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Abstract 
The protein stability in aqueous solutions is a commonly concerned issue in various 

biological fields, especially in the pharmaceutical field for development of therapeutic 

protein products. Proteins are functional/active in the folded or native state.  They easily 

undergo conformational changes reversibly or irreversibly in response to environmental 

conditions. In general, the stability of proteins depends on temperature, pressure, and most 

importantly on the solvent properties. Different types of co-solvents (Sugars, polyhydric 

alcohols, etc.) were reported in the past, which serve the purpose of stabilization to some 

extent. In recent years, ionic liquids (ILs) have emerged as a new class of solvents which 

can strengthen the stability of proteins. Although ILs are commonly used for the 

stabilization of biomolecules, the biomolecular interactions causing the effect, stabilization 

or destabilization are still an active subject of considerable interest. In this thesis, several 

ionic liquids based on imidazolium, ammonium, and morpholinium moieties were 

investigated to understand their effect on the structure, stability, and activity of two proteins, 

bovine serum albumin (BSA) and lysozyme (Lyz).       

 In the first objective, we investigated the impact of imidazolium based ILs on the 

structure and stability of two proteins using different spectroscopic techniques. Our results 

revealed that hydrophobicity of cationic part of ILs has a significant influence on the 

destabilization of proteins. Also, the concentration of ILs placed an important role in their 

stability.          

 In the second objective, few mostly used conventional buffers were investigated on 

the thermal aggregation behavior of BSA. Aggregation studies revealed that out of three 

buffers (Phosphate, TRIS, and Imidazole), phosphate buffer ceases the heat induced 

aggregation.            

 Based on the results, the third objective of this thesis proceeded with different 

ammonium based ILs. The main outcome was observed to be contradictory to the results 

obtained in first objective. Here the most hydrophobic IL has a stabilizing effect on the 

thermally unfolded BSA and also higher concentration has shown a positive effect. 

However, increasing the hydrophobic nature of the IL, as expected results noticed with the 

loss of tertiary structure and aggregation at elevated temperature.     

 The last part of this thesis explores the synergistic effect of ILs and polymers 

(carboxymethylcellulose and polyethyleneglycol) on the activity and structure of Lyz. The 



 

ix 

 

results show that all the IL formulations have a protecting effect compared to buffer medium 

and in some formulations, the activity of Lyz enhanced by ≈ 25%. Overall, this thesis 

presents the effect of some commonly used ILs as well as some unexplored ILs on the 

stability and activity of proteins. It also provides an understanding of protein-IL interactions 

through thermodynamic binding parameters and molecular dynamic simulations. Moreover, 

the synergistic effect of ILs and polymers recommends further investigation of new 

formulations based on this in protein studies.       

                  

Keywords: Ionic liquids, Bovine serum albumin, Lysozyme, Spectroscopic techniques, 

Molecular dynamic simulation    
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Introduction 

1.1 Overview of protein structure, folding and therapeutic      

applications 

1.1.1 Protein structure and folding  

Proteins are an essential part of all living organisms possessing exceptional jobs. They can 

act like structural materials and function as molecular level machines responsible for 

numerous functions in cell organization, reproduction, signal transduction, and apoptosis. 

Also, they play a vital role in carrying out functions like transportation and storage in living 

cells. e.g. Myoglobin & Hemoglobin proteins in oxygen transport and storage. Proteins also 

catalyze and inhibit chemical reactions in the form of enzymes. Therefore, proteins are 

essential for life in different ways. 

Proteins are linear polymers formed by twenty different naturally occurring amino 

acids. The functional properties of proteins depend upon the three-dimensional structures 

that allow them to bind to other proteins, small organic molecules, nucleic acids, etc. In 

1951, Pauling and Corey considering the structures of amino acids and the planar nature of 

the peptide bond proposed the existence of the α-helix and β-strand motifs as the 

fundamental building blocks in protein secondary structure. Almost all proteins 

characterized by at least one type of secondary structure, whereas the number of possible 

tertiary structures is vast and grows with protein size. The native protein form is stabilized 

by a range of interactions including hydrogen bonds, ionic interactions, van der Waals 

forces, and covalent disulfide bridges. The process which allows proteins to fold into their 

biologically active form is known as protein folding. This is the most fundamental and 

spontaneous phenomenon occurring in a cell, where the entire polypeptide chain efficiently 

folds into a physiologically active conformation (called native conformation).  

Various studies have been carried out to understand the mechanism of protein 

folding. In the early 1960s, a pioneering work of Anfinsen and his co-workers on the 

folding/refolding of ribonuclease enzyme resulted in an important observation.1 It was 

observed that the enzyme can spontaneously fold to its native state after the cleavage of 

disulfide bonds and disruption of the tertiary structure without the help of any other 

biological machinery.  This observation revealed that all the information necessary for a 
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protein to fold is encoded in its own amino acid sequence. Later, Cyrus Levinthal proposed 

that the time required for a protein to try all possible conformations would be longer than 

the age of the universe.2 However, proteins in nature are found to fold within milliseconds 

to seconds. Therefore, he suggested that protein folding must be guided by the rapid local 

interactions which serve the folding process and final conformation should be of low energy 

to survive possible perturbations in a biological system. Out of various models proposed to 

explain protein folding, “energy landscape theory” developed in the 1990s is a unified model 

which elucidates a statistical description of the free energies of all the molecular 

configurations.3  

 

 

Figure 1.1 A schematic energy landscape for protein folding and aggregation. The surface 

shows the multitude of conformations ‘funneling’ towards the native state via 

intramolecular contact formation, or towards the formation of amyloid fibrils via 

intermolecular contacts. (Reproduced from Jahn et al.)4 

The unfolded protein on a usually rugged energy surface or ‘landscape’ descends the 

funnel with the lowering of free energy due to intramolecular interactions. During the 

process, protein folding becomes simpler at each stage with the reduced number of possible 

conformations and finally, the native structure is formed with the lowest energy. The folding 

landscape of small proteins is usually relatively smooth with a two-state mechanism 

compared to larger proteins where it becomes rugged. The presence of stable intermediate 

conformations may cause the protein to fold on a much rougher energy surface. These 



Chapter 1                                                                                                              

 3   

 

transiently populated intermediate states can be productive for folding (leads to multistate 

or non-cooperative folding) or nonproductive where the intermediates are trapped (leading 

towards aggregation). With the increment in the concentration of intermediates to a certain 

level, the intermolecular interactions dominate intramolecular interactions of these species 

and drive the process towards aggregation. The aggregates and/or amyloid fibrils formed by 

the self-assembly of these intermediate species result in cellular toxicity in several 

degenerative diseases. 

To avert protein misfolding and aggregation, organisms have developed a quality 

control system which includes molecular and chemical chaperones. Molecular chaperones 

are structurally diverse and mechanistically distinct proteins (for example heat shock 

proteins), which can serve the folding process by preventing/reversing the misfolding and 

aggregation of proteins.5, 6 Chemical chaperones are small compounds (polyols, sugars, 

methylamines, free aminoacids or its derivatives), which can promote proper folding as well 

as assist in refolding along with increase in the stability of native states.7 However, 

alterations in the cellular environment, such as enhanced oxidative stress, temperature 

fluctuations, and aging, as well as protein mutations limit the potential of protein quality 

control. The cytotoxicity associated with protein aggregation or misfolding is the cause of 

a diverse group of diseases including Alzheimer’s disease, Parkinson’s disease, 

Huntington’s disease, amyloid polyneuropathy, diabetes type-2, spongiform 

encephalopathy, etc.  

1.1.2 Protein therapeutics 

Protein therapeutics have got much attention with the success of pancreatic insulin in 

treating diabetes. The discovery and purification of insulin by Frederick Banting, Charles 

Best, and James Collip in the laboratory of John McLeod is a miracle for diabetes patients 

because the only alternative to a quick death from ketoacidosis was the slow death by 

starvation on the low-calorie diet.8-12 The birth of Recombinant DNA technology triggered 

the rise and exponential growth of biotechnological industry producing more proteins of 

therapeutic importance. By 2017, 239 protein therapeutics have been approved by Food and 

Drug Administration (FDA, USA) which include hormones, interleukins, interferons, 

hematopoietic growth factors, blood clotting factors, tumor necrosis factors, thrombolytic 

drugs, monoclonal antibodies, enzymes, and vaccines.13, 14 In spite of having potential 

applications in the treatment of severe diseases with protein therapeutics, the development, 

and manufacturing of proteins remain very complex. 15, 16 Most protein products need 
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suitable formulation for delivery to patients. Proteins pose specific challenges to their 

stability during manufacturing, storage, transportation, and/or administration. In most cases 

and in the above-said processes, various types of stress (such as acidic, thermal, mechanical, 

interaction with surfaces) often promote aggregation.17, 18 Also, protein-based drugs 

generally require administration at high protein concentration which usually causes 

aggregation.19, 20 Therefore, protein aggregation and destabilization must be strictly 

controlled to ensure satisfactory product quality and to reduce unwanted immunogenicity. 

Moreover, improving the stability during storage and maintaining its efficiency for a long 

time is very essential. Generally, protein drugs are formulated in liquid or solid form 

(lyophilized) containing buffer components, a surfactant, and one or more excipients. Nema 

and Brendel reviewed different excipients including solvents and solubility enhancers used 

in parenteral formulations.21 To maintain the pH of protein products during synthesis and 

storage, buffer systems are often used. Sugars and sugar alcohols (for example sucrose, 

trehalose, mannitol, and sorbitol, etc.) are typically used to stabilize the protein in solution, 

during freezing/thawing or in the freeze-dried state. To protect the protein from mechanical 

stress as well as from interfacial stress during freezing and thawing, surfactants (for 

example, polysorbate 20 and polysorbate 80) are added to the formulation. Moreover, some 

additives like amino acids and their derivatives are used to reduce the viscosity of high 

concentrated protein solutions. Though the excipients stabilize proteins, they fail to give 

reasonable long-term stability to some protein therapeutics. In recent years, ionic liquids 

(ILs) have emerged as one of the biocompatible solvents and have shown promising results 

in stabilizing proteins. 

1.2 Ionic liquids 

ILs have received much attention from researchers in various scientific fields during the last 

few decades. Though the first report on ILs appeared in the early 20th century (physical 

properties of EAN, melting point = 12 °C, reported by Paul Walden22), the potential benefits 

have not been recognized for a long time.  The interest in ILs has slowly spread in the 

scientific community during 1980s. A very recent review by Welton, T. summarized the 

history of ILs.23 The term IL implies that the liquid is only composed of ions, with neutral 

species present. The other commonly used terms include room-temperature IL, non-aqueous 

IL, molten salt, liquid organic salt, and fused salt that all represent salts in a liquid phase 

having a low melting temperature. Figure 1.2 shows some common cations and anions used 

for the synthesis of ILs. Approximately, a million combinations of cations and anions 
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possible which can form an IL. They are also called as “designer solvents” because their 

physical properties such as polarity, viscosity, miscibility, and density can be tuned by 

selection of suitable anions and cations.24, 25 ILs are considered as the available alternative  

 

Figure 1.2 Some commonly used cations and anions for ionic liquids synthesis. 

solvents to traditional volatile organic solvents due to their distinctive properties such as 

high thermal/chemical stability, negligible vapor pressure, nonflammability, and low 

toxicity. They have been used extensively in chemical synthesis (organic/nanomaterial)26, 

27, engineering chemistry (separation/extraction/catalytic reactions)28-30, and biotechnology 

(biocatalysis/ biofuel production)31-34. Apart from that, ILs placed an important role in 

protein- and enzyme-based applications. ILs not only provide a novel reaction medium but 

also serve as an effective participant (solvent/cosolvent) in various biological processes. 

They have been used as reagents for biocatalysis, biotransformation, protein stabilization 

and preservation, DNA solubilization and stabilization, and other biomolecule based 

applications.35-38  

1.2.1 Applications of ionic liquids in protein research 

The first known application of an IL in protein science was introduced by Magnuson et al. 

in 1984 with ethyl ammonium nitrate (EAN).39 They studied the activity and stability of 

Alkaline Phosphatase in aqueous IL solutions. Interestingly, it was noticed that the enzyme 

retains full activity in 60% EAN and was stable at 0 °C in 80% EAN. Besides having 

significant results, ILs have not been considered seriously until 2000, when Summers and 

Flowers reported EAN as an effective refolding additive and aggregation suppresser.40 It 

was revealed that renaturation of denatured-reduced lysozyme regained 75% activity. Since 
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then, the usage of ILs in protein science has exponentially increased. The following 

examples demonstrate a few applications of ILs. 

1.2.1.1 Protein Crystallization 

The application of ILs in protein crystallography was introduced by Garlitz et al. They 

observed that lysozyme crystallized easily in EAN and maintained its activity with enhanced 

stability.41 They also proposed that EAN may be used as an additive, a detergent, a 

precipitating agent or to deliver ligands into protein crystals. Another work by Judge et al. 

showed that out of six model proteins (lysozyme, catalase, myoglobin, trypsin, xylanase, 

and glucose isomerase), significant improvement of crystal growth observed for lysozyme 

and trypsin in multiple ILs.42 Based on the results, the poorly diffracting monoclonal 

antibody 106.3 Fab in complex with the B-type natriuretic was crystallized efficiently and 

diffraction was obtained in ILs.42 Coelho et al. reported the crystal growth of nitrate 

reductase enzyme using [Bmim][Cl] in a reproducible manner with larger crystal sizes.43 

Kennedy et al. observed that the size and quality of protein crystals increased in protic  ILs 

and also the reproducibility of crystallization of trypsin, lysozyme, and glucose isomerase 

improved.44  

1.2.1.2 Protein Extraction and separation 

ILs have shown promising results in liquid-liquid extraction because of their immiscibility 

in water which form biphasic system and ability to solubilize various materials including 

salts, fats, proteins, polysaccharides, and several organic molecules, etc. In a recent review, 

Lee et al. furnished various classes of ILs, which were studied for protein separation and 

purification technology.45 For the first time, Du et al. reported the extraction of proteins 

from human body fluids in [Bmim][Cl]/aqueous two-phase system.46 Another study by Ge 

et al. revealed [DMAPA][FA] as a promising reagent for protein extraction from yeast cells 

retaining its functional activities.47 Deive et al. reported the extraction of lipase A from 

Candida antarctica with higher efficiency using imidazolium based ILs.48 Moreover, PPG 

400/GBIL systems have exhibited good results in the extraction of Immunoglobulin Y from 

egg yolk with efficiencies in the range of 79-94% and have advantages compared to the 

traditional techniques.49 

1.2.1.3 Biocatalysis 

ILs act as powerful solvent media for biocatalysis and biotransformation.50, 51 Several 

studies have demonstrated the enhanced activity, stability, and enantioselectivity of 

enzymes as well as better recoverability and recyclability in ILs.52-58 For instance, Candida 
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antarctica lipase B (CaLB) and Pseudomonas cepacia lipase (PcL) are catalytically active 

in pyridinium and imidazolium based ILs with anions including BF4
−, PF6

−, and Tf2N
−.59-63 

Chen et al. found that hydrophilic ILs are most biocompatible for the enzyme Mung bean 

epoxide hydrolases and enhanced the initial rate and product yield of asymmetric hydrolysis 

of styrene oxide to (R)-1-phenyl-1,2-ethanediol.64 Wang et al. employed an IL containing 

buffer system for the enzymatic conversion of rutin to isoquercitrin using hesperidinase and 

noticed increased product yield with low reaction time in [Bmim][BF4].
65 

1.2.1.4 Proteins stability 

ILs have been reported to increase the stability, activity, refolding yield of proteins in 

comparison to other solvent media. Recent reviews have provided up to date information 

and current understanding of the effect of ILs on protein stability.66-68 Here are a few 

examples of stabilizing effect of ILs on several proteins. Villora and co-workers observed 

enhanced stability of penicillin G acylase (PGA) in hydrophobic ILs such as [Emim][Tf2N], 

[Bmim][Tf2N], [Bmim][PF6], [Omim][PF6], and [Bmim][BF4].
69, 70 Interestingly, a 2000-

fold higher stability in ILs with [Tf2N] anion compared to that in 2-propanol was noticed. 

Vrikkis et al. found that lysozyme was stable in ILs such as [Ch][DHP], [Ch][Sc] and 

[Bmim][L] and higher activity was observed in [Ch][DHP] even after 1 month of storage 

compared to that stored in buffer solution.71 Recently, Brogan and Hallet demonstrated the 

solubilization of surface modified myoglobin in ILs in absence of water and enhanced 

denaturation temperature (55 °C higher than that in aqueous solution).72 Another study by 

Bisht and Venkatesu illustrated high thermal stability and sustained activity of α-

chymotrypsin (CT) in [Ch][Ac], [Ch][Cl] and [Ch][DHP].73 Yu et al. observed that 

[TMA][OTf] increased the stability of laccase and the enzyme retained activity over 80% 

after 5 days of incubation.74  

1.2.2 Applications of ionic liquids in therapeutics 

Recent reviews have illustrated the application of ILs in the pharmaceutical field.75, 76 ILs 

have been studied regularly to solve the major pharmaceutical problems such as low drug 

solubility and the presence of polymorphism which hampers drug efficiency. They have 

also been used extensively for the synthesis of biologically active compounds including 

APIs. In 2008, Jaitely et al. initiated ILs as pharmaceutical solvents.77 Different imidazolium 

based ILs with varying cation chain length and fixed anion ([C4mim][PF6], [C6mim][PF6], 

and [C8mim][PF6]) were used as solvents for sucrose, penicillin V potassium, 

dexamethasone dehydroepiandrosterone, and progesterone. It was observed that both cation 
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and anion play a relevant role in API solubility. Also, Caco-2 cell lines remained viable 

(90%) in saturated solutions (0.1-1% for [C4 & 6mim][PF6] and 0.1-0.3% for [C8mim][PF6]). 

