0.0476
0.0826
0.1205
0.1617
0.1837
0.2308
0.3104
0.4030
0.5122
0.6429
0.7453
0.8630
1.0000

T=35°C

0.0000
0.0153
0.0476
0.0826
0.1205
0.1617
0.1837
0.2308
0.3104
0.4030
0.5122
0.6429
0.7453
0.8630
1.0000

T=40°C

0.0000
0.0153
0.0476
0.0826
0.1205
0.1617
0.1837
0.2308
0.3104

0.94327
0.95008
0.95627
0.96187
0.96440
0.96892
0.97427
0.97785
0.97992
0.98110
0.98274
0.98607
0.99360

0.92761
0.93117
0.93804
0.94460
0.95068
0.95619
0.95875
0.96341
0.96909
0.97307
0.97559
0.97732
0.97906
0.98275
0.99111

0.92298
0.92635
0.93290
0.93914
0.94494
0.95022
0.95267
0.95712
0.96261

1479
1513
1549
1584
1603
1643
1706
1756
1792
1804
1802
1790
1790

1408
1423
1452
1484
1515
1549
1569
1606
1664
1715
1753
1768
1770
1769
1779

1388
1401
1428
1458
1490
1520
1537
1572
1625

1.47
1.90
2.29
2.68
2.89
3.27
3.82
4.28
4.68
4.99
5.20
5.52
6.01

0.83
0.98
1.36
1.73
2.12
2.52
2.71
3.09
3.62
4.09
4.48
481
5.03
5.37
5.88

0.77
0.92
1.26
1.60
1.95
2.33
2.52
2.87
3.39

1.436
1.436
1.436
1.435
1.435
1.434
1.432
1.427
1.422
1.416
1.412
1.409
1.409

1.433
1.433
1.433
1.433
1.433
1.433
1.432
1.431
1.429
1.425
1.42
1.414
1.41
1.407
1.407

1.431
1.431
1.431
1.431
1.431
1.43
1.43
1.429
1.427

206

-0.521
-0.835
-1.103
-1.321
-1.405
-1.518
-1.519
-1.273
-0.754
0.015
0.463
0.648
0.000

0.000
-0.151
-0.442
-0.715
-0.953
-1.141
-1.218
-1.323
-1.325
-1.086
-0.581

0.155

0.625

0.784

0.000

0.000
-0.136
-0.399
-0.644
-0.855
-1.021
-1.085
-1.165
-1.139

485
460
436
414
404
382
353
332
318
313
313
317
314

544
530
506
481
458
436
424
402
373
349
334
327
326
325
319

562
550
526
501
477
456
444
423
393

-31.2
-48.5
-64.5
-717.6
-83.4
-94.6
-107
-109
-99.6
-76.5
-54.7
-26.5
0.0

0.0
-10.0
-27.4
-44.5
-58.4
-71.5
-78.8
-89.4
-101
-103
-94.8
-71.8
-50.0
-24.5

0.0

0.0
-8.7
-25.4
-41.7
-56.9
-68.4
-714.2
-84.6
-95.0

0.346
0.596
0.791
0.970
1.068
1.207
1.348
1.333
1.172
0.813
0.497
0.213
0.000

0.000
0.073
0.289
0.482
0.680
0.873
0.952
1.094
1.223
1.224
1.063
0.733
0.436
0.181
0.000

0.000
0.075
0.257
0.426
0.591
0.769
0.851
0.971
1.102

0.0020
0.0031
0.0040
0.0046
0.0048
0.0050
0.0044
0.0029
0.0005
-0.0023
-0.0036
-0.0036
0.0000

0.0000
0.0006
0.0017
0.0025
0.0034
0.0040
0.0041
0.0044
0.0040
0.0025
0.0002
-0.0026
-0.0037
-0.0037
0.0000

0.0000
0.0003
0.0013
0.0022
0.0031
0.0034
0.0038
0.0040
0.0036



0.4030
0.5122
0.6429
0.7453
0.8630
1.0000

T=25°C

0.0000
0.0124
0.0388
0.0678
0.0996
0.1348
0.1538
0.1951
0.2666
0.3529
0.4589
0.5925
0.7026
0.8358
1.0000

T=30°C

0.0000
0.0124
0.0388
0.0678
0.0996
0.1348
0.1538
0.1951
0.2666
0.3529
0.4589
0.5925
0.7026
0.8358

0.96662
0.96927
0.97134
0.97333
0.97732
0.98576

0.93683
0.94123
0.94924
0.95629
0.96230
0.96716
0.96918
0.97236
0.97511
0.97578
0.97535
0.97571
0.97789
0.98325
0.99358