These results encouraged further studies on the solubility of APIs in ILs. Another study by 

Melo et al. revealed high solubility of  antituberculosis antibiotic drugs (isoniazid and 

pyrazinecarboxamide) in ammonium based ILs.78 Moniruzzaman et al. reported IL based 

micro emulsions as drug-delivery devices for the first time.79 Interestingly, it was observed 

that skin permeability of acyclovir in microemulsion made of isopropyl myristate, 

[C1mim][(CH3O)2PO2], and Tween-80 and Span-20 was increased by several orders 

compared to the cream available in the market. Comparably, ILs based microemulsion was 

shown to enhance the dermal delivery of methotrexate (MTX).80 In a recent study, Goindi 

et al. reported enhanced solubility and skin-permeating ability of etodolac (ETO) in IL-in-

water microemulsion. Also, it was observed that microemulsion based ETO controls 

inflammation more efficiently compared to commercially formulated ETO.81, 82 Williams, 

H. D. et.al. studied the effect of ILs in oral drug delivery systems using danazol (DNZ) and 

observed greater bioavailability in case of IL with C18SO4 anion with advantages like 

insensitivity to GI digestive processes and a high drug loading capacity.83 In addition to the 

above application, ILs have also been developed as active ingredients to form IL-based APIs 

to get rid of polymorphism problems which limit the absorption, solubility, and 

bioavailability of the drugs.76 The preparation of API-ILs was reported to enhance physical 

properties (modified solubility and increased thermal stability) of Lidocainium docusate and 

also achieved a longer and more pronounced analgesic effect than the parent API, lidocaine 

hydrochloride.76 Several studies described the importance of API-ILs in many 

pharmacological properties, such as aqueous solubility, octanol-water partition coefficient, 

thermal stability, etc., as well as improved permeation and absorption, leading to better 

dermal drug delivery.75, 76, 84, 85 Despite the importance and advantages of ILs in 

pharmaceuticals, at this moment there is little progress in pharmaceutical industry. In our 

knowledge, MedRx is the only firm now developing ionic liquid transdermal systems 

(ILTS®) for drug delivery. MRX-10XT has passed the phase 1 clinical trials and MRX-

4TZT is in phase 1 clinical trials.86, 87  
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 Research gap and objectives  

As discussed in the previous chapter, ILs have vast applications in protein science and thus, 

it is very important to observe and analyze the stabilizing and destabilizing effect of ILs on 

proteins. It was observed from the literature that ILs more or less act as destabilizers in a 

number of studies. In most of the cases, same family ILs with varying cations/anions alter 

the stability factor. Several mechanistic overviews have highlighted the important properties 

of ILs that influence the protein behavior in ionic solvents; these properties include polarity, 

hydrogen bond (H-bond), basicity/nucleophilicity of anions, viscosity, and hydrophobicity 

of  IL.88-90 Based on the impact, all the cations and anions can be classified as kasmotrope 

or chaotrope (Hofmeister series, Figure 2.1). In general, the Hofmeister series provides an  

 

Figure 2.1 The Hofmeister series as an order of the ion effect on protein stability. 

order of the ionic effect on protein stability and it is able to explain the 

stabilization/destabilization of proteins in ILs to some extent.  However, in some cases, 

common rules are not applied. Basso et al. analyzed the activity and stability of penicillin G 

acylase (PGA) in imidazolium based ILs with different cations such as [Bmim] and [Omim] 

along with the combination of various anions such as CH3OSO3, PF6 and BF4.
91 It was 

observed that the enzyme was highly stable and active in PF6ˉ containing ILs, whereas 

complete loss of activity noticed in [Bmim][CH3OSO3] or [Omim][CH3OSO3]. It is 

important to note that PGA maintained its activity even after one week of exposure to 

[Bmim][PF6]. Dabirmanesh et al. studied the effect of imidazolium based ILs such as 

[Bmim][Cl], [Bmim][BF4], [Mim][Cl] and [Mim][BF4] on the structure and stability of 

alcohol dehydrogenase (ADH).92 The study revealed that ADH exhibited highest activity 

and catalytic efficiency in [Bmim][Cl] and [Bmim][BF4]. In case of [Mim][Cl] and 

[Mim][BF4], least enzyme activity was observed. Despite the activity loss, ADH maintains 

higher thermal stability in [Mim][Cl] and which follow the order; [Mim][Cl] > [Mim][BF4] 
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> [Bmim][Cl] > [Bmim][BF4]. Ilmberger et al. studied the catalytic activity of the various 

cellulases in the presence of [Bmim][Cl], [Bmim][OTf], [Bmmim][Cl], [Emim][TFA], 

[BMPL][OTf], and [Emim][OTf].93 It was observed that within the concentration range, 10-

30% v/v, enhanced activities achieved. However, a significant decrease in activity noticed 

with an increase in the concentration to 30-40% (v/v). In case of 50-60% (v/v) IL, complete 

loss of activity observed. In another study, several imidazolium based ILs such as 

[Emim][BF4], [Emim][Tf2N], [Bmim][Tf2N], [Bmim][PF6], [Bmim][BF4]), [Omim][Tf2N], 

[Omim][PF6], [Omim][BF4], [Ddmim][Tf2N], [Ddmim][PF6], and [Ddmim][BF4] have 

been employed to investigate the enzymatic activity of cellulase.94  It is very important to 

note that hydrophobic ILs with [Tf2N] anion stabilizes the enzyme, whereas in ILs with 

cation having short alkyl chain [Emim] and the [BF4] anion, least stability observed. 

In last few decades ILs attracted many researchers because of its effectiveness in 

protein science. The interest in ILs research is continuously producing frequent reviews 

covering the literature dealing with IL and biomolecules storage, stability, activity and 

extraction.66, 67, 95, 96   It is also interesting to note that ILs also act as refolding agents. Some 

of the ILs which destabilize the protein through preferential interactions have the ability to 

refold the unfolded proteins. The interactions between proteins and IL solutions depend on 

properties such as ion hydration, ion effect on protein hydration, direct interactions between 

ions and proteins as well as the viscosity B-coefficients of ions, H-bond basicity, 

nucleophilicity, and hydrophobicity of ILs have a great impact. Due to the complex nature 

of many protein systems, some empirical guidelines can be predicted based on above 

properties but not universal rules. The correct mechanism of interactions between ILs and 

proteins is still not clear.  In order to understand the molecular interactions, further research 

is extremely essential based on different cation and anionic moieties of ILs.  

The overall objective of this study is to investigate the effect of different ILs based 

on imidazolium, ammonium, and morpholinium cationic moieties on the structure, stability, 

and activity of two different proteins, bovine serum albumin (BSA) and lysozyme (Lyz). 

We selected BSA as a model protein because of its abundance in blood plasma and it is 

considered as a transport protein. Its main function is to carry numerous exogenous and 

endogenous compounds in the body. It is one of the most extensively studied proteins, 

specifically because of its structural similarity with human serum albumin (HSA).97 The 

primary structure of BSA consists of 583 amino acid residues (~ 66 kD). The secondary 
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structure of serum albumins has ~ 65% of helix with six turns and 17 disulfide bridges and 

furthermore, the tertiary structure is composed of three domains (I, II, and III,) and each 

domain has two subdomains A and B (Figure 2.2). It has 19 tyrosine residues in different 

domains and two tryptophan (Trp 132 & Trp 213) residues as intrinsic fluorophores.98  On 

the other hand, Lyz was selected by considering its broad and well-characterized 

applications.99, 100 Lyz, N-acetyl-muramic-hydrolase, is a bacteriolytic enzyme consisting of 

129 amino acids (~ 14 kD). Although Lyz is found as a monomer in nature, it is more active 

in dimeric or polymeric form. Dimeric form exhibits therapeutic, antiviral and anti-

inflammatory properties.101, 102 It contains six Trp residues at positions 28, 62, 63, 108, 111, 

and 123. The Trp residues at positions 28, 108, 111, and 123 present in the α-domain, and 

the residues at positions 62, 63 and 108 are in the substrate binding sites.103 

 

 

Figure 2.2 Crystal structure of (a) bovine serum albumin (PDB-3v03) and (b) lysozyme 

(PDB-2vb1). Secondary structure was colour coded as, helix - red, sheet - yellow, loop - 

green and tryptophan residues are presented in stick model (blue colour) using PyMOL 

software.  

The work was divided into the following chapters. 

Chapter 1: Introduction 

Chapter 2: Research gap and objectives 

Chapter 3: Impact of imidazolium based ionic liquids on the structure and stability of   

bovine serum albumin and lysozyme 

This chapter was further subdivided into two parts.  
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Part 1 - In this study, the interaction of BSA with different imidazolium based ILs such as 

(1-ethyl-3-methylimidazolium ethyl sulfate, 1-ethyl-3-methylimidazolium chloride, and 1-

butyl-3-methylimidazolium chloride) has been investigated using different spectroscopic 

techniques. The intrinsic fluorescence of BSA was used to find out the quenching 

mechanism and also the thermodynamic binding parameters were evaluated. The 

conformational changes in BSA were monitored by absorption and secondary structure 

measurements. ANS fluorescence and tryptophan lifetime measurements were carried out 

to study the conformational stability of BSA. Moreover, temperature dependent absorption 

measurements were done to study the thermal stability of BSA.  

Part 2 - Lyz is used as the model protein to investigate the impact of ILs used in part-1 with 

one more IL, 1-octyl-3-methylimidazolium chloride (OmimCl) on the structure and stability 

using different optical spectroscopic techniques including absorption, fluorescence, and 

circular dichroism.  

Chapter 4: Effect of conventional buffers on the thermal aggregation of bovine serum 

albumin 

In this study, we have studied the effect of some conventional buffers, which are used 

frequently in biological research, on the thermal aggregation behaviour of BSA. The 

aggregation kinetics of BSA in buffer solutions were investigated by using UV-Vis 

spectroscopy. The investigated buffers include sodium phosphate buffer, TRIS buffer and 

Imidazole buffer at physiological pH (7.4). Dynamic light scattering and scanning electron 

microscopy were employed to illustrate the size and morphology of protein aggregates. The 

molecular level interactions of buffer molecules with BSA were probed by various 

spectroscopic techniques including UV-Vis, fluorescence, and circular-dichroism. We have 

also explored the possible binding sites of these buffer molecules on BSA using a molecular 

docking technique. 

Chapter 5: Impact of ammonium based ionic liquids on the structure, stability, and 

activity of bovine serum albumin 

This chapter was further subdivided into two parts.  

Part 1 - In this study, we have explored the impact of ammonium based ILs such as 

(tetraethylammonium bromide, triethylbutylammonium bromide, and 

triethylhexylammonium bromide) on the thermal unfolding/refolding of BSA in aqueous 
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solutions using temperature dependent circular dichroism spectroscopy and molecular 

dynamics simulation studies. In the attempt of searching ILs which can stabilize BSA at 

higher temperatures, we found good results with ammonium based IL towards refolding of 

BSA. Also, fluorescence measurements (steady state and life time) were used to decipher 

the conformational changes of protein in the IL medium. In addition, the esterase like 

activity of BSA was studied in the IL medium and the possible binding sites were 

investigated using a molecular docking program.  

Part 2 - Based on the results obtained in part 1, herein, we have investigated the influence 

of triethyloctylammonium bromide on the structure, stability, and activity of BSA using 

different spectroscopic methods. We have studied the thermal aggregation of the BSA in 

the presence of different concentrations of the IL using the turbidimetric method. As well 

as, we studied the conformational changes of BSA using fluorescence and circular 

dichroism. Also, dynamic light scattering measurements were used to support the results. 

Moreover, the esterase like activity of BSA and the possible binding sites were investigated. 

Chapter 6: Sustained activity and stability of lysozyme in aqueous ionic liquid solutions 

containing carboxymethylcellulose and polyethylene glycol 

In this study, Lyz (from chicken egg white) solutions were formulated in different ILs with 

two additives. The ILs employed were N-ethyl-N-methylmorpholinium bromide, N-butyl-

N-methylmorpholinium bromide, N-octyl-N-methylmorpholinium bromide, N‐benzyl‐N‐

methyl‐morpholinium chloride, Benzyltriethylammonium chloride, 

Triethylhexylammonium bromide, and 1-Ethyl-3-methylimidazolium ethyl sulfate. The 

additives used were carboxymethylcellulose and polyethylene glycol. Enzymatic activity of 

Lyz was determined by well established procedure using UV-Vis spectrophotometer. Also, 

the structure of Lyz in the formulations was determined by circular dichroism. Moreover, a 

molecular docking technique was used to find out the possible binding sites of ILs on Lyz. 
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Impact of imidazolium based ionic liquids on 

the structure and stability of bovine serum 

albumin and lysozyme 
 

3.1 Spectroscopic insight into the interaction of bovine serum 

albumin with imidazolium based ionic liquids in aqueous 

solution 

(This work is published in Luminescence, 2016, 32, 695-705) 

3.1.1 Introduction 

ILs act as effective participants in various biological reaction processes. In view of the 

growing importance of ILs, it is very interesting to investigate the effect of ILs on protein 

properties such as stability, activity, and structure retainment during the refolding processes. 

In this work, we studied the impact of imidazolium based ILs (Figure 3.1a-c), 1-ethyl-3-

methylimidazolium ethylsulfate (EmimESO4), 1-ethyl-3-methylimidazolium Chloride 

(EmimCl), & 1-butyl-3-methylimidazolium Chloride (BmimCl) on the structure and 

stability of BSA. The ILs were selected on the basis of the principle and applications of the 

Hofmeister series with the variation in both the cation (Emim+ / Bmim+) and anion (Cl- / 

ESO4
-) moieties. We selected BSA as a model protein for this study. 

  

Figure 3.1 Molecular structures of ionic liquids; (a) 1-ethyl-3-methylimidazolium 

ethylsulfate, (b) 1-ethyl-3-methylimidazolium Chloride, (c) 1-butyl-3-methylimidazolium 

Chloride, and (d) 1-octyl-3-methylimidazolium Chloride. 

 Many research groups have studied the interaction of BSA with different types of 

ILs. For instance, Geng et al. have studied the interaction of a surfactant-like IL, 1-

tetradecyl-3-methylimidazolium bromide [C14mim][Br] with BSA.104 Recently, Shu et al. 
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have reported the effect of imidazolium based ILs with different anions on BSA.105 Singh 

et al. studied the interaction of BSA with the ILs, [C8mim][Cl] and [C4mim][C8OSO3].
106 

In most of these earlier studies, the IL concentration was limited to millimolar range (< 10 

mM). In this work, the concentration of IL was fixed in the range of 0.2-1.0 M. We used 

absorption spectroscopy to find out the melting temperature of BSA and near UV CD spectra 

for tertiary structural changes of BSA. Steady-state and lifetime fluorescence measurements 

were performed to analyze the conformational or dynamic changes induced by the ILs. 

3.1.2 Experimental details 

Materials 

BSA (≥96%), EmimESO4 (≥95%), EmimCl (≥95%), BmimCl (≥98%), and 8-Anilino-1-

naphthalenesulfonic acid ammonium salt (ANS) (≥97.0%) were purchased from Sigma-

Aldrich and used as it is received without further purification. 18 MΩ.cm Milli-Q water 

(Millipore, Bedford, MA) was used to prepare 0.1 M phosphate buffer, which was used to 

prepare the samples throughout the work. 

Methods 

Absorption Spectroscopy - The ultraviolet spectra and thermal profiling of BSA were 

studied by using UV-Vis spectrophotometer (Agilent, Cary-100) equipped with a peltier 

system for maintaining the temperature of the sample.  For experimental measurements, 10 

µM protein solution was used containing ILs of varying concentrations (0, 0.2, 0.6 and 1 

M). The absorbance of ILs was subtracted from the respective protein sample containing IL 

to remove the effect of ILs. Thermal denaturation measurements were done at a heating rate 

of 1 °C/min. The temperature range was maintained between 30 to 90 °C.  

Fluorescence Spectroscopy - The fluorescence measurements were done using Horiba 

Jobin Yvon Spectrometer (Fluoromax-4P). The excitation wavelength was fixed at 295 nm 

to avoid the interference from Tyr (tyrosine) and Phe (Phenylalanine) from the overall 

fluorescence emission. The emission was collected in the range of 305 to 450 nm. For 

measurements, 2 µM protein solution was used. The width of the excitation and emission 

slit was set to 5 and 5 nm, respectively.  

ANS Fluorescence Measurements - Fluorescence of ANS was performed using 

Fluoromax-4P with excitation at 370 nm, and emission was recorded between 400 to 600 
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nm. For measurements, 2 µM BSA solution and 10 µM ANS was used. The width of the 

excitation and emission slit was set to 3 and 3 nm, respectively. 

Time-resolved fluorescence measurements - A time-correlated single-photon counting 

(TCSPC) spectrometer (Edinburgh, OB920) instrument was employed to measure the 

fluorescence lifetime of Trp residues of BSA. The light source was diode laser excited at 

295 nm. Time-resolved fluorescence decay profiles were analyzed by nonlinear least 

squares iteration procedures using F900 decay analysis software. The quality of the fit is 

assessed by the chi-square (χ2) values and distribution of residuals. The protein 

concentration was fixed at 2 µM and IL concentration was varied from 0 to 1 M. 

Circular Dichroism spectroscopy - The tertiary structures of BSA were monitored by 

measuring in the near UV region (250-300 nm) with a 0.1 cm path length cuvette using 

JASCO-1500 CD spectrophotometer. The scan speed (100 nm/min) was fixed with a 

response time of 1 s and 1 nm bandwidth. The protein concentration was maintained at 100 

µM and IL concentration was fixed at 0.2, 0.6 & 1.0 M and each spectrum was collected by 

averaging three spectra. Each sample spectrum was obtained by subtracting the appropriate 

background (without protein) from the experimental protein spectrum. 

3.1.3 Results and discussion 

3.1.3.1 Absorption spectra analysis 

Absorption spectrum of BSA in buffer solution exhibits two peaks in the range of 200-240 

nm and 260-300 nm. The first peak at the lower wavelength region (200-240 nm) is 

considered to be the characteristic of the backbone framework of the protein and it 

corresponds to the π-π* transition. The second peak at the higher wavelength region (260-

300 nm) relates to the aromatic amino acids such as Trp, Tyr, and Phe and it corresponds to 

n-π*  transition.107  

 The absorption spectra of BSA in ILs were shown in figure 3.2. It was observed that 

BSA in buffer solution exhibits maxima in the lower region (200-240 nm). In the presence 

of the ILs, the peak becomes less intense and got red shifted with increasing concentration 

of the ILs. These changes may occur due to the change of the microenvironment around the 

peptide moieties of BSA caused by the interaction of the ILs. The interaction between ILs 

and water molecules induces the shielding of the peptide group from the aqueous 

environment and makes the energy of π-π* transition lower which leads to the bathochromic 

shift.108, 109 
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Figure 3.2 Absorption spectra of BSA in the presence of ILs  with concentrations of (0 

(buffer), 0.2, 0.6, 1.0 M) at temperature 25 °C; (a) EmimESO4, (b) EmimCl and (c) BmimCl.  

 Considering the peak in the higher wavelength region, the maxima appear at 278 

nm. In the presence of EmimESO4, the intensity of peak decreases and a blue shift observed 

with increase in the concentration of the IL. Those minor changes are attributed to increased 

hydrophobicity around aromatic amino acid residues.110 In presence of EmimCl, no 

significant change in spectra observed but a small decrease in intensity noticed in case of 

BmimCl. This is attributed to the change in the microenvironment around aromatic amino 

acid residues.111 From the above observations, it is proved that the protein forms a complex 

with the ILs.112 

3.1.3.2 Fluorescence spectra analysis 

Fluorescence intensity of a fluorophore is highly sensitive to the environment surrounding 

the molecule. Therefore, fluorescence technique is very useful to investigate the molecular 

environment in the vicinity of chromophore molecules. BSA has two Trp residues in 

domains I and II of BSA. Trp 134 is present on the surface in domain IB whereas, Trp 213 

is in the hydrophobic binding pocket of domain II A. Thus, any changes in fluorescence of 

BSA, when excited at 295 nm, will mainly reveal the structural variations around these two 

Trp residues.  
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Figure 3.3 Fluorescence emission spectra of BSA in ILs with concentrations of (0 (Buffer), 

0.2, 0.4, 0.6, 0.8, 1.0 M) at temperature 25 °C; (a) EmimESO4, (b) EmimCl and (c) BmimCl. 

 Fluorescence spectra of BSA in ILs were shown in figure 3.3. To eliminate the 

background effect from the ILs, the fluorescence spectra of ILs were subtracted from the 

corresponding protein samples containing the IL.113, 114 It was observed from the figure 3.3 

that the fluorescence intensity decreases with a slight blue shift due to quenching by ILs. In 

general, fluorescence spectra shift to lower wavelength in the non-polar medium, thus Trp 

213 supposes to exhibit lower wavelength emission compared to Trp 134 because it is in the 

hydrophobic core of the protein. The slight blue shift can be either due to shielding of 

exposed Trp 134 from the solvent medium or conformational change of BSA in the presence 

of ILs which may provide a more stable and compact native structure to the protein.115 The 

fluorophore can be shielded or get into a more hydrophobic environment by two ways: (1) 

internalization of Trp towards the core of the protein in that case the BSA structure gets 

stabilized; (2)  π-π stacking of the imidazolium ring of the IL with the indole ring of 

tryptophan, which may be possible during the unfolding process.  

 From figure 3.3, maximum fluorescence quenching observed in the presence of 

EmimESO4 followed by EmimCl. It is speculated that the prime reason for the decrease in 
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Figure 3.4 Stern-Volmer plot for fluorescence quenching of BSA in presence of (a) 

EmimESO4, (b) EmimCl and (c) BmimCl. The error bars are found to be less than 5%. 

fluorescence intensity could be because of the quenching by IL ions. Quenching of the 

fluorescence can either be dynamic (collision of fluorophore and quencher in the excited 

state) or static (complex formation between fluorophore and quencher in the ground state). 

The Stern-Volmer plot using Stern-Volmer (SV) equation (1) provides an idea about the 

quenching efficiency of IL on binding to BSA in the vicinity of the fluorophore.106, 116, 117  

 
𝐹0

𝐹
= 1 + 𝐾𝑆𝑉[𝑄]                                                                                                      (1) 

where F0 and F are the fluorescence intensity of BSA in the absence and presence of 

quencher (IL), [Q] is the quencher concentration, and KSV is the Stern-Volmer quenching 

constant. 

 Figure 3.4 illustrates the SV curves of IL-BSA systems at different temperatures, 

and the KSV values obtained from the SV equation are listed in Table 3.1. The increase of 

quenching constants for all the IL-BSA systems is clearly observed with the increase of 

temperature, which demonstrates that the fluorescence quenching of BSA by the ILs is 

dynamic in nature. This indicates that the decrease in fluorescence intensity is due to the 

quenching by ILs and not much contributed by the unfolding of BSA.  
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Table 3.1 Stern-Volmer Quenching Constants for the BSA-IL systems. 

 KSV (Lmol-1) 

Temp. EmimESO4 *R EmimCl *R BmimCl *R 

298 K 3.43±0.29 0.9962 3.27±0.21 0.9979 1.73±0.15 0.9852 

301 K 3.65±0.30 0.9977 3.57±0.22 0.9962 1.80±0.16 0.9855 

304 K 3.94±0.32 0.9960 3.84±0.23 0.9905 1.87±0.16 0.9840 

307 K 4.20±0.33 0.9925 4.12±0.24 0.9888 1.97±0.17 0.9809 

*R – Correlation coefficient 

Binding parameters - Though the fluorescence quenching is dynamic in nature, the static 

quenching through the ground state complex formation cannot be ignored as the complex 

formation between BSA and ILs observed from absorbance studies. When small molecules 

bind independently to a set of equivalent sites of a biomolecule, the equilibrium between 

free and bound molecules is given by the following equation (2).118  

 𝑙𝑜𝑔
𝐹0 − 𝐹

𝐹
= 𝑙𝑜𝑔𝐾𝑏 + 𝑛 𝑙𝑜𝑔 [𝑄]                                                                   (2) 

Where “n” is the number of binding sites and Kb is the binding constant. The values of n 

and Kb were obtained from the slope and intercept of log (F0-F)/F0 versus log[Q] 

respectively. (Appendix, Figure A1) The results for the three ILs at different temperatures 

(298, 301, 304 and 307 K) are given in Table 3.2. 

Table 3.2 Apparent Binding Constants for the BSA-IL Systems [Kb (Lmol-1)] 

Temp EmimESO4 EmimCl BmimCl 

       Kb   n   Kb n    Kb n 

298 K 3.43±0.26 1.09 3.33±0.19 1.05 1.74±0.05 1.10 

301 K 3.67±0.30 1.11 3.66±0.22 1.10 1.81±0.05 1.10 

304 K 3.97±0.34 1.14 3.90±0.25 1.05 1.87±0.06 1.08 

307 K 4.26±0.39 1.15 4.20±0.28 1.03 1.98±0.07 1.10 

 

The “n” value is helpful to know the number of binding sites and to locate the 

binding site in BSA. The calculated “n” value is closer to unity indicates that there was one 

independent class of binding sites on BSA. Kb values reveal that the reactivity of ILs with 

BSA follows the trend EmimESO4 > BmimCl > EmimCl which are in agreement with UV 

difference spectra where the strongest effect observed for EmimESO4. The low values of 

Kb suggest very weak interactions between ILs and BSA. In general, ligand-protein 
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complexes have the binding affinity in the range of 105-108 Lmol-1.119 However, lower 

binding constants (102-104 Lmol-1) have been reported for several ligand-protein 

complexes.116, 117, 120, 121 Recently, imidazolium ILs have been reported to possess very weak 

interactions (binding constants in the order of  102) with BSA.105  

Thermodynamic parameters and the nature of binding forces - The interaction forces 

involved in the binding of biomolecules with small molecules usually include hydrogen 

bond formation, van der Waals, electrostatic and hydrophobic forces. By plotting the 

binding constants (Kb in Table 3.2) versus temperature according to the van’t Hoff equation, 

the thermodynamic parameters are obtained from a linear van’t Hoff plot (Appendix, Figure 

A2) as summarized in table 3.3. 

𝑙𝑛 𝐾 = −
∆𝐻

𝑅𝑇
+

∆𝑆

𝑅
                                                                                                   (3) 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                                                                                         (4) 

Where, K is the equilibrium binding constant (L mol-1), T is the temperature (K), and R is 

the gas constant (8.314 J mol-1 K-1)       

Table 3.3 Thermodynamic Parameters for the BSA-IL Interactions [∆G (kJ mol-1), ∆H (kJ 

mol-1), ∆S (J mol-1)]. 

Temp EmimESO4 EmimCl BmimCl 

 ∆G ∆H ∆S ∆G ∆H ∆S ∆G ∆H ∆S 

298K -3.06 16.9 66.9 -3.00 17.5 68.9 -1.37 9.7 37.0 

301K -3.26   -3.21   -1.48   

304K -3.46   -3.41   -1.59   

307K -3.73   -3.69   -1.74   

 

 From table 3.3, it can be seen that the free energy change (∆G) is negative indicating 

that the interaction process is spontaneous. The positive values of enthalpy and entropy 

change suggest that hydrophobic interactions are the major driving forces for the binding 

process between IL and BSA and the interactions are supposed to be weak.122-124 The free 

energy values are found to be low (1-4 kJ/mol) compared to the least known values (10-15 

kJ/mol) reported in case of BSA-IL system.105, 125, 126 A possible explanation for these results 

is that the usage of higher concentration of ILs supposes to dominate the IL-IL interactions 

over the IL-BSA interactions in the process of micelle formation.127 Hence, the driving force 
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for IL binding is reduced which is supported by the low values of Kb explained in the 

previous section. 

ANS Fluorescence spectra analysis  

ANS is used as the fluorescent probe to explore the effect of ILs on protein structure. Figure 

3.5 shows the ANS fluorescence in the presence of BSA and different concentrations of ILs. 

To eliminate the background effect (from ILs), the fluorescence spectra of ANS in ILs were 

  

Figure 3.5 ANS fluorescence spectra in the presence of BSA (2 M) and ILs with 

concentrations of (0, 0.2, 0.6, 1.0 M) at temperature 25 °C; (a) EmimESO4, (b) EmimCl and 

(c) BmimCl. 

subtracted from the corresponding protein samples containing ANS and IL. It is clearly 

observed that presence of each of the ILs follows a similar trend of gradual decrease in ANS 

fluorescence with increasing in the concentration from 0.2 to 1.0 M. The diminished value 

of ANS fluorescence suggests the burial of hydrophobic patches. ANS exhibits higher 

fluorescence intensity when it is bonded to an intermediate state of a protein compared to 

native or fully unfolded state because intermediate states have exposed hydrophobic patches 

to which it can bind. In case of native state, the hydrophobic patches are inaccessible to 

ANS and these patches are disrupted in completely unfolded state, which causes a decrease 
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in ANS fluorescence. In our case, the complete unfolding can be discarded by considering 

the results observed from fluorescence and CD analysis. Therefore, the diminished ANS 

values suggest the compactness of protein in presence of ILs where the hydrophobic patches 

are buried and inaccessible for ANS binding. 

Fluorescence lifetime decay analysis 

Fluorescence lifetime serves as a sensitive parameter for exploring the interactions between 

the ligands and the proteins, specifically, it helps in studying the local environment around 

a fluorophore. The lifetime of the tryptophan residues in proteins mainly depends on the 

interactions with the local environment and the solvent. BSA was observed to exhibit 

biexponential decay as reported in earlier studies.128 The relative contribution of each 

component is dependent on the extent of solvent accessibility of tryptophan residues during 

the protein’s folding and unfolding process.  

Table 3.4 Fluorescence lifetime of BSA and BSA-IL systems.  

 BSA in different medium τ1(ns) τ2(ns) α1 α2 τavg(ns) χ2 

 Buffer 6.54 3.56 0.69 0.31 5.62 1.11 

EmimESO4 0.2 M 6.10 3.50 0.57 0.43 4.99 1.27 

 0.6 M 5.11 3.30 0.48 0.52 4.16 1.21 

 1.0 M 4.97 2.80 0.37 0.63 3.60 1.21 

EmimCl 0.2 M 6.31 3.17 0.59 0.41 5.01 1.21 

 0.6 M 6.46 2.62 0.39 0.61 4.13 1.10 

 1.0 M 6.41 2.78 0.24 0.76 3.65 1.21 

BmimCl 0.2 M 6.20 2.25 0.76 0.24 5.24 1.25 

 0.6 M 6.32 3.76 0.48 0.52 5.00 1.12 

 1.0 M 6.80 3.21 0.38 0.62 4.57 1.12 

 

𝜏𝑎𝑣𝑔 =  𝛼1  𝜏1 + 𝛼2  𝜏2                                                                                           (5) 

We have used the average lifetime (τavg) of BSA instead of emphasizing the 

individual decay constants. The average lifetime values for the biexponential decay was 

calculated using the equation (5).129 The lifetime components of BSA in absence and 

presence of ILs were shown in table 3.4. It was observed that the lifetime decreases in the 

presence of ILs with increasing concentration, which further supports the dynamic 
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quenching of BSA fluorescence by ILs .128, 129 On the other hand, it is well known that the 

two common quenchers of tryptophan fluorescence are water molecules and peptide 

bonds.130, 131 In our case, the quenching by water molecules can be ignored because if the 

polarity of tryptophan is changed by presence of water molecules, it would make a 

bathochromic shift in fluorescence spectra. But it was observed to be a blue shift which  

 

Figure 3.6 Time-resolved fluorescence quenching decays of BSA in presence of ILs with 

concentrations of (0 (buffer), 0.2, 0.6, 1.0 M) at temperature 25 °C; (a) EmimESO4, (b) 

EmimCl and (c) BmimCl. 

means the hydrophobicity around the tryptophan is increased. Tyrosine, cysteine, positively 

charged histidine and cystine are known to be best quenchers in proteins and the proximity 

of indole ring to these quenching side chains would affect the fluorescence lifetime.132 By 

considering the ANS fluorescence results, we assume that the compact structure of protein 

in presence of ILs makes the amino acid residues to be in a  proper orientation and proximity 

which enhances the quenching ability of nearby amino acids and causes lifetime values to 

be diminished.  

Binding sites - The possible initial binding sites of imidazolium cation with BSA could be 

subdomains IIA and IIIA, which have two ligand binding hydrophobic pockets 
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corresponding to the site I and site II, respectively.110, 133, 134 From the earlier molecular 

modeling reports, Bmim cation was found to be favorably located in subdomain IIIA.105 It 

was proposed by Singh et al. that Omim cation is supposed to interact with hydrophobic 

groups present in the vicinity of Trp residues via hydrophobic interactions, as these are 

surrounded by positively charged lysine residues. At the same time, the interaction with 

helical loop present in subdomain IIB cannot be ignored because it can interact with the 

negatively charged amino acid residues present in this region via electrostatic forces.106 The 

different results may be attributed to the hydrophobicity of the cation groups which leads to 

different interaction mechanisms. To summarize, the charged neighboring amino acids 

around the Trp and Tyr residues govern the mode and site of interaction of ILs with BSA. 

In case of EmimESO4, the subdomains IB, IIA, IIIA are supposed to be the binding sites as 

both cation and anion may prefer to bind here due to the presence of positive and negative 

amino acids.135 The anion, ESO4 can influence the environment of Trp 134 present in 

subdomain IB as it is surrounded by positively charged lysine residues. The strong 

interaction was evidenced by the higher quenching rate of BSA fluorescence by EmimESO4. 

3.1.3.3 Thermal denaturation studies 

The melting temperature of a protein refers to the temperature at which half of the protein 

presents in folded state and half in the unfolded state. It is used as a parameter to decide the 

protein stability. The melting temperature was determined by fitting curve obtained by 

measuring the absorbance as a function of temperature.136, 137 The sigmoidal curve was fitted 

using Boltzmann function as given in equation (6). Thermal denaturation of BSA in absence 

and presence of ILs was found to follow a single step, two-state transition as shown in figure 

3.7a These results are in accordance with previous reports where single step, two-state 

transition unfolding was observed.138, 139 (The complete analysis of melting temperature in 

presence of all ILs was provided in Appendix, Figure A3) 

               𝑌 =  𝐴2 +
𝐴1−𝐴2

1+ 𝑒
𝑥−𝑥0

𝑑𝑥

                                                                                      (6) 

Where, A1 = initial absorbance value, A2 = final absorbance value, x0 = Melting temperature, 

dx = time constant. 

 It was observed from figure 3.7b, that the EmimESO4 stabilizes BSA structure at all 

the studied concentrations. The Tm values are found to be 74.64, 75.45, 73.52 °C at 

concentrations 0.2, 0.6, 1.0 M respectively. In case of EmimCl the Tm value increased to 
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73.32 °C at concentrations 0.6 M. However, in the presence of BmimCl, the Tm values 

decreased to 69.75, 63.13, 51.54 °C at concentrations 0.2, 0.6, 1.0 M respectively. The 

increase in Tm values reveals that the native state of the protein is not altered or forming a 

more compact structure in the presence of ILs, EmimESO4, and EmimCl. 

 

Figure 3.7 (a) Thermal denaturation curve of BSA in buffer and (b) Tm values of BSA in 

buffer (black), EmimESO4 (brown), EmimCl (green) and BmimCl (blue). Error bars are 

found to be less than 3%.  

 From our experimental results and previous reports, it was observed that 

hydrophobic interactions play a dominant role in the interactions between protein and IL, 

consequently affecting the stability of a protein. The interaction of the imidazolium cation 

with protein’s hydrophobic groups increases with increasing alkyl chain length in the order 

as Bmim+ > Emim+. In our case, the experimental results follow the same trend where the 

stability of BSA (Tm) decreases with increasing the hydrophobic moiety of IL. The 

decreased stability of BSA in the presence of ILs is attributed to the interactions of the 

hydrophobic group of IL with the hydrophobic region in the cavity of BSA. Interactions 

between functional groups of BSA and ions of IL and repulsive intermolecular interaction 

between functional groups of BSA cannot be ignored in the process of unfolding/decreased 

Tm values of BSA.140 These interactions loosen the native structure which leads to disruption 

of tertiary structure evidenced by the CD spectra discussed later in this section. The 

stabilization of BSA in ILs with shorter alkyl chain length (Emim+) may be due to the 

interaction between the cation moiety of IL with charged amino acids present at the surface 

of BSA via electrostatic and hydrophobic forces.141, 142 In case of EmimESO4, the anion 

interaction with the positively charged lysine residues of BSA may also be reason for the 

stabilization.  
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3.1.3.4 CD spectral analysis 

CD spectra can be used to quantify the secondary structural content of proteins by studying 

the far UV CD spectral region (190-250 nm). But, the working concentration of ILs 

produces high values of HT voltage which makes high noise in the spectrum and 

consequently, interferes with the original signal. Thus, we confined our study to near UV 

CD spectral region (250-350 nm), which infer to the proteins tertiary structure producing 

broad signals corresponding to Phe (254-270 nm), Tyr (276-283 nm), Trp (280-300 nm) and 

disulfide chromophores. 

 

Figure 3.8 Near UV CD spectra of BSA in presence of ILs with concentrations of (0 

(buffer), 0.2, 0.6, 1.0 M) at temperature 25 °C; (a) EmimESO4, (b) EmimCl and (c) BmimCl. 

  The near UV CD spectra of BSA in ILs were presented in figure 3.8. BSA tertiary 

structure is characterized by the presence of two minima at 261 and 268 nm which refer to 

the environment around disulfide bonds and phenylalanine residues (Phe shows weaker 

bands). The environment around aromatic chromophores can be analyzed by studying the 

region 270-300 nm.143-146 In the presence of ILs, it is observed that there were insignificant 

fluctuations in the fine structure in the region 280-300 nm, which suggests no significant 

change in the environment of aromatic chromophore residues. Considering the effect on 
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environment around disulfide bonds, it was found that EmimESO4 has no effect whereas, in 

the presence of EmimCl, there was a change in ellipticity at 261 and 268 nm for the 

concentration 0.2 M, which indicates the tertiary structural changes in BSA. Examining the 

effect of hydrophobic group in ILs, it was observed that in the presence of BmimCl, with 

increasing concentration, the environment around aromatic chromophores remained same, 

whereas asymmetry around disulfide bonds altered. These changes are attributed to the 

hydrophobic interactions of the ILs with the hydrophobic core of BSA, loosening the tertiary 

structure. This is accompanied by the decreased Tm values as observed in thermal profiling 

by UV absorption.  Recent simulation studies also prove the direct interaction between ILs 

and protein hydrophobic core disrupts the protein’s structure leading to destabilization.147, 

148 It was also found that existing van der Walls forces between protein and IL played a 

dominant role in the obstruction of the active sites.147 These processes suggest the 

destabilization of protein in the presence of more hydrophobic ILs. 

3.1.4 Conclusion 

In summary, not only the type of ILs but also the concentrations of ILs have an impact on 

the structure and stability of BSA. The thermal stability of BSA in the presence of ILs 

follows the trend EmimESO4 > EmimCl > BmimCl. Hence, the anion has been found to 

play an important role in stabilizing BSA against thermal denaturation. Comparing the 

cationic part of ILs, the hydrophobicity placed an important role in the destabilization of 

BSA and destabilization increased rapidly as a function of concentration in the presence of 

more hydrophobic BmimCl. From the spectrophotometric analysis, it was found that very 

weak interactions exist between BSA and ILs and the driving forces for the interaction were 

concluded to be hydrophobic in nature.  
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3.2 Impact of imidazolium based ionic liquids on the structure 

and stability of lysozyme 

(This work is published in Spectroscopy Letters, 2016, 49, 383-390) 

3.2.1 Introduction 

Based on the results obtained in previous section, here we studied the effect of same ILs 

along with one more IL, 1-octyl-3-methylimidazolium chloride on the structure and stability 

of Lyz (Figure 3.1d).  

3.2.2 Experimental details 

Materials 

Lyz from chicken egg white was purchased from Himedia. OmimCl was synthesized as per 

the established procedure.149 18 MΩ.cm Milli-Q water (Millipore, Bedford, MA)  was used 

as the solvent to prepare 0.1 M phosphate buffer (pH-7.4), which was used to prepare 

samples for all the experiments. 

Methods 

Absorption Spectroscopy - The absorption spectra and thermal profiling of Lyz were 

studied by using a UV-Vis spectrophotometer (Agilent, Cary-100) equipped with a Peltier 

system for maintaining the temperature of the sample. For measurements, 10 µM protein 

solution, containing ILs of varying concentrations, 0, 0.2, 0.6 and 1 M was used. The ILs 

absorption was subtracted from the respective protein sample containing IL to remove the 

effect of ILs. For thermal denaturation studies, absorbance at 280 nm was monitored at 

different temperatures. Thermal profiling of Lyz in the absence of IL was taken as control. 

Temperature range for the study was maintained at 30 to 90 °C. 

Fluorescence Spectroscopy: The fluorescence measurements were done using Horiba Jvon 

Spectrometer (Fluoromax-4P). Trp was excited at 295 nm and the fluorescence was 

collected as a function of wavelength in the range of 305 to 450 nm. For measurements, 10 

µM protein solution containing ILs of varying concentrations (0-1 M) was used. The width 

of the excitation and emission slit was set to 5 and 5 nm, respectively. Fluorescence signals 

are corrected by subtracting blank solutions containing only ILs.  