0.93224
0.93648
0.94427
0.95124
0.95720
0.96216
0.96425
0.96764
0.97080
0.97191
0.97187
0.97236
0.97458
0.98016

1675
1716
1738
1742
1749
1769

1448
1474
1506
1543
1577
1615
1613
1668
1717
1765
1802
1816
1801
1791
1798

1428
1450
1480
1510
1539
1573
1574
1623
1677
1720
1755
1771
1764
1766

3.87 1423 -0.898
424 1417 -0.402
458 1411 0.292
479 1407 0.720
515 1405 0.818
5.66 1.405 0.000

(TBAH + DMA)

093 1.437 0.000
1.15 1437 -0.249
1.63 1437 -0.695
215 1437 -1.074
267 1436 -1.370
3.16 1435 -1.562
344 1435 -1.615
394 1434 -1.623
474 1432 -1.358
543 1428 -0.721
6.02 1424 0.253
6.45 1418 1.324
6.63 1413 1.784
6.66 1409 1571
6.69 1407 0.000

0.88 1.435 0.000
1.05 1435 -0.226
147 1435 -0.634
197 1434 -0.985
247 1434 -1.255
296 1433 -1.431
3.22 1433 -1.480
3.74 1432 -1.482
448 1429 -1.221
515 1426 -0.588
573 1422 0.387
6.20 1416 1511
6.37 1411 2022
6.42 1407 1.824
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369
350
341
339
334
324

509
489
464
439
418
396
397
370
348
329
316
311
315
317
311

526
508
484
461
442
421
419
393
366
347
334
328
330
327

-97.6
-90.0
-68.4
-46.3
-22.3
0.0

0.0
-17.7
-37.0
-56.6
-71.6
-86.0
-91.3
-101
-109
-110
-103
-81.1
-54.9
-26.7

0.0

0.0
-15.9
-34.0
-50.0
-63.5
-77.1
-84.0
-92.4
-104
-104
-95.8
-713.6
-48.4
-22.7

1.129
0.965
0.666
0.375
0.159
0.000

0.000
0.149
0.477
0.828
1.165
1.454
1.624
1.886
2.274
2.467
2.447
2.107
1.653
0.916
0.000

0.000
0.101
0.372
0.710
1.031
1.324
1.477
1.765
2.104
2.290
2.276
2.000
1.548
0.851

0.0022
-0.0002
-0.0030
-0.0043
-0.0041
0.0000

0.0000
0.0004
0.0011
0.0018
0.0020
0.0024
0.0026
0.0028
0.0026
0.0018
0.0005
-0.0015
-0.0027
-0.0029
0.0000

0.0000
0.0003
0.0008
0.0014
0.0019
0.0022
0.0024
0.0026
0.0022
0.0016
0.0002
-0.0018
-0.0029
-0.0030



1.0000

T=35°C

0.0000
0.0124
0.0388
0.0678
0.0996
0.1348
0.1538
0.1951
0.2666
0.3529
0.4589
0.5925
0.7026
0.8358
1.0000

T=40°C

0.0000
0.0124
0.0388
0.0678
0.0996
0.1348
0.1538
0.1951
0.2666
0.3529
0.4589
0.5925
0.7026
0.8358
1.0000

0.99170

0.92761
0.93185
0.93975
0.94677
0.95280
0.95787
0.95997
0.96341
0.96665
0.96784
0.96783
0.96845
0.97087
0.97696
0.98962

0.92298
0.92711
0.93487
0.94182
0.94785
0.95296
0.95513
0.95873
0.96225
0.96377
0.96401
0.96518
0.96716
0.97350
0.98737

1788

1408
1422
1447
1476
1504
1537
1536
1585
1634
1680
1713
1728
1726
1735
1777

1388
1396
1417
1444
1472
1500
1500
1547
1593
1637
1673
1689
1693
1712
1767

6.49

0.83
0.97
1.38
1.81
2.25
2.70
2.96
3.48
4.21
4.90
5.48
5.97
6.14
6.19
6.29

0.77
0.90
1.23
1.64
2.06
2.49
2.71
3.21
3.94
4.62
5.21
5.73
5.93
5.99
6.13

1.405

1.433
1.433
1.432
1.432
1.432
1.431
1.430
1.430
1.427
1.424
1.419
1.413
1.409
1.405
1.403

1.431
1.431
1.431
1.431

1.43
1.429
1.429
1.428
1.425
1.422
1.417
1.411
1.407
1.403
1.401

0.000

0.000
-0.220
-0.626
-0.967
-1.227
-1.395
-1.434
-1.418
-1.121
-0.444
0.597
1.782
2.313
2.061
0.000

0.000
-0.203
-0.581
-0.898
-1.139
-1.290
-1.324
-1.302
-0.996
-0.314
0.748
1.992
2.575
2.326
0.000