Circular Dichroism spectroscopy: Tertiary structure of the protein was studied by a CD 

spectrophotometer (JASCO-1500) at room temperature under constant nitrogen flush. The 

scan speed (100 nm/min) was fixed with a response time of 1 s and 1 nm bandwidth. Each 

spectrum was collected by averaging three spectra.  The tertiary structure of Lyz was 
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monitored by using near UV (250-300 nm) (0.1 cm path length cuvette) spectra. The 

protein’s concentration was maintained at 100 µM and IL concentration was kept at 0.2, 0.6 

and 1.0 M. Each sample spectrum was obtained by subtracting the appropriate background 

(without protein) from the experimental protein spectrum.  

3.2.3 Results and discussion 

3.2.3.1 Absorption Measurements 

Absorption spectra of Lyz in the presence of different ILs were presented in figure 3.9a-d. 

The spectra classified into two regions; a) 200-250 nm (refers to the backbone polypeptide 

chain and corresponds to π-π* transition) and b) 260-290 nm (refers to aromatic amino acid 

residues, i.e., Trp, Tyr, and Phe and corresponds to n-π* transition).109 From figure 3.9, it 

was observed that the absorbance at 280 nm was decreased in the presence of ILs. In case 

of EmimESO4, the decrease is more profound with a blue shift in absorption maxima as a  

 

Figure 3.9 Absorption spectra of BSA in the presence of ILs  with concentrations of (0 

(buffer), 0.2, 0.6, 1.0 M) at temperature 25 °C; (a) EmimESO4, (b) EmimCl, (c) BmimCl, 

and (d) OmimCl.  

function of concentration. The observed changes may be a result of changes in the local 

environment around aromatic amino acid residues.108 But in case of other ILs, there was a 
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marginal decrease in absorbance noticed with the increase in the hydrophobic moiety (i.e., 

from ethyl to butyl to octyl) in the imidazolium ring of the ILs.  

 From the absorption results, it is concluded that the hydrophobic groups have more 

impact on the local environment of aromatic residues which cause those perturbations.  

When considering the peak at lower wavelength range, it can be noticed that the signal 

decreases in the presence of ILs, and a red shift was observed in all the ILs as a function of 

concentration. It is known that when amide moieties are exposed to aqueous medium they 

undergo low energy π-π*. In presence of ILs, the water in contact with peptide backbone 

was replaced by ILs.  It means the ILs change the polarity of the solvent medium, which 

lowers the π-π* transition energy causing a bathochromic shift. These observations may be 

attributed to disturbances in the microenvironment of the peptide backbone structure.111 

This kind of results was earlier reported in protein-IL interaction studies.105, 111 From the 

above observations, it is proved that the protein forms a complex with the ILs.112  

3.2.3.2 Fluorescence Study 

We used the intrinsic fluorescence of Lyz to explore the interaction between ILs and Lyz. 

From the crystal structure and amino acid sequence, it is evident that Lyz has several solvent 

exposed and unexposed tryptophan(s).103 As shown in figure 1.1, Lyz contains six Trp 

residues at positions 28, 62, 63, 108, 111, and 123. Trp residues at positions 28, 108, 111, 

and 123 present in the α-domain, and the residues at positions 62, 63 and 108 are in the 

substrate binding sites. Trp 62 & 63 are situated close to the hinge region between the α and 

β domains and they are found to be highly susceptible to chemical modifications as they are 

more exposed to the solvent medium whereas Trp 108 is in hydrophobic core, away from 

the aqueous medium.150, 151 According to the studies reported earlier, Trp 62 and 108 are 

found to have more  impact on the fluorescence emission of Lyz, whereas other four residues 

have small contributions.152, 153 Therefore, the exposed Trp 62 and 63 residues are supposed 

to be the active site of binding and the fluorescence emission study by exciting at 295 nm 

could provide the information of local environment around these Trp residues. 

The emission spectra of Lyz in ILs were shown in figure 3.10a-d. In the presence of 

ILs, EmimESO4, and EmimCl, a sharp blue shift of the emission maxima was observed (345 

nm to 336 nm). This is assigned to the change in local environment around fluorophore 

residues upon interaction with the IL indicating the movement of fluorophores toward a 

more hydrophobic environment, which is possible during stabilization of Lyz. The 
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stabilization effect is evidenced by thermal denaturation studies discussed later. In case of 

BmimCl and OmimCl, a small blue shift of emission maxima observed (345 nm to 342 nm) 

which may be possible either by stabilization of Lyz where the fluorophores move towards 

hydrophobic core or by the interaction between hydrophobic groups of IL and the 

fluorophores during unfolding process. In these ILs, the unfolding process occurs 

considering the results obtained from thermal denaturation studies and circular dichroism 

studies discussed later.  

 

Figure 3.10 Fluorescence emission spectra of Lyz in ILs with concentrations of (0 (Buffer), 

0.2, 0.4, 0.6, 0.8, 1.0 M) at temperature 25 °C; (a) EmimESO4, (b) EmimCl, (c) BmimCl, 

and (d) OmimCl. 

Fluorescence quenching mechanism - Quenching of Lyz fluorescence by ILs depends 

differently on the type of IL as evident from figure 3.10. It indicates different mechanisms 

of interaction exists between ILs and Lyz. Quenching of the fluorescence can be static 

(ground state complex formation between fluorophore and quencher) or dynamic (excited 

state collision of fluorophore and quencher). These mechanisms can be distinguished by the 

SV plot, which gives the idea about quenching efficiency of ILs after binding with Lyz. The 

quenching process can be described by the SV equation (Eq.1) 105, 106, 116, 117, 121 
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𝐹0

𝐹
= 1 + 𝐾𝑆𝑉[𝑄] = 1 + 𝑘𝑞𝜏0[𝑄]                                                                              (1) 

where F0 and F are the fluorescence signal of BSA in the absence and presence of quencher 

IL, [Q] is the quencher concentration, and KSV = kq0 is the SV quenching constant (kq is 

the bimolecular quenching constant, and 0 is the lifetime of fluorescence in the absence of 

quencher). Ksv values were obtained from the slope of the SV plot and kq values were 

calculated by considering τ0 = 10-8. kq values were found to be less than the largest dynamic 

bimolecular quenching constant in aqueous medium, which is 2*1010   L mol−1s−1, indicating 

that the quenching of Lyz fluorescence by ILs is dynamic in nature.  

 

 Figure 3.11 (a) Stern-Volmer plot and (b) log(F0 - F)/F0 vs log[Q] plot for fluorescence 

quenching of Lyz in presence ILs. 

When small molecules bind independently to a set of equivalent sites on a 

biomolecule, the equilibrium between free and bound molecules is given by the following 

equation (Eq.2).154  

𝑙𝑜𝑔
𝐹0 − 𝐹

𝐹
= 𝑙𝑜𝑔𝐾𝑏 + 𝑛 𝑙𝑜𝑔 [𝑄]                                                                        (2) 

Where “n” is the number of binding sites and Kb is the binding constant. The values of n 

and Kb were obtained from the slope and intercept of the plot of log (F0 - F)/F0 versus log[Q] 

respectively. 

The values of n and Kb were shown in table 3.5. Gibbs energy for the binding of the 

IL to the protein can be calculated from the following equation (Eq.3).120 

              ∆Gb = - 2.303RT log Kb                                                                             (3) 

The “n” value is helpful to know the number of binding sites and to locate the binding site 

in Lyz. The calculated “n” value is closer to unity indicates that there was one independent 

class of binding sites on Lyz with IL. Kb values reveal that the reactivity of ILs with Lyz 

follows the trend OmimCl > EmimESO4 > BmimCl > EmimCl which are in agreement with 

UV difference spectra where the strongest effect observed for OmimCl and EmimESO4. 
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The negative ∆Gb values indicate the binding interaction between the ILs and Lyz is a 

spontaneous process. 

The low values of Kb suggest very weak interactions between ILs and Lyz.  In 

general, ligand-protein complexes have the binding affinity in the range of 105-108 Lmol-

1.119 However, lower binding constants (102-104 Lmol-1) have been reported for several 

ligand-protein complexes.116, 117, 120, 121 Recently, imidazolium ILs have been reported to 

possess very weak interactions (binding constants in the order of  102) with BSA having 

∆Gb values in the range of -10 to -15 kJ mol-1.105 The low free energy values are attributed 

to the use of higher concentration of ILs, by which the IL-IL interactions dominate the IL-

Lyz interactions in the formation of micelle.127 Hence the driving force for IL binding with 

Lyz gets reduced. 

Table 3.5 Stern-Volmer quenching constant (KSV), bimolecular quenching constant (kq), 

binding constant (Kb), binding sites (n) and Gibbs energy (∆Gb) for the binding of ILs with 

Lyz at 25 °C. 

IL KSV/Lmol−1 kq /Lmol-1s-1 Kb/Lmol-1 n ∆Gb/kJ mol-1 

EmimESO4 1.71 1.7*108 1.61 0.79 -1.19 

EmimCl 1.26 1.2*108 1.18 0.78 -0.42 

BmimCl 1.44 1.4*108 1.37 0.80 -0.78 

OmimCl 2.31 2.3*108 2.29 0.92 -2.06 

 

3.2.3.3 Thermal denaturation studies 

Figure 3.12a shows the thermal denaturation curve of Lyz in the buffer solution, as 

monitored by absorption measurements. Thermal denaturation of Lyz in absence and 

presence of ILs was found to follow a single step, two-state transition. These results are in 

accordance with previous reports where single step, two-state transition unfolding was 

observed.155-157 Experimentally, the fraction of unfolded molecules (Melting temperature, 

Tm) can be measured by taking the first derivative of the sigmoidal curve of the absorbance 

vs temperature graph.136, 137 

The effect of different ILs (EmimESO4, EmimCl, BmimCl, and OmimCl) on 

thermal stability of Lyz was illustrated in figure 3.12b. (The complete analysis included in 

Appendix, Figure A4). Figure 3.12b shows that some of the ILs (EmimSO4 and EmimCl) 

rapidly increase the Tm of the Lyz and some (BmimCl and OmimCl) follow the reverse 

order, which also depends on the concentration of the IL. These observations reveal that the 
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native structure of Lyz keeps intact in the presence of some ILs. The stability of the proteins 

in the presence of ILs follows the trend EmimESO4 > EmimCl > BmimCl > OmimCl and 

the stability is found to be higher at low concentrations of EmimCl. The increased thermal 

stability may be due to the interaction of ILs (cationic moiety) with the negatively charged  

 

Figure 3.12 (a) Thermal denaturation curve of Lyz in buffer and (b) Tm values of Lyz in 

ILs, EmimESO4 (black), EmimCl (red), BmimCl (blue), and OmimCl (green). 

residues on the surface of Lyz (via electrostatic, hydrophobic forces/hydrogen bonding 

through amine protons). It is assumed that in this case, these ILs do not interact with the 

functional groups of Lyz. The extra stabilization of EmimESO4 can be predicted by the 

interaction of both cation, Emim+ as well as anion, ESO4
- with oppositely charged sites of 

Lyz via electrostatic and hydrophobic forces. In case of BmimCl & OmimCl, with 

increasing concentration, the disruption is found to be more and follows the trend of 0.2 M 

< 0.6 M < 1.0 M. It means when the size of the hydrophobic group in the cation moiety 

increases, the protein is more prone to disruption. The unfolding of protein in these ILs may 

be due to the interactions between ions of the ILs and the functional groups of protein 

(specifically hydrophobic interactions between the hydrophobic core of protein and 

hydrophobic groups of the ILs) and the repulsive intramolecular interactions between the 

protein functional groups which may disrupt the protein’s native structure.158, 159  

Further, to have a better understanding of the structural changes in ILs, we 

performed CD measurements.  

3.2.3.4 CD spectral analysis 

CD spectroscopy can be used to observe the secondary and tertiary structural changes 

occurred in the presence of ILs. The secondary structure of proteins can be calculated from 
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the far UV CD spectrum, but the working concentrations of ILs produce high values of HT 

voltage which leads to high noise in the spectrum. Therefore, we confined our study to near 

UV CD spectral region (250-350 nm), which is sensitive to the chromophore’s local 

environment and, consequently, the protein’s tertiary structure. The near UV CD spectra of 

100 µM Lyz in different ILs were presented in figure 3.13a-d. The tertiary structure of Lyz 

is confirmed by a positive triplet-like signal in the range of 280-300 nm and which indicates 

the active conformation of Lyz.160, 161 The net positive CD bands are associated with the Trp 

and Tyr Lb transitions and net negative CD bands are associated with Trp La and disulfide 

transitions.162 The positive triplet feature (signals at 283, 289 and 295 nm) of Lyz is 

considered to be obtained from the transitions of the Trp residues.163 Therefore, any change 

in CD spectra in the presence of ILs reveals the alteration of the environment of these 

aromatic amino acid residues indicating the unfolding of Lyz.  

 

Figure 3.13 Near UV CD spectra of Lyz in presence of ILs with concentrations of (0 

(buffer), 0.2, 0.6, 1.0 M) at temperature 25 °C; (a) EmimESO4, (b) EmimCl, (c) BmimCl, 

and (d) OmimCl. 

In the presence of EmimESO4, the spectra were observed to be intact as was in buffer 

medium. This observation is attributed to the protein’s native structure in IL. But in case of 

EmimCl, the signal of the triplet peak increases at lower concentration (0.2 M) and at higher 



Chapter 3                                                                 
 

 37   

 

concentration the triplet feature diminished, which means the protein is unfolded at higher 

concentration.  Therefore, comparing these two ILs, we can conclude that the anion is 

playing a crucial role in stabilizing and destabilizing protein structure. It is also supported 

by the melting temperature of Lyz in the presence of these ILs.      

When comparing the effects of the hydrophobic moiety present in ILs on protein 

structure, it was observed that, with increasing alkyl chain length in the imidazolium group 

of the ILs, the protein gets destabilized. In case of BmimCl at higher concentration (0.6 M 

& 1.0 M), the signal of triplet signal was found to be higher, but those peaks are broader. 

This observation suggests, the presence of IL in the vicinity of Trp residues changes the 

local environment and consequently the tertiary structure altered.161 Considering the effect 

of OmimCl, it was noticed that the triplet feature keeps intact at low concentration but with 

increasing concentration, the triplet signal reduced and finally at 1.0 M, the tertiary structure 

disappeared. These results are attributed to the increased hydrophobic interactions between 

protein hydrophobic core and the hydrophobic group of the ILs during the unfolding 

process. Recent simulation studies of protein conformation reveal that direct interaction 

between protein core - IL leads to destabilization of the protein.147, 148 During the process, 

ILs induce conformational changes in protein enabling ILs to directly bind to the protein 

surface, thereby unfolding the biomolecule. Klahn et al. elucidate that the van der Waals 

interactions placed a dominant role in the interaction of the protein with the cation of the 

ILs,  which leads to the disruption of the protein structure in the ILs.147 These processes 

reduce the free energy evidenced by the decrease of Tm value and, therefore, destabilize the 

native structure of the protein.     

3.2.4 Conclusion 

In summary, among the ILs used in this study, EmimESO4 acted as most promising and 

biocompatible IL for the native structure of Lyz at all studied concentrations followed by 

EmimCl at low concentration. It was found that anion ESO4 has a great influence on 

increasing the thermal stability of Lyz compared to Cl ion and hydrophobicity of the cation 

influences the thermal stability profoundly in destabilization. Thus, it can be concluded that 

the imidazolium based cation of the IL follows the universally acknowledged Hofmeister 

series. The present work explains the mechanism of Lyz-IL interactions and it was observed 

that very weak interactions exist between Lyz and ILs elucidated by spectrophotometric 

studies. 
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Effect of conventional buffers on the thermal 

aggregation of bovine serum albumin 
 

(This work is published in Journal of Solution Chemistry, 2017, 46, 831-848) 

4.1 Introduction 

The stability of proteins in aqueous medium is one of the primary concerns in various 

biological fields like pharma, medical, and food industries. Proteins are stable and active 

when they are in a distinct three-dimensional structure or native state. The proper function 

of protein is highly dependent on the surrounding parameters like pH, temperature, and ionic 

strength of the aqueous medium. Thus, the interaction of the protein with its surrounding 

aqueous medium plays a crucial role in its stability. When protein experiences any extreme 

stresses like high/low temperature or acidic/basic conditions, it starts to deviate from their 

native state and lose its conformational stability and activity. Therefore, proteins are usually 

investigated in buffer solutions to keep the protein in a stable form at these extreme 

conditions.  

Buffer, a solvent medium, is suitable for a biological application if it satisfies criteria 

like good water solubility, low ionic effect, the low absorbance of light at a visible or 

ultraviolet wavelength, good stability and high purity, chemically inert, non-toxic, no 

complex formation with ligands, and the pKa value should not vary with temperature. Good 

and co-workers proposed different ideal buffers which can provide good coverage in the 

physiological pH range.164 Today, they are widely used in many biological research areas. 

It is well considered that all the buffers don’t act similarly on biomolecules. When a 

buffer selectively binds to the native state of the protein, it stabilizes the protein whereas if 

it binds preferentially to the denatured state, the protein gets destabilized. On the other hand, 

the change in the microenvironment or water shell around the protein by the buffers affects 

protein stability. Since the buffer is the main component in vitro studies, it is very important 

to investigate the interaction mechanism of buffers with protein molecules. These studies 

can provide valuable information regarding the binding and stabilizing/destabilizing effect 

of buffers on protein, as well as on the activity of proteins. 

In this work, we explored the stability of the BSA in the presence of some important 

and common biological buffers, such as Tris(hydroxyethyl)aminomethane (TRIS), Sodium 
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phosphate buffer (Phosphate/PBS), Imidazole buffer (IMI) of different concentrations, 0. 

01, 0.05 and 0.10 M, at pH 7.4. The selected buffers have aqueous pKa value covering the 

pH values in the range 5.5-9.0. Up to date, these buffers are most widely used in various 

biological and biochemical studies.165-170 

The main objective of the present work is to study the interactions of widely used 

biological buffers with BSA protein. It is a study which could reveal how the buffer acts on 

biomolecules and helps in stabilization/destabilization of BSA at room and elevated 

temperature.  

4.2 Experimental details 

Materials 

BSA was purchased from Sigma-Aldrich and the chemicals such as TRIS, Imidazole, 

NaH2PO4, and Na2HPO4 (AR grade) were purchased from Himedia Chemicals. All materials 

were used as received without any further purification. Deionized water (18 MΩ.cm 

resistivity) was used in the preparation of buffer solutions (pH-7.4).  

Sample preparation - Phosphate, TRIS & Imidazole buffers of different concentrations 

(0.01, 0.05 and 0.10 M) were prepared by dissolving the required amounts in deionized 

water and the pH is maintained at 7.4. Phosphoric acid and NaOH solutions were used to 

maintain the pH of Phosphate buffer whereas HCl and NaOH solutions were used to 

maintain the pH of TRIS & Imidazole buffers.  

BSA solutions are prepared by directly dissolving the protein in buffer solutions. 

The working concentration of BSA is different in all experiments (details given in respective 

sections).  The concentration of BSA was determined by using its absorbance at 280 nm on 

Agilent, Cary-100 spectrophotometer using an extinction coefficient of 43824 cm−1M−1. 

Methods 

Absorption spectroscopy - Absorption spectra of BSA (10 µM) were measured in different 

buffers, Phosphate, TRIS, and Imidazole of different concentrations (0.01, 0.05 and 0.10 M) 

by using UV-Vis spectrophotometer (Agilent, Cary-100) equipped with 1.0 cm quartz cell.  

Aggregation kinetics - Kinetics of BSA aggregation was observed on a Cary-100 UV-Vis 

spectrophotometer equipped with a peltier temperature controller accessory by monitoring 

the absorbance of the solution at 400 nm as the function of time at two different temperatures 
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(70 and 80 °C). The absorbance in each cell was recorded automatically for 60 minutes. The 

concentration of BSA is fixed at 10 µM and 100 µM. 

Dynamic Light Scattering (DLS) Measurements - The hydrodynamic diameter (dH) of 

protein aggregates has been determined by means of a Zetasizer Nano ZS90 dynamic light 

scattering (Malvern Instruments Ltd., UK). The instrument was equipped with a 4 mW He-

Ne laser with a fixed wavelength, λ = 633 nm as a light source and a fixed scattering angle 

of 90° was used for the size measurement. A sample of around 1 mL was transferred into a 

quartz sample cell, which was sealed with a Teflon-coated screw cap to protect it from dust. 

The airtight sample was introduced into the sample holder of DLS instrument. The 

Brownian motion of particles was detected and correlated to the particle size. The 

relationship between the size of a particle and its speed due to Brownian motion is defined 

by the Stokes-Einstein equation. The data obtained were analyzed by Malvern Zetasizer 

Software, version 7.01. 

Scanning Electron Microscopy (SEM) - All aggregate samples were analyzed on a Carl 

Zeiss-EVO@18 scanning electron microscope. The protein samples (10 µM) in different 

buffer solutions were heated at 90 °C for 30 minutes. The aggregated samples were 

centrifuged and concentrated at 4 °C. The collected precipitates were aliquoted on SEM 

stubs and allowed to dry at room temperature. The samples were coated with 10 nm of gold 

using a sputter coater. An acceleration voltage of 10 kV and an emission current of 5 μA 

were used to image the samples. 

Fluorescence spectroscopy - The fluorescence measurements were done using Horiba Jvon 

Spectrometer (Fluoromax-4P). The excitation wavelength was fixed at 295 nm and the 

fluorescence was collected in the wavelength range of 305 to 450 nm. Excitation and 

emission slit width was fixed at 5 nm. Fluorescence intensities are corrected by subtracting 

the appropriate blank samples (without protein). The protein’s concentration was 

maintained at 10 µM. 

Synchronous fluorescence spectra were obtained in the range of 200 to 600 nm by 

simultaneously scanning the excitation and emission monochromators of the 

spectrofluorometer with two different ∆λ values (15 and 60 nm). The width of the excitation 

and emission slits were set to 3 and 3 nm, respectively. 
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Circular Dichroism spectra - Secondary and tertiary structures of BSA were studied with 

a CD spectrophotometer (JASCO-1500) at room temperature under constant nitrogen flush. 

The scan speed (200 nm/min) was fixed with a response time of 1 s and 1 nm bandwidth. 

Each spectrum was collected by averaging three spectra.  The concentration of protein was 

maintained at 2 µM & 100 µM for far UV & near UV studies respectively. Each sample 

spectrum was obtained by subtracting the appropriate background (without protein) from 

the experimental protein spectrum. 

Molecular Docking - Auto-dock vina 1.5.4 program (which is much more efficient than 

Autodock 4) was used for the molecular docking between BSA and buffer molecules.171 The 

crystal structure of BSA (PDB-3v03) was used in the docking. Polar hydrogens and partial 

atomic Kollman charges were assigned to the BSA and blind docking was carried out. The 

center of the grid was fixed at the center of BSA (90.398 × 28.894 × 23.482) Å, and the grid 

dimension was set at (84 × 56 × 82) Å, which is enough to cover the whole protein. 

Chemdraw ultra 8 was used to create the structure of buffer molecules and the optimized 

structures were obtained from the Avogadro software172 using MMFF94 force field173. For 

the buffer molecules, the gasteiger charges were computed by the default setting of 

Autodock tools. The results were analyzed using the lowest energy conformation out of the 

9 conformations produced. The PyMOL software was used for visualization of the residues 

involved in binding.  

4.3 Results & discussion 

4.3.1 Aggregation kinetics  

The aggregation behaviour of BSA was studied by observing the change in optical density 

(OD) at 400 nm. The OD of BSA at 400 nm is negligible at room temperature. When the 

protein solution is heated, the formation of aggregates makes the absorbance rising at 400 

nm. It is attributed to the scattering caused by the aggregation of BSA in the turbid solution. 

The kinetics of aggregation is investigated with time variation of OD in protein solutions at 

two different temperatures, 70 & 80 °C. These temperatures have been chosen based on the 

observation of fast aggregation. At lower temperature 60 °C (less than the melting 

temperature of BSA), aggregation is not observed. (data not shown). Protein-protein 

association in the process of aggregation is promoted in destabilized or in an unfolded state 

has been reported in a number of proteins, such as myoglobin, bovine serum albumin, and 

-lactoglobulin.174-177 
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Figure 4.1 Time-dependent profiles of the absorption at 400 nm in different buffer medium; 

(a) TRIS and (b) Imidazole. 

The time dependences of the absorbance (or optical density, OD) at 400 nm for the 

different protein samples are given in figure 4.1. At the two temperatures protein does not 

show any lag phase. The lag phase is the time period where the absorbance remains constant. 

Our observation suggests the protein starts to denature from the beginning of the experiment. 

In case of H2O and Phosphate buffer, there was no aggregation at all investigated 

concentrations (provided in Appendix, Figure A5) but in TRIS and Imidazole buffer, 

aggregation noticed. Aggregation is more pronounced at 80 °C. A quantitative analysis of 

the kinetics of BSA aggregation in buffer solutions obtained as follows.  The aggregation 

kinetic plots (Figure 4.1), excluding the lag phase, were fitted to the nonlinear square curve-

fitting with the following stretched exponential function:175, 178, 179 

OD(t) = OD∞ + ∆OD exp (−[kt]n) 

where OD, OD∞, ∆OD are the observed optical density value at time t, the final optical 

density value, and the optical density amplitude, respectively, whereas n and k are the order 

and the rate of spontaneous aggregate formation. 

Values of “n” and “k” determined from the fitting procedure in the different samples 

are reported in Table 4.1. In all the cases, the “n” values are nearly equal to 1. In this case, 

the kinetics can be approximated by several exponential functions indicative of the existence 

of multiple events in the aggregation process.175, 178, 179 From the “k” values, we can see that 

the aggregation process is very fast in TRIS 0.01 M and Imidazole 0.10 M. With increasing, 

the concentration of TRIS, the aggregation slows down. But in the case of Imidazole buffer, 

increasing concentration fastens the aggregation process. 
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Table 4.1 Kinetic parameters of the aggregation process of BSA in buffer solutions. 

  80 °C 70 °C 

  n k n k 

 

TRIS 

0.01 M 1.06±0.10 0.89±0.080 0.60±0.020 0.05±0.001 

0.05 M 1.18±0.06 0.52±0.020 0.55±0.050 0.03±0.001 

0.10 M 1.39±0.05 0.17±0.010 0.61±0.020 0.01±0.001 

 

Imidazole 

0.01 M 1.33±0.06 0.18±0.004 0.62±0.010 0.05±0.001 

0.05 M 1.27±0.15 1.17±0.090 0.53±0.070 0.07±0.001 

0.10 M 1.34±0.08 1.30±0.050 0.68±0.010 0.09±0.001 

 

The aggregation of protein samples after heating at 90 °C for 30 minutes in different 

buffers is shown in figure 4.2. It is clearly visible that protein aggregates much in TRIS 

buffer at concentration 0.01 M and Imidazole buffer at concentration 0.10 M. 

 

Figure 4.2 Aggregation of BSA in various buffers with different concentrations after 

heating the samples at 90 °C for 30 minutes. 

4.3.2 Changes in the Hydrodynamic Radius of BSA aggregates  

To further ascertain our results, DLS measurements were done to determine the size of 

aggregates formed after heating the protein samples at 90 °C for 30 minutes. DLS is the 

most important method to determine the size of the particles. The size of particles (dH) is 

mostly influenced by the shape of the protein molecules. We have used DLS for the 

characterization of size distribution of BSA aggregates.  Figure 4.3 shows the intensity 

distribution plot, which elucidates the intensity of scattered light from the DLS measurement 

of heat treated BSA samples in different buffers with different concentrations. In H2O, the 

dH of BSA was centered around 3.80 nm before heat treatment (provided in Appendix, 

Figure A6). These results are in good agreement with the results of previous works.180 It is 
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clear that BSA in H2O shows two peaks where the second peaks are in the range of 100 nm 

and above with a lower percentage of intensity when compared to first peak. This implies 

that the population of the second peaks is negligibly small. Consequently, the second peak 

could be due to aggregated BSA molecules. 

 

Figure 4.3 Distribution of the intensity of light scattered by BSA in different buffers 

solution after heat treatment at 90 °C for 30 minutes, (a) H2O and Phosphate buffer, (b) 

TRIS buffer, and (c) Imidazole buffer. 

Heat treated BSA solution in H2O exhibits different peaks at 3.80, 21.48, 171.90 and 

5500 nm. The higher values represent the aggregates of protein with different sizes. But no 

insoluble aggregates observed which is clear from Figure 4.2. In case of Phosphate buffer, 

major peaks at 12.77, 18.06 and 21.48 nm were observed in 0.01, 0.05 and 0.10 M buffer 

solutions respectively. In addition, low intensity peaks appeared in the range of 100-1000 

and 4000-6000 nm and the intensity was decreased with increasing concentration of 

Phosphate buffer. It suggests some soluble aggregates formed after heating and the 

inhibition of aggregation is progressed with increasing concentration of buffer. In TRIS 

buffer, major peaks appear in the range of 100-1000 nm and the percentage of intensity 

reached beyond 15 (which is much higher compared to H2O and Phosphate buffer). The 
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intensities decreased with increasing concentration of buffer. In Imidazole buffer, two peaks 

appear within 100 nm (major) and above 5000 nm (minor). The intensities of major peaks 

are found to be highest in comparison to other buffer and even the minor peaks have 

significant intensities which suggest the highest rate of aggregation in this buffer.  

4.3.3 Scanning electron microscopy  

To understand the effect of buffer solution on BSA aggregation at microscopic level we 

have used scanning electron microscopy to know the morphology of aggregate particles.  

 

Figure 4.4 SEM images of BSA lyophilized powder (a, b, and c; scale bars are 20, 20, and 

2 μm from left to right) and insoluble aggregates in TRIS buffer (d, e, and f; scale bars are 

10, 2, and 2 μm from left to right) & Imidazole buffer (g, h, and i; scale bars are 10, 2, and 

2 μm from left to right). 

From the DLS measurements, we observed that BSA aggregates show prominent peaks at 

a certain length in case of TRIS and Imidazole buffer. Therefore, we used BSA solutions in 

TRIS 0.01 M and Imidazole 0.10 M, based on the observation of highest aggregation to 

collect the precipitates. Lyophilized powder of BSA is used to compare the morphology 

with aggregates. Figure 4.4a-c show smooth, compact fibrous morphologies of an average 
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diameter of 11-16 μm in the native state, however, the grains were separated by distinct 

grain boundaries. The surface morphology changes in case of aggregates formed in TRIS 

buffer (Figure 4.4d-f). The single fibrous morphology of BSA becomes a bundle like 

arrangement after aggregation, in which the diameter of the aggregated particles ranges from 

28-131μm. Every single unit of protein shares their grain boundaries with the other one and 

forms a long chain composed of more than 2 number of protein molecules along the 

direction of diameter. Figure 4.4e shows that the large particle of protein aggregation has 

the diameter ≈ 28.609 μm and each individual segment width was calculated to be 11.609 

μm (Figure 4.4f), same as the diameter of BSA (observed in lyophilized powder). The effect 

of Imidazole buffer on the surface structural changes of BSA aggregation has been shown 

in figure 4.4g-h. It was observed that the diameter of protein assembly is more in case of 

Imidazole buffer as compared to TRIS buffer solution. The measured diameter for 

aggregates was found to be 187.62 μm (shown in Figure 4.4g). Herein we observed that the 

number of protein units in aggregation is more in Imidazole buffer and they form compact 

sheet-like arrangement. Figure 4.4i represents the layer structure which was formed by the 

agglomeration of long chain of protein molecules of length 11.44 μm. 

4.3.4 UV-Vis spectroscopy 

From figure 4.5, we can see that BSA exhibits two absorption peaks (one at 200–250 nm 

and the other at 260-300 nm). It is probable that the polarity of the solvent affects the peak 

position of the lower wavelength region. The more polar solvent in protein solution induces 

the shielding of the peptide group from the aqueous environments and which lowers the 

energy of the π-π* transition. The lowering of energy for π-π* transition makes the peak 

redshifting. These changes arise from the disturbance of the microenvironment around the 

polypeptide caused by the interaction of the buffers with BSA. From figure 4.5, it can be 

observed that the redshift increases with the increasing respective buffer concentrations 

(Phosphate and Imidazole). But, in the case of TRIS buffer, the polarity induced by the 

increasing concentration does not have much effect in the red shifting of the peak. When 

compared to water, Phosphate and TRIS buffers showed a blue shift of peak at the lower 

range with higher intensity, which means these buffers make the microenvironment around 

the amide moieties less polar as compared to water. This can be attributed to the dipole 

moment of the buffers as dipole moment directly relates to the polarity of the compounds. 

The dipole moments are in the order of Imidazole (3.61) > Water (1.85) > TRIS (1.17) > 

Phosphate (nearly equal to zero) 
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Figure 4.5 Absorption spectra of BSA in various buffers at different concentrations (0.01, 

0.05, 0.10 M) at 25 °C; (a) Phosphate buffer, (b) TRIS buffer and (c) Imidazole buffer. 

The peak corresponding to the aromatic amino acid residues (Trp, Tyr, and Phe) 

remains unchanged irrespective of the type of buffer and concentration. This peak appears 

to have a maximum at 278 nm in each of the studied buffer conditions. The small change in 

the intensity of this peak of BSA was observed from the samples containing Phosphate, 

TRIS & Imidazole with various concentrations. The observed minor changes may be the 

results of the change in the microenvironment around aromatic amino acid residues.  

4.3.5 Fluorescence spectroscopy 

From figure 4.6, it can be noticed that concentration of buffer does not have much effect on 

fluorescence in the case of TRIS as well as Phosphate buffer. On increasing concentration, 

the emission intensity gradually decreases.  Imidazole buffer causes remarkable quenching 

of fluorescence intensity with a redshift in the emission maximum as a function of Imidazole 

concentration.  It is known that the increase in the hydrophilic environment around 

fluorophore residues causes the shifting in the emission peak towards higher wavelength 

whereas shifting of emission peak toward lower wavelength corresponds to increase in the 
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hydrophobic microenvironment around fluorophore residues. Thus, the fluorophore residue 

shielded from the aqueous environment undergoes a blue shift. It might be possible that this 

shielding effect may provide a more stable and compact native structure to the protein in the 

solvent medium.181 

 

Figure 4.6 Fluorescence spectra of BSA in various buffers with different concentrations at 

25 °C. 

Synchronous fluorescence spectra 

Synchronous fluorescence is a sensitive technique to explore the change in the molecular 

environment of fluorophore residues due to various advantages such as its spectral 

bandwidth reduction, spectral simplification and avoiding the different perturbing effect.118 

Synchronous spectra provide the characteristic information of Tyr and Trp residues when 

the  value between excitation and emission wavelength is fixed at 15 nm and 60 nm 

respectively.182 The synchronous spectra of BSA in buffer solutions with increasing 

concentration were shown in figure 4.7. The fluorescence intensity of BSA for is 

greater than that for revealing that the intrinsic fluorescence of BSA is mainly 

contributed by Trp residues. The spectra recorded for nm shows that slight 

quenching of fluorescence intensity with no shift in emission maxima in the case of TRIS 

and Phosphate buffer suggesting that the interaction of the protein with buffer does not affect 

the microenvironment of the Trp residues. In Imidazole buffer, a substantial quenching of 

fluorescence observed for both the cases, nm which reveals that the Imidazole 

has more quenching effect on both Trp and Tyr residue. When no shifting of the 

emission peak is observed suggesting no effect on tyrosine environment but at  nm,a  
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Figure 4.7 Synchronous fluorescence spectra [(a) for ∆= 15 nm & (b) for ∆= 60 nm] of 

BSA in various buffers with different concentrations at 25 °C. 

redshift in the emission maxima was observed. This indicates that the microenvironment 

around Trp residues becoming more hydrophilic. But the unfolding of protein cannot be 

assured by considering the results obtained from the absorption and CD measurements 

where it is observed to be in the native state. Thus, the possible reason for redshift could be 

the presence of imidazole aqueous solution around the Trp-134 (which is exposed to the 

solvent). It is well known that the imidazole solution is more polar as compared to the 

aqueous water. 

4.3.6 Circular dichroism spectra 

CD spectra is a powerful technique which provides information about the secondary and 

tertiary structure of the protein.183 CD measurements were done to monitor the effect of 

buffer on protein structure. Figure 4.8 shows the spectra of BSA in a different buffer solution 

of varying concentrations. BSA exhibits two strong negative bands at 208 and 222 nm in 

the UV region, which is the characteristic of the α-helical structure of the BSA. The peak at 

208 nm corresponds to the -* transitions of the peptide bonds in the -helices and the 

peak at 222 nm corresponds to the n-* transition.105 In the case of TRIS and Phosphate 

buffer, it is clearly noticeable that the shape of the peaks and their positions are not altered, 

which suggests the protein manages to retain its overall structure.  

In order to investigate the results obtained from far UV CD study, we proceed with 

the following analysis. α-helix percentage of BSA was calculated as follows after expressing 

CD results in terms of mean residue ellipticity (MRE) in deg cm2 dmol-1 according to the 

following equation: 
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MRE =  
Observed CD (mdeg)

Cpnl
  

Where Cp is the molar concentration of the protein, n is the number of amino acid residues 

(583 for BSA) and l the path length (0.1 cm). The α -helical contents were determined from 

MRE values at 208 nm using the following equation: 

α − helix(%) =  
(−MRE208 − 4000)

33000 − 4000
×  100 

Where [MRE]208 is the observed MRE value at 208 nm, 4000 is the MRE of the β-form; and 

random coil conformation at 208 nm and 33,000 is the MRE value of a pure α-helix at 208 

nm. 

 

Figure 4.8 Far UV spectra of BSA in (a) Phosphate buffer and (b) TRIS buffer at different 

concentrations (0.01, 0.05, 0.10 M) and (c) HT voltage of various buffers at different 

concentrations at 25 °C.  

It is not possible to get the secondary structural content of BSA in Imidazole buffer 

because imidazole produces high-value HT voltage (>600) which makes the spectra noisy. 

Far UV spectra of BSA in Imidazole buffer were provided in Appendix, Figure A7 and the 

HT voltage curve was shown in figure 4.8c. 
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Table 4.2 α-helix percentage of BSA in Phosphate and TRIS buffers at different 

concentrations. 

Buffer              Conc. 0.01 M 0.05 M 0.10 M 

Phosphate 62.4 66.1 60.3 

TRIS 60.7 57.8 62.6 

 

BSA tertiary structure is characterized by the presence of two minima at 261 and 

268 nm. These bands correspond to the environment around disulphide bonds and 

phenylalanine residues (phenylalanine shows weaker bands). The microenvironment around 

aromatic chromophores can be analyzed from the near UV region (250-300 nm).143-145 

Therefore, any alterations in the signal intensity in these regions imply a structural change 

in protein. The near UV CD spectra of BSA in different buffers were presented in  

 

Figure 4.9 Near UV spectra of BSA in various buffers at different concentrations (0.01, 

0.05, 0.10 M) at 25 °C; (a) Phosphate buffer,(b) TRIS buffer and (c) Imidazole buffer.  

figure 4.9. It is clear from the plots that two characteristic bands at 261 nm and 268 nm 

appear with no shifting in the peaks, which indicates that there is no change in the tertiary 
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structure especially asymmetric environment around disulphide bonds in all buffers 

irrespective of concentration. Considering the region between 270-300 nm, no distinct 

changes in the spectra were observed which suggests an unaltered environment around 

aromatic residues in different concentration buffer solutions. 