315

544
530
508
485
464
442
442
413
387
366
352
346
346
340
320

562
553
533
510
487
467
466
436
409
387
371
363
360
351
324

0.0

0.0
-10.6
-26.7
-43.3
-57.1
-711.2
-17.2
-86.7
-96.8
-98.9
-89.3
-65.6
-41.0
-16.5

0.0

0.0
-6.1
-20.4
-36.6
-51.6
-63.5
-70.3
-80.1
-89.5
-91.4
-82.7
-58.1
-34.4
-12.8

0.0

0.000

0.000
0.072
0.338
0.610
0.876
1.134
1.290
1.585
1.924
2.143
2.144
1.905
1.474
0.796
0.000

0.000
0.063
0.252
0.506
0.756
0.997
1.116
1.394
1.741
1.958
1.980
1.784
1.394
0.740
0.000

0.0000

0.0000
0.0002
0.0008
0.0012
0.0017
0.0020
0.0021
0.0022
0.0019
0.0010
-0.0003
-0.0021
-0.0031
-0.0032
0.0000

0.0000
0.0002
0.0007
0.0012
0.0016
0.0018
0.0019
0.0019
0.0016
0.0007
-0.0010
-0.0028
-0.0037
-0.0034
0.0000
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Table 4.9A: Estimated Parameters of Redlich-Kister equation and standard deviation, (o) for

the systems of ammonium-based ILs with DMA at different temperatures.

Y Systems T (°C) ag ai a o
VE(cm®. mol™?) [TEAH] + DMA
25 -14.5902  0.2926 -2.1341  0.003
30 -14.1193  -0.2876 -0.8690  0.002
35 -13.849 -0.7207 1.9632 0.002
40 -13.0551  -0.9145 2.3459 0.003
[TPAH] + DMA 25 -3.717 11.3412 0.6426 0.002
30 -3.2822  10.7692 1.8855 0.009
35 -2.6006  10.5859 2.948 0.004
40 -1.8828  10.1673 2.7678 0.005
[TBAH]+ DMA 25 2.4983 17.3687  -6.0613  0.003
30 3.0702 17.9928  -4.1395  0.001
35 3.9582 19.0154  -3.7149  0.005
40 4.6265 19.8434  -2.1572  0.005
Axs (TPat) [TEAH]+ DMA
25  -376.1649 202.3266 -319.4164 12.18
30  -404.4534 146.1273  -47.2009  1.54
35  -357.9242 145.6645 -93.6677  4.68
40 -360.209  102.18 28.0487 1.31
[TPAH]+ DMA 25  -383.6351 266.6995 -212.2782  6.75
30  -371.0946 257.8039 -141.267  5.16
35 -373.641  237.4609 -26.1842  1.76
40  -359.9592 2285177  6.7589 0.82
[TBAH]+ DMA 25  -297.2869 358.4178 -495.0387 12.52
30  -281.1794 340.3383 -408.5993 11.06
35  -308.4402 342.1789 -136.1855  3.22
40 -323.661  328.0813  76.2608 3.29
An (mPa.s) [TEAH] + DMA
25 3.1542 -4.5355 2.8857 0.12
30 3.0507 -4.0877 2.0674 0.10
35 3.4894 -3.3032 -0.827 0.02
40 3.1359 -3.0448 -0.6908 0.02
[TPAH] + DMA 25 5.1464 -4.18 0.0972 0.01
30 4.88 -3.9032 -0.8645 0.02
35 4.6876 -3.4393 -2.0951  0.05
40 4.1975 -3.1025 -1.8661 0.04
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Al’lD

[TBAH] + DMA

[TEAH] + DMA

[TPAH] + DMA

[TBAH] + DMA

25
30
35
40

25
30
35
40

25
30
35
40

25
30
35
40

9.7654
9.6127
9.131
8.4875

0.0599
0.0598
0.0551
0.0506

0.0019
0.0018
0.0023
0.0029

-0.0015
-0.0004
-0.0021
-0.0052

-4.2248
-3.773
-3.1142
-2.4647

-0.0153
-0.0126
-0.0138
-0.0125

-0.0478
-0.0461
-0.043
-0.0427

-0.0302
-0.0295
-0.0288
-0.0291

-0.9426
-3.2077
-3.9979
-4.3327

0.0107
-0.0022
-0.0051
0.0011

0.0131
0.0052
-0.0048
-0.0172

0.0031
-0.0067
-0.0061
-0.0024

0.04
0.10
0.09
0.08

0.0004
0.0003
0.0002
0.0001

0.0004
0.0002
0.0001
0.0004

0.0001
0.0002
0.0002
0.0001
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