Thermal unfolding and refolding - From the aggregation studies, we found that BSA 

aggregates in TRIS and Imidazole buffer when the protein solution is heated to 90 °C. When 

protein is heated, its structure is lost because of rearrangement of hydrogen bonding that is 

responsible for protein compactness. Thus, at high-temperatures aggregation is induced by 

the exposure of the hydrophobic residues. Therefore, it is not possible to investigate their 

effect on refolding after thermal denaturation. Therefore, we confined our study to 

Phosphate buffer. Protein secondary structure measurements are used to monitor the 

structural variations during the heating process. From figure 4.10a, it is found that at 90 °C 

the protein losses alpha helicity to 31%. When the solution is cooled down to room 

temperature, it is able to retain 54% of its helicity only. In order to know the effect of 

Phosphate on the tertiary structure, we performed near UV CD measurements at the heating 

cycle of 25-90-25 °C. The CD curve in figure 4.10b shows that Phosphate was unable to 

refold the protein back to its native state completely.  

 

Figure 4.10 Thermal unfolding and refolding of BSA in Phosphate buffer (0.01 M), each 

sample was subjected to a heating cycle of 25-90-25 °C at a rate of 10 °C. 

Suggestible mechanism for the aggregation in case of TRIS and Imidazole buffer is 

that BSA in thermal denatured state, the exposed hydrophobic core interacts favourably with 

the buffer molecules. Whereas it is assumed that Phosphate buffer interacts unfavourable 

with the surface of the protein. Thus Phosphate buffer molecules form a hydration layer 
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with the water molecules and eventually enhance the water structure. This hydration layer 

must be stable even at higher temperature when the protein unfolds. But TRIS and Imidazole 

buffer has higher affinity towards the exposed hydrophobic groups in the denatured state. 

Though the protein is stable in these buffers at room temperature as proved by our 

experimental work, the aggregation suggests that the buffer molecules interact more 

strongly with the exposed hydrophobic core of the protein. Thus the exposed hydrophobic 

groups favour the aggregation of BSA. Docking results (discussed later) also suggest the 

imidazole interacts with BSA mostly through hydrophobic interactions. Therefore, the 

hydrophobic interactions during protein unfolding with imidazole molecules could be 

favourable, which eventually helps in the process of aggregation. During the aggregation 

process, the exposed hydrophobic residues on one chain associate with those of other chain. 

Imidazole favours this mechanism by stabilizing the unfolded state with strong interactions, 

thereby more protein chains agglomerate to form a sheet-like structure, which is validated 

by SEM analysis. Therefore, more the number of imidazole molecules available in the 

solution, the unfolded state would be more stabilized and more protein chains agglomerate. 

It emphasizes how the concentration has direct impact on aggregation. But in case of TRIS, 

with increasing concentration, the aggregation is reduced. This may be due to the ability of 

TRIS buffer to form more hydrogen bonds as compared to imidazole which could be helpful 

in stabilizing the protein at higher temperature as observed in Phosphate buffer. SEM 

analysis also illustrates the aggregates are smaller in size as compared to that in Imidazole 

buffer. DLS measurements also support that the size of large particles has lower percentage 

intensity as compared to that in Imidazole buffer. Since Phosphate buffer ceases the 

aggregation of BSA at higher temperature, further studies were done to know its effect on 

reversibility of protein denaturation. It is clear from figure 4.10 that Phosphate is not able 

to refold the protein back to native state. These observations suggest that the buffer is not 

up to the mark in stabilization of water shell around protein as observed in case of other 

stabilizers.  

4.3.7 Molecular docking  

To investigate the possible binding sites of the buffer molecules in BSA, a molecular 

docking study was performed (Figure 4.11a-d). For the Phosphate anions, TRIS & 

Imidazole buffer molecules, the following binding sites were found: (i) The HPO4
- anion 

forms five hydrogen bonds with residues, Ser 343, Arg 347, Ser 453, Arg 483 and Arg 484 

(ii) The H2PO4
- anion forms six hydrogen bonds with residues, Ser 343, Leu 480, Val 481, 
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Ser 453, and Arg 484 (iii) TRIS molecule forms one hydrogen bond with Tyr 151, two 

hydrogen bonds with Glu 29, and two hydrogen bonds with Ser 191 and (iv) Imidazole 

molecule forms one hydrogen bond with Ser 192, one hydrogen bond with Asp 108 and the  

 

Figure 4.11 Molecular docking of BSA with different buffers: (a) HPO4
-, (b) H2PO4

-, (c) 

TRIS & (d) Imidazole.  

nearby residues found to be Arg 196, Tyr 147, Pro 146. The binding free energy for [HPO4
-

], [H2PO4
-], [TRIS] and [Imidazole] are -4.0, -4.3, -4.1 and -3.4 kcal mol−1. These values 

suggest that Phosphate anions are more favourable to establish hydrogen bonds with BSA 

when compared with TRIS and Imidazole buffer molecules. Since the Phosphate buffer was 

found to enhance the stability of BSA as compared to other buffers, the probable mechanism 

may be due to the direct binding of phosphate anion to BSA through hydrogen bonding. 

Gupta, BS 184 has studied the effect of different aqueous buffer solutions on the stability of 

BSA and reported that the electrostatic interactions are responsible for the increased stability 

of BSA. The major interactions of buffer molecules with BSA are electrostatic in nature 

because most of the residues found around the buffer molecules are charged. No direct 

binding between aromatic amino acid residues and Phosphate buffer molecules was 

observed but TRIS and imidazole molecules interact with Tyr residues. This could be the 

reason for slight changes in the absorption spectra of BSA in long wavelength region. 
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4.4 Conclusion   

In summary, it was observed that Phosphate buffer is most biocompatible for BSA when 

compared to TRIS and Imidazole buffers at physiological pH. Phosphate buffer is able to 

minimize the thermally induced aggregation of BSA, though the protein is unable to refold 

the protein to its native state after thermal denaturation. While using TRIS and imidazole 

buffers, it is very important to notice that high concentration of TRIS and low concentration 

of Imidazole buffer are helpful in preventing the thermally induced aggregation. The results 

are helpful for the selection of buffer in biological applications involving serum albumin 

proteins, especially at higher temperatures. Apart from the aggregation studies at high 

temperatures, all the buffers used in this investigation are biocompatible for BSA at room 

temperature. The spectroscopic methods such as UV-Vis, fluorescence, synchronous 

fluorescence, far and near UV CD reveal that the protein is in the native state irrespective 

of the buffer and their concentration used. The molecular docking results revealed that the 

buffers directly bind to the amino acid residues of BSA electrostatically. 
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Impact of ammonium based ionic liquids on 

the structure, stability, and activity of bovine 

serum albumin 
 

5.1 Effect of ammonium based ionic Liquids on thermal 

unfolding and refolding of bovine serum albumin 

(This work is published in New Journal of Chemistry, 2017, 41, 10712-10722) 

5.1.1 Introduction 

Out of various ILs based on ammonium, imidazolium, pyridinium, morpholinium moieties, 

ammonium ILs are observed to be most biocompatible and are a safer alternative to 

conventional organic solvents which make them useful in various medical related 

applications.  Here are some of the examples of application of ammonium based ILs in 

protein stabilizing and refolding. Summers and Flowers have shown the stabilizing effect of 

EAN on Lyz against irreversible thermal denaturation.40 Attri et al. reported that triethyl 

ammonium salts exhibit a better refolding effect on thermally denatured α-chymotrypsin as 

compared to imidazolium based ILs.141 Mann and co-workers observed that the activity of 

Lyz is enhanced in presence of ethanolammonium formate and propylammonium formate 

and also the ILs able to promote complete refolding of thermally denatured Lyz.161 In 

another study, the ion specific effect of ammonium based ILs on the stability of myoglobin 

protein was investigated.185 It was observed the strong stabilizing effect was exhibited by 

the phosphate based followed by sulfate based ILs (weak stabilizer), in contrast, acetate 

based ILs exhibited a destabilizing effect. In a theoretical study by Jaganathan et al. a 

stabilizing effect of ammonium based ILs on Cyt c was observed.186 Attri and Venkatesu 

suggests that more hydrophobic ammonium cations are weak stabilizers as compared to 

small alkyl chain containing cations for α-chymotrypsin structure.187 Moreover, different 

ammonium based ILs were found to have a stabilizing effect on different proteins like Lyz40, 

161, α-chymotrypsin187, Cyt c188, Succinyl concanavalin A142, Laccase74, Insulin189. In 

contrast, the destabilizing effect on proteins of few ammonium based ILs was observed 

earlier in some reports. These results make a lot of confusion while selecting ILs for 
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stabilizing proteins. Therefore, a more detailed investigation is very essential to form a 

common rule when considering ILs for biological applications.  

In this study, a detailed investigation was carried using ammonium based ILs with 

different substitutions at the cation center on refolding of thermal unfolded BSA (figure 5.1). 

Basically, three ILs (such as tetraethylammonium bromide, triethylbutylammonium 

bromide, and triethylhexylammonium bromide) have been selected and the effect of ILs on 

thermal unfolding/refolding of BSA was investigated using spectroscopic and theoretical 

studies.190 As the concentration of ILs have great impact on protein stability, all the 

experiments were done with a wide concentration range of ILs (2*10-6-2 M). As well as, the 

impact of ILs on the structure and activity of the protein has been studied. Moreover, a 

docking study was used to investigate the possible binding sites of the ILs on BSA protein. 

 

Figure 5.1 Structural representation of ammonium based ILs employed in this study. 

5.1.2 Experimental details 

Materials  

BSA was purchased from Sigma-Aldrich and used as such received without any further 

purification. ANS and 4-Nitrophenyl acetate (esterase substrate) were purchased from 

Sigma-Aldrich and all other chemical required for IL synthesis were purchased from 

different commercial sources and were used without purification. 0.01 M phosphate buffer 

was prepared using 18 MΩ.cm Milli-Q water (Millipore, Bedford, MA) and was used to 

prepare the samples throughout the work. 

IL synthesis - Triethylalkylammonium bromides were prepared by the alkylation of 

triethylamine (100 mmol) with corresponding alkyl halide i.e. ethyl bromide, N-butyl 

bromide, N-hexyl bromide (100 mmol) in solvent acetonitrile using previously reported 

study.191 The reaction mixture was stirred vigorously at a temperature of 75 °C for 12 h in 

an oil bath, which was fitted with a reflux condenser. The solid product was washed 
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thoroughly with hexane, filtered and dried under vacuum at 75 °C for 6 h to obtain the pure 

ILs. 

Methods 

Circular Dichroism measurements - The secondary and tertiary structures of BSA were 

monitored using JASCO-1500 CD spectrophotometer using a 0.1 cm path length cuvette. 

The scan speed (100 nm/min) was fixed with a response time of 1 s and 1 nm bandwidth. 

The protein’s concentration was maintained at 2 µM & 100 µM for far and near UV studies 

respectively and IL concentration was varied from 2*10-6 M to 2 M and each spectrum was 

collected by averaging two spectra. Each sample spectrum was obtained by subtracting the 

appropriate background (without protein) from the experimental protein spectrum. For 

thermal unfolding and refolding studies, each sample was subjected to a heating cycle of 

25-90-25 °C at a rate of 10 °C/min. 

Molecular dynamic simulation - The molecular dynamic simulations for BSA in IL (N2, 

N4, N6) and aqueous medium were performed by GROMACS 5.0.4192 package using the 

GROMOS96 53a6193 force field. Force field parameters for the N2, N4, and N6 ILs were 

generated using the PRODRG 2.5 server.194 These systems were prepared with the protein 

which was further solvated in cubic boxes containing 30640, 28655 and 26303 simple point 

charge (SPC)195 water molecules and 2 M concentration of N2, N4, and N6 ILs respectively. 

The aqueous system was solvated with 41934 SPC water molecules. All these systems were 

embedded in the cubic boxes where the protein was kept at center and at least 1.0 nm from 

the edge and the periodic boundary conditions were also employed. To remove the steric 

clash, the aqueous and IL systems were first energy minimized for 100 ps using the steepest 

descent method keeping the protein heavy atoms restrained with force constant of 1000 kJ 

mol-1 nm-2. Finally, the systems were optimized for 500 ps without heavy atoms restrained. 

The LINCS algorithm was utilized to constrain bond lengths, allowing the application of 2 

fs time step. The equation of motion was integrated with Verlet algorithm196 utilizing 

different time steps. The electrostatic force was calculated through the particle mesh Ewald 

method (PME).197 Van der Waals interactions were calculated by applying a 1 nm cutoff. All 

the temperatures were kept with V-rescale temperature coupling during the simulation 

process.198 These systems were equilibrated at 25 °C under NVT condition and 1 bar 

pressure using Parrinello-Rahman barostat199 in NPT for 1 ns. Finally, 10 ns MD simulations 

were performed for all the systems. The final conformation was taken and equilibrated at 90 

°C temperature under NVT condition and 1 bar pressure using Parrinello-Rahman barostat 
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in NPT for 1 ns and 10 ns MD simulation performed. Again the last conformation was taken 

and equilibrated with the temperature at 25 °C under NVT condition and 1 bar pressure 

using Parrinello-Rahman barostat in NPT for 1 ns and 10 ns MD simulation performed. The 

analysis was performed using various GROMACS inbuilt programs and the graphs were 

plotted using Grace. 

Fluorescence spectroscopy 

Synchronous Fluorescence measurements - Synchronous fluorescence spectra were 

obtained in the range of 200 to 600 nm by simultaneously scanning the excitation and 

emission monochromator of the Horiba Jvon Spectrometer (Fluoromax-4P) with two 

different ∆λ values (15 and 60 nm). For measurements, 2 µM protein solution was used. The 

width of the excitation and emission slit was set to 3 and 3 nm, respectively.  

ANS Fluorescence Measurements - Fluorescence of ANS was performed using 

Fluoromax-4P with excitation at 370 nm, and emission was recorded between 400 to 600 

nm using the same fluorescence spectroscopy. For measurements, 2 µM BSA solution and 

10 µM ANS was used. The width of the excitation and emission slit was set to 3 and 3 nm, 

respectively. 

Time-resolved fluorescence measurements - A time correlated single-photon counting 

(TCSPC) spectrometer (Edinburgh, OB920) instrument was employed to measure the 

fluorescence lifetime of Trp residues of BSA. The light source was diode laser excited at 

295 nm. Time-resolved fluorescence decay profiles were analyzed by nonlinear least 

squares iteration procedures using F900 decay analysis software. The quality of the fit is 

assessed by the chi-square (χ2) values and distribution of residuals. The protein 

concentration was fixed at 2 µM and IL concentration was varied from 0 to 2 M. 

Esterase-like Activity Assay - The esterase-like activity of BSA has been exploited to 

investigate the effect of ILs on the functionality of the protein. Here, the action of BSA on 

p-nitrophenyl acetate (PNPA) has been investigated by monitoring the absorbance of the 

released product, p-nitrophenol, on a Cary-100 UV-Vis spectrophotometer (λabs = 400 nm, 

molar absorption coefficient ε = 17 700 M−1 cm−1). Briefly, the reaction conditions were 

maintained as [BSA] = 25.0 μM, [PNPA] = 50.0 μM, pH 7.4, and temperature = 37 °C (the 

temperature was kept constant at the given value by a recycling flow of water, with an 

accuracy of up to ± 0.5 °C) 
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Molecular docking - Auto-dock vina 1.5.4 program was used for the molecular docking 

between BSA and IL molecules.171 The crystal structure of BSA (PDB-3v03) was used in 

the docking. Polar hydrogens and partial atomic Kollman charges were assigned to the BSA 

using the default setting of autodock tools and blind docking was carried out. The center of 

the grid was fixed at the center of BSA (90.398 × 28.894 × 23.482) Å, and the grid dimension 

was set at (84 × 56 × 82) Å. Chemdraw ultra 8 was used to create the structure of IL and the 

optimized structures were obtained from the Avogadro software172 using MMFF94 force 

field173. The results were analyzed using the lowest energy conformation out of the 9 

conformations produced. The PyMOL software was used for visualization of the residues 

involved in binding.  

5.1.3 Results and Discussion 

Herein, the thermal unfolding and refolding of BSA in presence of three ILs (N2, N4, and 

N6) were investigated using experimental and theoretical studies. Far and near UV CD was 

employed to decipher structural changes of folded as well as unfolded BSA. When the 

protein samples are heated to 90 °C, the denaturation of protein starts with the breakage of 

intramolecular hydrogen bonds which actually maintains the native active state of proteins. 

The secondary structural content was determined from the far UV CD spectra between 190-

250 nm and the tertiary structural information was obtained from the near UV CD spectra 

between 250-300 nm. To support the experimental results, MD simulations were performed 

with BSA in aqueous and different IL medium as was done in experimental work (i.e. 

simulation for native, unfolded and refolded protein) 

5.1.3.1 CD spectra analysis 

As BSA is rich in α-helix, the helicity percentage of BSA was calculated according to the 

previous studies.105 The results were presented in table 5.1. It is clear that BSA has 63% α- 

helix in the buffer medium at 25 °C. In ILs up to a concentration of 2*10-3 M, the α-helix 

wan not changed which means the native structure of BSA wan not influenced by the ILs. 

However, in N6 IL, helicity was slightly increased, which might be due to the compactness 

of BSA in this particular IL. On heating the protein samples to 90 °C, helix percentage was 

drastically decreased to 30%. After cooling the sample to room temperature, it was found 

that 15% of α-helix was lost. In presence of ILs, N2, and N4, refolding was found to be 

same as exhibited by buffer medium whereas N6 has a better refolding ability with 

concentrations, 2*10-5 M, 2*10-4 M and 2*10-3 M. (Figures were provided in Appendix, 

Figure A8-A10). Beyond the concentration of 2*10-3 M, The CD spectra become very noisy 
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due to higher HT voltage, which makes the measurements impossible to get secondary 

structural content at higher concentrations. 

Table 5.1 α-helix percentage** of BSA in IL medium. 

Conc. IL N2 N4 N6 Buffer 

2*10-6 M 

Initial 25 °C 64 60 65 63 

90 °C 33 29 35 31 

Final 25 °C 53 51 56 54 

% loss 14 15 14 15 

2*10-5 M 

Initial 25 °C 65 65 68  

90 °C 34 33 39  

Final 25 °C 55 54 61  

% loss 15 17 10  

2*10-4 M 

Initial 25 °C 65 62 73  

90 °C 34 31 40  

Final 25 °C 55 52 65  

% loss 15 16 10  

2*10-3 M 

Initial 25 °C 66 63 68  

90 °C 33 32 42  

Final 25 °C 56 56 64  

% loss 15 11 5  

**α − helix (%) =  
(−MRE208−4000)

33000−4000
×  100,  where MRE =  

𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝐶𝐷

𝑐𝑝𝑛𝑙10
, [Cp is the molar 

concentration of the protein, n is the number of amino acid residues of the target protein, and l 

is the path length in cm (0.1)];  

% loss = 
α− helix of the native state (𝐼𝑛𝑡𝑖𝑎𝑙 250C ) −  α− helix of refolded state (𝐹𝑖𝑛𝑎𝑙 250C  )

α− helix of native state
∗ 100 

  BSA tertiary structure is characterized by the near UV CD spectra, which produces 

two strong bands at 261 and 268 nm. It is clear from figure 5.13 that the bands at 261 and 

268 nm were not changed much in the presence of all ILs and also there was no significant 

change in ellipticity in the region 280-300 nm, which confirms the native state of BSA in IL 

medium. When the protein samples are maintained at 90 °C, the CD spectrum was changed 

drastically (Figure 5.2 and complete analysis was provided in Appendix, Figure A11-A13). 

The ellipticity values at 261 and 268 nm increased rapidly. This featureless spectrum showed 

that the BSA is denatured completely. The non-zero CD signal must be due to the disulfide 

bonds, which remain intact at higher temperatures. Also in presence of all ILs, the spectrum 

at high temperature is almost identical with that of observed in buffer medium. Upon cooling 

the samples to room temperature after heating, the CD spectrum is mostly consistent with 

that recorded prior to heating only in the presence of N4 (2 M) and N6 (0.02 M & 2 M), 
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which indicates the proper refolding of BSA in ILs. In all other samples, the complete 

refolding was not achieved. 

 

Figure 5.2 Near UV CD spectra of thermal unfolding and refolding of BSA in buffer (a), N2 

(b), N4 (c), and N6 (d). IL concentration is 2 M. [Colour code: Black-Native (25 °C); Red-

Unfolded (90 °C); Blue-Refolded (25 °C)]. 

It was observed that N6 has a more stabilizing effect than N2 and N4 from the 

obtained results. The possible explanation may be due to the hydrophobicity of the ILs. It is 

known that hydrophobic ammonium ILs are more viscous and high viscous ILs could affect 

the preferential hydration interactions. Moreover, high viscous nature of ILs slows down the 

conformational changes and maintains compact structure of proteins. Previous studies also 

revealed the stabilizing effect of high viscous ILs. 140, 161, 185, 200  The unspecific interactions 

of ILs with the surface of BSA cause the expelling of ILs from the surface which forms a 

hydration layer around the protein with the water molecules. Therefore, it is assumed that 

the exclusion of ILs from the surface of the protein due to the unfavorable interactions makes 

the protein more stable as observed in our case. 
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During thermal denaturation, BSA loses its secondary and tertiary structure, 

eventually, the hydrophobic core of the protein is exposed outside. In presence of ILs, the 

hydrophobic core may interact favourably with the hydrophobic alkyl side chain of the 

ammonium ILs, which consequently helps in preventing protein aggregation and unfolding 

during denaturation process. Upon cooling the protein solutions, the ammonium moieties 

must be desorbed from the hydrophobic groups during the refolding process. Here, the 

refolding energy must be enough to overcome the adsorption of cation groups. At high 

concentration of IL, the self-aggregation of ILs lowers the energetic cost of desorption of 

the cation, which helps in refolding process. It is assumed that the short alkyl chain 

ammonium moieties strongly bind to the hydrophobic core of BSA, therefore the refolding 

process is hampered during cooling.  

5.1.3.2 Molecular dynamic simulation 

To support the experimental results, at first, we perform MD simulation of the protein (BSA) 

in aqueous and different IL medium at high temperature (90 °C) for the duration of 10 ns. 

At the end of this simulation, the protein was found to be denatured. With this unfolded 

configuration, we carried out four separate MD simulations (in aqueous and presence of the 

three ILs) to visualize the effect of ILs on the structure of the protein at ambient conditions 

and the aqueous system was considered as baseline. IL concentration was kept constant at 2 

M since the experimental results show better refolding ability at this concentration. All these 

systems were equilibrated and 10 ns MD trajectories were generated. In the present case, 

we have explored the root-mean-square-fluctuations (RMSF) of Cα atoms in order to know 

the effect of ILs on thermal unfolding/refolding of BSA, because it could provide 

information on the flexible regions of the protein during the unfolding and refolding process. 

RMSF is mostly analyzed to get information on heterogeneity, local structural flexibility 

and thermal stability of macromolecules. 201-204 It can be seen from the average RMSF data 

of the amino acid residues of the protein that the regions of the protein containing residues 

70-90, 170-180, 350-360, 490-500, 550-560 are found to be highly mobile in aqueous 

solution. Flexibility is mostly observed at the end of the helix and the sub domains where 

random coiling is present. Rigidity is found to be more in the sub domain IIA and IIIA 

compared to other sites. These observations are in agreement with the previous studies.205, 

206 Addition of ILs to the system decreases the RMSF values of the highly flexible regions 

which further depend on the type of IL. The RMSF values of the protein in an aqueous 

medium at 25 °C reached the value 0.3 nm for all the flexible regions. It was observed that 
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the RMSF values decreased in presence of ILs which follow the order of N2 > N4 > N6 

(Figure 5.3). Note that the least values of RMSFs observed in presence of N6 which are 

found to be less than 0.2 nm. On increasing the temperature of the system, the RMSF values 

of both rigid and flexible regions intensified (Red lines in figure 5.3), which indicates the 

complete unfolding of the protein. Upon cooling the system to room temperature, the 

refolding process was noticed with the lowering of RMSF values (Green lines in figure 5.3). 

Moreover, the difference in RMSF values between native and refolded protein in presence 

of ILs was minimized compared to the aqueous medium and particularly, in the presence of 

N6, almost there was no difference.  It suggests that N6 promotes refolding phenomena of 

BSA in a better way as compared to the other two ILs (N2 and N4). 

 

Figure 5.3 Average root-mean-square-fluctuations of thermal unfolding and refolding of 

BSA in buffer (a), N2 (b), N4 (c), and N6 (d). IL concentration is 2 M. [Colour code: Black-

Native (25 °C); Red-Unfolded (90 °C); Green-Refolded (25 °C)].  

As well as, the RMSD (root mean square deviation) values of the protein backbone 

atoms in the aqueous and IL mediums were calculated against the simulations time scale (0 

-10 ns) which generally used to measure the conformational stability of proteins (Figure was 

provided in the Appendix, Figure A14). It is clear from the figure that the RMSD value of 

BSA in aqueous medium steadily increases from 0 to 4 ns, then the system reaches an 

equilibrium where it fluctuates around a value of 3.5 nm. For N2 medium, the RMSD values 
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follow the same pattern as was observed for aqueous medium but the values were found to 

be higher than that of the aqueous medium after 4 ns. For N4 medium, the RMSD values 

were observed to be lower than the N2 medium and stabilized after 4 ns with an average 

value of 3.1 nm. Lowest values were noticed for N6 medium where the RMSD value was 

stabilized at an average value of 2 nm after 8 ns. Thus, it indicates that BSA becoming more 

stable in N6 medium which supports our RMSF results. Further to know the compactness 

of the system during simulation, Rg (radius of gyration) values have been measured (Figure 

was provided in the Appendix, Figure A15). Rg is the measure of the mass-weighted root 

mean square distance of a collection of atoms from their common center of mass. It was 

observed that Rg value of BSA in the aqueous medium is highly fluctuating during the entire 

simulation. In N2 medium, Rg attains equilibrium after 4 ns, where the value was found to 

be fluctuating around 2.81 nm. Very few studies reported the Rg value of BSA previously 

and our results are consistent with those results.205, 206 The Rg plots for N4 and N6 systems 

do not differ much in terms of the average value but it is worth noticing that the values for 

N6 system are lying below N4 system up to 6 ns and the N6 systems is stable during the 

entire simulation, whereas, the N4 system has values which are fluctuating more as 

compared to N6 system. By considering the overall effect, it is quite detectable that N4 and 

N6 system are stable and compact as compared to the N2 system but the aqueous medium 

with lower values after 5 ns cannot be considered to compare with values of IL system 

because the values are highly varying throughout the simulation. 

5.1.3.3 Fluorescence spectra analysis 

Synchronous fluorescence screening was used to know the information of the 

microenvironment of fluorophore molecules. Generally, the maximum emission wavelength 

depends on the environmental polarity around fluorophore molecules. Figure 5.4 shows that 

the presence of ILs quenches the BSA fluorescence and large quenching is recorded when 

Δλ = 60 nm is fixed as compared to Δλ = 15 nm. This suggests that the ammonium moieties 

of the ILs are closer to the Trp residues than to the Tyr residues. The quenching indicates 

the interaction of ILs with protein molecule. But no shifting in the emission wavelength was 

observed which suggests that the Trp environment is not altered in the IL medium. 

Considering the effect when Δλ = 15 nm, no significant quenching was observed rather high 

quantum yield noticed at higher concentration (2 M) in presence of N2 and N6. Up to 

concentration 0.2 M, no significant shift in emission wavelength observed. But at higher 

concentration (2 M), a slight red shift observed in presence of N2 but slight blue shift 
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observed in case of N4 and N6. The reason for the blue shift could be due to increase in the 

hydrophobicity around the exposed Tyr residues. The addition of ILs can replace some of 

the water molecules present around BSA forming a preferential hydration layer along with 

water molecules. Thus, the replacement of water molecules by the hydrophobic ILs caused  

 

Figure 5.4 Synchronous fluorescence spectra of BSA in N2 (a & b), N4 (c & d), and N6 (e 

& f) with concentrations (2*10-6, 2*10-5, 2*10-4, 2*10-3, 2*10-2, 2*10-1and 2 M). [∆= 15 

nm (a, c, e) and [∆= 60 nm (b, d, f)]. 
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the hydrophobic environment around Tyr residues. In the case of N6, the increase in 

quantum yield suggests either the Tyr residues are far from the ammonium moieties or the 

protein becomes compact such that the residues are moving into the hydrophobic core of 

the proteins because of conformational changes in BSA. 

In order to explore conformational states of proteins in the IL medium an external 

fluorescent probe, ANS was used in this study. ANS exhibits higher fluorescence intensity 

when binds to the hydrophobic patches of proteins.207 Thus, it supposes to show higher 

intensity when binds to the intermediate state of a protein compared to the native or fully 

unfolded state because hydrophobic patches are exposed in an intermediate state. The 

hydrophobic patches are inaccessible for ANS binding in native state and in the case of a 

completely unfolded state where the hydrophobic patches are disrupted. Figure 5.5 shows 

the ANS fluorescence in the presence of BSA at different concentrations of ILs. It was 

 

Figure 5.5 ANS fluorescence spectra in the presence of BSA and ILs with concentrations 

of (2*10-3, 2*10-2, 2*10-1, 2 M); (a) N2, (b) N4, and (c) N6.  

observed that ANS fluorescence gradual decreased with increase in the concentration from 

2*10-3 to 2 M of each of the ILs. The diminished values of ANS fluorescence suggest the 
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burial of hydrophobic patches. The complete unfolding can be ignored by considering the 

results observed from CD analysis. Therefore, we assume that the protein forms a compact 

structure where the hydrophobic patches are buried and inaccessible for ANS binding. The 

other reason for diminished values may be due to the affinity of ILs towards the ANS 

binding sites. With increasing IL concentration, more ANS molecules from the binding sites 

are replaced by IL, which finally leads to reduced values of the fluorescence intensities. In 

that context, we can accept that the protein must be in the native state or a non-native 

compact structure by considering the results obtained from the CD analysis and Simulation 

results. 

Fluorescence lifetime provides valuable information on the local environment of 

fluorophore (Trp) residues and protein-IL interactions. It was observed that BSA exhibits a 

biexponential decay in both presence and absence of ILs (Figure was provided in the 

Appendix, Figure A18). The biexponential nature of Trp fluorescence decay can be 

explained on the basis of different environments around two Trp residues.208, 209 But it is  

Table 5.2 Fluorescence lifetime of BSA and BSA-IL systems.  

IL BSA in different medium τ1(ns) τ2(ns) α1 α2 τavg(ns) χ2 

 Buffer 3.22 6.79 0.217 0.783 6.02 1.020 

N2 2*10-3 M 3.05 6.73 0.197 0.803 6.01 1.010 

 2*10-2 M 3.00 6.40 0.205 0.795 5.70 1.000 

 2*10-1 M 2.36 5.54 0.147 0.853 5.07 1.040 

 2*100  M 2.33 5.70 0.190 0.810 5.25 1.030 

N4 2*10-3 M 3.19 6.80 0.200 0.800 6.08 1.027 

 2*10-2 M 2.76 6.30 0.167 0.833 5.71 1.015 

 2*10-1 M 2.56 5.63 0.176 0.824 5.09 1.018 

 2*100  M 2.12 5.65 0.244 0.756 5.03 1.010 

N6 2*10-3 M 2.73 6.30 0.172 0.823 5.65 1.014 

 2*10-2 M 3.10 6.84 0.197 0.803 6.10 1.040 

 2*10-1 M 2.57 5.64 0.200 0.800 5.03 1.040 

 2*100  M 2.45 5.98 0.593 0.410 3.49 1.080 
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important to notice that HSA containing a single Trp residue also shows a biexponential 

decay.210, 211 As well as, fluorescence decay of free Trp in aqueous solutions is biexponential 

due to the presence of rotational conformations (rotamers).212-215 Therefore, it is not easy to 

assign mechanistic models to the different components of multiexponential decay. In the 

present case, we prefer to use the average lifetime (τavg) instead of emphasizing the 

individual decay constants to explore the effect of ILs on the structure of BSA. The lifetime 

decay data are given in Table 5.2 

From the lifetime data, the degree of exposure of Trp can be predicted. It was 

observed that the Trp lifetime decreases with increase in the concentration of ILs, which 

suggests the possibility of conformational changes in BSA structure. As a result of structural 

changes, the Trp residues might be moving to a different environment relative to that present 

in native BSA. It is well known that Tyr, cysteine, positively charged histidine, and cystine 

are best quenchers in proteins.132 Fluorescence lifetime gets affected by these quenching 

side chains when they are in proper orientation and proximity of indole ring. Thus, the 

diminished lifetime values suggest that the protein forms a compact structure by which the 

quenching ability of the nearby amino acids enhanced.  These results are in agreement with 

ANS fluorescence results which revealed the burial of hydrophobic patches. 

5.1.3.4 Esterase like activity assay  

The impact of the ILs on the activity of BSA has been evaluated by monitoring the esterase-

like activity of BSA. Here, the action of BSA on the p-nitrophenyl acetate (PNPA) substrate 

was investigated by monitoring the absorbance of the liberated product, p-nitrophenol (λabs 

= 400 nm). The experimental details of the reaction conditions are mentioned in relative 

section. It was reported that the catalytic activity of BSA is exhibited by the reactive residue 

Tyr 411 present in subdomain IIIA with different catalytic cleavage mechanisms. It is the 

first residue rapidly acetylated by PNPA. Moreover, Lys 413 and 414 are also reacted with 

the substrate and rapidly acetylated.216-218 When ligand molecules bind to the subdomain 

region, they may interfere with the catalytic activity of BSA. The influence of the interaction 

of the ILs on the activity of BSA was shown in figure 5.6 (kinetic study). The relative 

esterase-like activity of BSA in the presence of the different ILs with varying concentrations 

was investigated (Figure 5.7). Here, one unit of activity is defined as the amount of enzyme 

(BSA) required to liberate 1 μM of p-nitrophenol from the substrate (PNPA) per minute at 

37 °C.  
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Figure 5.6 Representative kinetic profiles for the release of p-nitrophenol from the action 

of BSA and BSA-IL system on p-nitrophenyl acetate; (a) N2, (b) N4 and (c) N6 [notation 

representation, 5- BSA+buffer, 4- BSA+0.002M IL, 3-BSA+0.02M IL, 2-BSA+0.2M IL, 1-

BSA+2M IL, 5b-buffer, 4b-0.002M IL, 3b-0.02M IL, 2b-0.2M IL and 1b-2M IL].  

It is clear from figure 5.7 that the esterase activity of BSA in not much influenced 

by the ILs at low concentration (2*10-3 M) rather a higher activity observed in the case of 

N2 and N6. But with an increase in the concentration of ILs, there was a gradual loss of 

activity observed and it was found to be higher in the case of N6 followed by N4. The 

outcome of the experiment shows that the protein maintains the esterase like activity (> 

60%) in presence of all studied ILs except in 2 M N6, where a drastic loss of activity noticed. 

Though the spectroscopic and computational studies showed a native/non-native stable 

structure, the esterase like activity results appeared strange in the case of N6 IL. Molecular 

docking results reveal that the N4 and N6 IL bind to subdomain IIIA (discussed later). Since 

the reactive residues (responsible for esterase activity) present in that region, the binding of 

ILs may interfere with the catalytic activity of the protein. In presence of higher 

concentration of IL in the system, the ILs may compete with the PNPA for binding to the 

active site which could make the loss of the activity of the protein. It is clear from the kinetic 
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study (figure 5.6b, c), where the free ILs (without protein) also exhibits higher activity as 

the protein. This suggests that the PNPA is probably staying in the IL medium (not bound to 

the protein) so that there was not much change in activity even after adding protein to the 

system (especially in 2 M N4 and N6). 

 

Figure 5.7 Modulation in relative esterase-like activity of BSA as a result of interaction 

with the ILs. The activity is monitored by following the release of p-nitrophenol from the 

action of BSA and BSA-IL system on p-nitrophenyl acetate; (a) N2, (b) N4 and (c) N6. 

[colour coding: Blue - Protein+IL & Red - IL (without protein)]; Error bars are found to be 

less than 6%.  

5.1.3.5 Molecular docking   

The possible binding sites of the IL were investigated using a molecular docking study (Auto 

dock vina171) (Figure 5.8a-c). It was observed that there was no direct binding between BSA 

and IL. The nearby residues for the IL are as follows. (i) For N2, the residues are Leu 122, 

Tyr 160, Tyr 137, Leu 115, Lys 136 and Glu 140 (ii) For N4, the residues are Leu 189, Thr 

190, Tyr 451, Ile 455 and Ser 428 and (iii) For N6, the residues are Ala 193, Leu 454, Ile 

455, Ser 428, Lys 431, Tyr 451, and Thr 190. The binding free energies for N2, N4, and N6 

are -4.0, -4.6, and -5.1 kcal mol−1 respectively, which show that strongest binding observed 

between BSA and N6. The only difference between all the ILs is the alkyl chain length, 
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subsequently, it can be expected that the hydrophobicity of the IL majorly influences the 

binding interactions. The binding site of the ILs implies the influence of ILs on esterase 

activity of BSA. Since N4 and N6 bind to subdomain IIIA region, the impact on esterase 

like activity is expected to be more as the main catalytic residues present in that domain. 

Considering the overall activity assay results, the impact was found to be higher in presence 

of N4 and N6 as compared to N2 (binding site in subdomain IB) though the differences are 

marginal. 

 

Figure 5.8 Molecular docking of (a) N2, (b) N4 and (c) N6 with BSA.  

5.1.4 Conclusion 

In summary, we found that all the studied ILs are biocompatible with BSA’s structure. 

Among them, N6 has better efficiency in refolding the protein back to its native state after 

thermal denaturation, especially at higher concentrations. It can be concluded that the 

hydrophobicity of the IL, as well as its concentration, plays a crucial role in the thermal 

stabilization of BSA. Our results illustrate that the role of the alkyl group of ammonium 

based ILs is vital in determining protein stability. 
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5.2 The effect of triethyloctylammonium bromide on the 

structure, thermal stability, and activity of bovine serum 

albumin 

(This work is published in International Journal of Biological Macromolecules, 2018, 107, 

186-193) 

5.2.1 Introduction 

On the basis of the results obtained from the previous section, this work has been continued 

with another IL, triethyloctylammonium bromide.219 In the previous section, it was observed 

that the hydrophobicity of cationic part of IL is very important in stabilizing the protein. 

Therefore, the hydrophobicity of cationic part is increased by taking one of the alkyl groups 

as octyl. Two different buffers TRIS and Imidazole were used on the basis of results obtained 

in previous section. Insoluble aggregates observed in presence of above said buffers at 

elevated temperature. Here the thermal aggregation of the BSA in the presence of different 

concentrations of the IL in the two different buffers was studied using the turbidimetric 

method. As well as the conformational changes of BSA using different spectrophotometric 

methods and DLS measurements were investigated. Moreover, a docking study was used to 

investigate the possible binding sites of the ILs and the esterase-like activity of the protein 

was performed. 

 

Figure 5.9 Molecular representation of Triethyloctylammonium bromide. 

5.2.2 Experimental details 

Material  

BSA was purchased from Sigma-Aldrich and used without any further purification. ANS 

and 4-Nitrophenyl acetate (esterase substrate) were purchased from Sigma-Aldrich and all 

other chemicals required for IL synthesis were purchased from different commercial sources 

and were used without purification. 0.01 M TRIS and Imidazole buffers were prepared using 

18 MΩ.cm Milli-Q water (Millipore, Bedford, MA) and used to prepare the samples 

throughout the work. 
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Methods 

IL synthesis - Triethyloctylammonium bromides were prepared by the alkylation of 

triethylamine (100 mmol) with n-Octyl bromide (100 mmol) in acetonitrile using previously 

reported study.191 The reaction mixture was stirred vigorously at a temperature of 75 °C for 

12 h in an oil bath, which was fitted with a reflux condenser. The solid product was washed 

thoroughly with hexane, filtered and dried under vacuum at 75 °C for 6 h to obtain the pure 

ILs. 

Fluorescence Spectroscopy - The fluorescence measurements were done using Horiba 

Jvon Spectrometer (Fluoromax-4P). The excitation wavelength was fixed at 295 nm and the 

fluorescence was collected as a function of wavelength in the range of 305 to 450 nm. 

Excitation and emission slit width was set at 5 nm. Fluorescence intensities are corrected by 

subtracting the appropriate blank samples (without protein). 

Synchronous fluorescence spectra were obtained in the range of 200 to 600 nm by 

simultaneously scanning the excitation and emission monochromator of the 

spectrofluorometer with two different ∆λ values (15 and 60 nm). For measurements, 2 µM 

protein solutions were used. The width of the excitation and emission slit were fixed at 3 

and 3 nm, respectively. 

ANS fluorescence was measured using the same fluorescence spectroscopy with excitation 

at 370 nm, and emission was recorded between 400 to 600 nm. For measurements, 2 µM 

BSA solution and 10 µM ANS was used. The width of the excitation and emission slit was 

set to 3 and 3 nm, respectively. 

Aggregation Kinetics - Kinetics of BSA aggregation was observed on a Cary-100 UV-Vis 

spectrophotometer by monitoring the absorbance of the solution at 450 nm as the function 

of time. The absorbance in each cell was recorded automatically every 5 seconds for 60 

minutes. Protein concentration was fixed at 2 & 100 µM and IL concentration was varied 

from 0 to 1 M. 

Circular Dichroism Spectroscopy - Secondary and tertiary structures of BSA were studied 

with JASCO-1500 CD spectrophotometer using a 0.1 cm path length cuvette. The scan 

speed of 100 nm/min was fixed with a response time of 1 s and 1 nm bandwidth. Each 

spectrum was collected by averaging three spectra.  The BSA concentration was maintained 

at 2 µM & 100 µM for far UV & near UV studies respectively. Each sample spectrum was 
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obtained by subtracting the appropriate background (without protein) from the experimental 

protein spectra. 

Dynamic light scattering measurements -The hydrodynamic diameters (dH) of the BSA 

in the IL medium with different concentrations were measured using the Zetasizer Nano 

ZS90 DLS instrument (Malvern Instruments Ltd., UK). The instrument is equipped with 4 

mW He-Ne laser (λ = 633 nm) as a light source with a fixed scattering angle of 90 °C. DLS 

measures the Brownian motion of particles and then correlated to the particle size. The 

relation between the particle size and speed is interpreted by the Stokes-Einstein equation. 

The data were analyzed by using the Malvern Zetasizer Software version 7.01. 

Esterase-like Activity Assay -  The esterase-like activity of BSA has been exploited to 

investigate the effect of ILs on the functionality of the protein. Here, the action of BSA on 

p-nitrophenyl acetate (PNPA) has been investigated by monitoring the absorbance of the 

released product, p-nitrophenol, on a Cary-100 UV-Vis spectrophotometer (λabs = 400 nm, 

molar absorption coefficient ε = 17700 M−1 cm−1). The reaction conditions are as follows; 

[BSA] = 25.0 μM, [PNPA] = 50.0 μM, pH 7.4, and temperature = 37 °C (the temperature 

was kept constant at the given value by a recycling flow of water, with an accuracy of up to 

± 0.5 °C)  

Molecular docking - Auto-dock vina 1.5.4 program171 was used for the blind molecular 

docking between BSA and IL molecules. The crystal structure of BSA (PDB-3v03) was 

used in the docking. Polar hydrogens and partial atomic Kollman charges were assigned to 

BSA. The center of the grid was fixed at the center of BSA (90.398 × 28.894 × 23.482) Å, 

and the grid dimension was set at (84 × 56 × 82) Å. Chemdraw ultra 8 was used to create 

the structure of the IL molecule and the optimized structures were obtained from the 

Avogadro software172 using MMFF94 force field173. The results were analyzed using the 

lowest energy conformation out of the 9 conformations produced. The PyMOL software 

was used for visualization of the binding site.  

5.2.3 Results and discussion 

5.2.3.1 Fluorescence spectra analysis 

Intrinsic fluorescence of protein is significantly influenced by the environmental conditions, 

especially around fluorophore residues. When the protein solutions are excited at 295 nm, 

the emission spectra provide the information of tryptophan microenvironment. The two 

important fluorescence properties (maximum intensity (Imax) and maximum emission 
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wavelength (λmax)) are highly sensitive to the polarity of the surrounding environment 

around the fluorophores, which indicate the tryptophan environment. Steady-state 

fluorescence spectroscopy is used to study the conformational changes of BSA as a function 

of IL concentration. Figure 5.10a shows the fluorescence spectra of BSA in the buffer as  

 

Figure 5.10 Different fluorescence measurements of BSA in presence of IL (0, 0.002, 0.02, 

0.2, 1 M) at temperature 25 °C; (a) Fluorescence spectra, (b) ANS fluorescent spectra in 

BSA+IL system, (c) Synchronous fluorescence spectra, Δλ = 15 nm and (d) Synchronous 

fluorescence spectra, Δλ = 60 nm.  

well as in IL with different concentrations. It shows that the fluorescence intensity decreases 

gradually with increase in the concentration of IL. The emission maxima, λmax of native 

BSA in the buffer solution is around 342 nm. With the addition of IL, there was a slight blue 

shift in emission maxima observed up to concentration of 0.02 M. A blue shift appears when 

the hydrophobicity around the tryptophan residues increased. A possible reason could be 

due to the interaction of hydrophobic cationic moiety of IL with the nearby residues of 

tryptophan. The other cause could be the protein forming a compact structure in presence 

of IL so that the hydrophobicity increased around the fluorophore resides. With further 

increase in the concentration of IL, a marginal redshift noticed which suggests the 
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enhancement of polarity around the tryptophan residues. The polarity increases when the 

residues are exposed to the solvent medium. 

Synchronous fluorescence spectra analysis  

To explore the conformational changes of BSA in IL medium, synchronous fluorescence 

spectra of BSA with different concentrations of IL were recorded with Δλ = 15 and 60 nm, 

as illustrated in Figure 5.10c,d. It is clear that the fluorescence intensity of tyrosine as well 

as tryptophan residues is quenched with the addition of IL. The fluorescence intensity is 

decreased gradually with increase in the concentration of IL. From figure 5.10c, it is clear 

that there was no change in emission maxima, which suggests that the tyrosine environment 

was not altered in presence of IL. Considering the emission maxima values of ∆λ = 60 nm, 

it was observed that up to concentration 0.02 M it is not altered but with further increment, 

a slight redshift observed as in steady state measurements. This could be due to the partially 

unfolding of protein by which the tryptophan residues present in hydrophobic region 

initially are moving into a more polar region.  

ANS Fluorescence spectra analysis  

To have more insight into the conformational changes induced by IL, we have employed 

ANS as an external fluorescent probe in the protein IL medium. Fluorescent probing is 

proved to be a highly informative tool regarding the conformational states of different 

proteins.220 ANS binds to the hydrophobic patches of proteins, and exhibit relatively higher 

fluorescence intensity as compared to unbound free ANS.207 Figure 5.10b shows that the 

ANS fluorescence intensity gradually decreased with increase in the concentration of IL 

suggesting the burial of hydrophobic patches in the presence of IL, which could be due to 

the formation of a compact structure of the protein. But at higher concentration of IL, 

fluorescence intensity becomes negligible. Here, the fully unfolded state of a protein cannot 

be ignored because in that state also the hydrophobic patches are disrupted. Therefore, 

further studies such as circular dichroism and dynamic light scattering were performed to 

come to a conclusion. The complete unfolding can be ignored by considering the results 

observed from CD analysis discussed later. Therefore, we assume that the protein forms a 

compact structure where the hydrophobic patches are buried and inaccessible for ANS 

binding.   



Chapter 5                                                                   

 

 78   

 

5.2.3.2 Circular dichroism spectra  

In the presence of IL, the α-helix region of the far UV CD spectra becomes very noisy due 

to the interfering effects of IL, thus no accurate information is obtained (Appendix, Figure 

A19). In order to obtain the information on the tertiary structure of the protein, the near UV 

CD measurements were performed (Figure 5.11). As already discussed in part 1, the tertiary 

structure of BSA exhibits two characteristic bands at 261 and 268 nm in buffer medium. 

Figure 5.22a shows that the ellipticity values at 261 and 268 nm possess higher negative 

ellipticity values than were observed in buffer medium, which indicates the enhancement of 

tertiary structure in the presence of 0.002 & 0.02 M IL. However, the negative ellipticity 

values decreased gradually with further increase in IL concentration.  This reveals 

conformational changes of BSA especially the asymmetric environment around the 

disulfide bonds in presence of IL. Also, the region 280-300 nm corresponds to the aromatic 

amino acid residues (Trp-290 nm and Tyr-282 nm) was not altered in presence of IL up to 

concentration 0.2 M which suggests that the environment is not changed significantly in 

presence of IL. 

 

Figure 5.11 (a) Near UV CD spectra of BSA in presence of IL (0, 0.002, 0.02, 0.2, 1 M) 

and (b) Distribution of the intensity of light scattered by BSA in presence of IL (0, 0.002, 

0.02, 0.2, 1 M) at 25 °C.  

5.2.3.3 Dynamic light scattering measurements  

To further support the results obtained so far, we performed DLS measurements to 

determine the dH of BSA in the presence of different concentrations of IL. The dH value is 

mostly depending on the shape of the protein molecules. Figure 5.11b shows the intensity 

distribution graph, which illustrates the relative intensity of scattered light from the BSA 

molecules in the buffer as well as in different concentrations of ILs at room temperature. 

The dH of BSA in buffer solution was found to be around in the range of 3.8 nm, which is 
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in agreement with previous reports. 180, 221 There also exists a minor peak in the range of 100 

nm or above which has lower percentage intensity. This implies that the population is very 

low or negligible, which could be due to the aggregated BSA molecules. In presence of IL, 

especially at concentrations 0.002 and 0.02 M, the major peaks are found to be centered at 

3.2 and 2.7 nm. It suggests that the protein forms a compact structure in presence of lower 

concentration of IL, as a result, the dH values appeared at a lower value. And also in those 

concentrations, no minor peaks found above 100 nm as observed in buffer case. It means IL 

helps in the suppression of aggregation of the protein. In presence of 0.2 and 1M IL, the dH 

values are observed to be 3.9 and 4.6 nm respectively. The results show that with the 

addition of a higher amount of IL, there was a steady increment in the dH value. At 0.2 M 

IL, the value is found to be same as that in the buffer, indicating no drastic alteration in the 

size of BSA. But there are minor peaks appeared above 1000 nm with higher intensity as 

compared to buffer case, which could be due to a significant amount of aggregation of BSA 

in the presence of high concentrations of IL. 

5.2.3.4 Aggregation Kinetics  

We studied the thermal aggregation kinetics of BSA in TRIS buffer using UV-Vis 

spectrophotometer by keeping the protein samples at elevated temperature (80 °C). In 

previous section, we found that BSA aggregates in two different buffer mediums such as 

TRIS and Imidazole buffers (7.4 pH) at extreme temperature.221 Thus we studied the 

aggregation kinetics of BSA in these two buffer solutions. The aggregation kinetics was 

studied by turbidimetric method where the protein is heated at a constant temperature while 

taking the reading of OD at 450 nm. At room temperature, there is no absorbance at 450 nm 

for BSA solutions, however, when the solutions are heated to 80 °C, the OD value was found 

to be increased due to the formation of protein aggregates. We maintained the temperature 

at 80 °C because aggregation is too fast to be observed. When the temperature is kept at 60 

°C (below the melting temperature of BSA, 69 °C), our experimental work shows 

aggregation is hardly observed (data not shown). At low temperature, protein shows a lag 

phase (time required for the protein molecules to be unfolded, eventually favouring the 

aggregation process), where OD450 remains approximately constant before rising which 

happens in the process of aggregation. 

The aggregation kinetics were presented in figure 5.12, which illustrates the 

dependence of absorbance on time. In general, protein aggregation happens by a nucleation-
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elongation mechanism which happens in two phases; lag phase and a subsequent fast 

aggregation phase. In the initial lag phase, the protein denaturation starts and proceeds to 

aggregate into small oligomers. In the fast growth phase, the monomers combine to form  

 

Figure 5.12 Time-dependent turbidity measurements of BSA in presence of IL at 

temperature 80 °C (OD is measured at 450 nm); (a) [BSA] = 2 µM and [IL] =  0, 0.002, 

0.02, 0.2, 1 M and (b) [BSA] = 100 µM and [IL] =  0, 0.2, 1 M.  

aggregates. The whole aggregation process can be described by the principal parameters lag 

time (tlag), and maximum aggregation (Amax). It was observed that a slight lag phase 

appeared in buffer solution (≈ 1 min), and the lag phase was enhanced by the IL at 

concentrations 0.002 and 0.02 M.  Thus it is evident that IL is able to suppress the 

aggregation process. Moreover, the highest Amax was found in buffer and decreased in IL 

with increasing concentration. At 0.2 and 2 M, there was negligible absorbance which 

indicates that aggregation was completely suppressed. As higher concentration of IL able to 

stop the aggregation, we are interested in studying the effect of IL with same concentration 

on the high amount of protein (100 µM). Figure 5.23b shows the kinetics of aggregation and 

it is observed that the protein is not aggregating even at a high amount. Similar results were 

observed when imidazole buffer (0.01 M) is used in place of TRIS buffer (provided in 

Appendix, Figure A20). The possible mechanism is already discussed in previous section. 

The binding of the hydrophobic cationic groups to the hydrophobic core of the protein might 

suppress the protein-protein interactions through electrostatic repulsion from the cationic 

groups which is the crucial step in the aggregation process.  

5.2.3.5 Thermal unfolding and refolding studies 

The thermal unfolding and refolding studies were also performed by heating and cooling 

the protein solutions in IL medium (Figure 5.13). At low concentration IL (0.002 and 0.02 



Chapter 5                                                                   

 

 81   

 

M) BSA solutions were aggregated, therefore the study was restricted to high concentration 

of IL (0.2 and 1 M).  Though the CD results suggest unfolding of protein at these 

concentrations, here the impact of IL on the thermal unfolding/refolding was attempted.  

When the protein solution is heated to 90 °C, the protein unfolds which changes the CD 

spectra drastically. The negative ellipticity signals at 261 and 268 nm increase rapidly but 

the non-zero CD signal is due to disulfide bonds which remain intact at higher temperatures. 

Upon cooling to 25 °C, the CD spectrum is widely consistent with the spectra obtained 

before heating, indicating that BSA refolds correctly (Figure 5.13). As explained in the 

previous section, the attachment of hydrophobic cationic groups of ILs to the hydrophobic 

core of the protein terminates the aggregation process. When the protein solution is cooled 

down, the desorption of cation is required for the refolding process. The refolding energy 

must be enough to overcome the adsorption of cation groups to the protein. This could be 

possible at high concentration of IL, where the IL self-aggregate in water and lowers the 

energetic cost of desorption of the cation, which results in refolding of the protein. 

 

Figure 5.13 Thermal unfolding and refolding of BSA in IL with different concentrations 

(0.2 and 1 M), each sample is subjected to a heating cycle of 25 °C-90 °C-25 °C; (a) [IL]= 

0.2 M and (b) [IL]= 1 M.  

5.2.3.6 Esterase like activity assay         

The impact of the ILs on the activity of BSA is of prime importance as far as the applications 

are concerned in the biological field. The activity of BSA has been evaluated monitoring 

the esterase-like activity of BSA. In view of the conformational changes of the protein in a 

high concentration of IL, we have attempted to find out the activity of the BSA in the 

presence of IL with different concentrations. Figure 5.14 illustrates the kinetic profile and 

the relative esterase like activity of BSA in N8 at different concentrations. Here, one unit of 

activity refers to the amount of enzyme (BSA) required to liberate 1 μM of p-nitrophenol  
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Figure 5.14 (a) Kinetic profiles for the release of p-nitrophenol from the action of BSA-IL 

system on p-nitrophenyl acetate. [notations - 5: BSA+buffer, 4: BSA+0.002M IL, 3: 

BSA+0.02M IL, 2: BSA+0.2M IL, 1: BSA+1M IL, 5b: buffer, 4b: 0.002M IL, 3b: 0.02M 

IL, 2b: 0.2M IL and 1b: 1M IL] and (b) Modulation in relative esterase-like activity of BSA 

as a result of interaction with the ILs. [colour coding: Green - Protein + IL & Red - IL 

(without protein)]. 

from the substrate (PNPA) per minute at 37 °C. It is clear that the esterase activity of BSA 

was gradually diminished with increase in the concentration of IL. Also, the action of free 

IL (without protein) on PNPA was investigated, where the relative activity was observed to 

be raised as a function of IL concentration.  It is noteworthy that BSA maintains the esterase-

like activity (> 60%) at all concentrations. But the kinetic profile (figure 5.14a) shows that 

both protein + IL and IL (at 1 M concentration) have same absorbance values which means 

the catalytic activity of BSA was completely lost at 1M IL. Results obtained from the 

fluorescence, circular dichroism, and DLS measurements are also consistent with the 

activity results. 

5.2.3.7 Molecular docking  

The possible binding sites of the IL were analyzed by Auto dock vina. It was observed that 

there was no direct bonding between BSA and N8 as found in case of N2, N4, and N6. The 

ammonium moiety was found to be located in the subdomain IB region with nearby residues 

Leu 115, Pro 117, Leu 122, Lys 136, Tyr 137, Tyr 160, Glu 140, Ile 141 and Ile 181 (Figure 

5.15). The binding free energy was -5.8 Kcal/mole which is higher than the binding energies 

for tetraethylammonium, triethylbutylammonium and triethyl hexylammonium cations with 

BSA (-4.0, -4.6 and -5.1 Kcal/mole respectively). This suggests that strong interaction exists 

between N8 IL and BSA as compared to other ammonium based ILs due to the hydrophobic 

interactions between the protein and IL. We assume that BSA might be destabilized by these 



Chapter 5                                                                   

 

 83   

 

hydrophobic forces at higher concentration of IL, by which the hydrophobic core of BSA 

exposes outside favoring the interaction with IL. 

 

Figure 5.15 Molecular docking of N8 with BSA.  

5.2.4 Conclusion  

In summary, our results illustrate that the concentration of IL significantly influenced the 

structural stability of BSA. BSA is found to be stable in the IL with certain concentration (< 

0.02 M) retaining most of the activity. But in presence of higher concentration of IL, there 

was a destabilizing effect causing loss of tertiary structure, which is accompanied by the 

drastic loss of the activity. The results reveal that some percentage of hydrophobicity in the 

cationic part of the IL may be playing a critical role in stabilizing a protein especially against 

thermal unfolding and aggregation but beyond that limit, the same family IL with higher 

hydrophobicity destabilizes the protein.  
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Sustained activity and stability of lysozyme in 

aqueous ionic liquid solutions containing 

carboxymethylcellulose and polyethylene glycol 
 

(This work is published in Journal of Molecular Liquids, 2019, 278, 329-334) 

6.1 Introduction  

In the present work, the activity and structural stability of Lyz were studied in the presence 

of different ILs (Figure 6.1) with varying concentrations. Also, for the first time, we 

investigated the effect of ILs in combination with polymers such as carboxymethylcellulose 

and polyethylene glycol on the activity and structure of Lyz. Polymers have been used as 

crowding agents by assuming their stabilizing effect on proteins. Moreover, a molecular 

docking program was used to find out the possible binding site of ILs on Lyz. The ILs used 

in this study are N-ethyl-N-methylmorpholinium bromide (M2), N-butyl-N-

methylmorpholinium bromide (M4), N-octyl-N-methylmorpholinium bromide (M8), N‐

benzyl‐N‐methyl‐morpholinium chloride (MB), Benzyltriethylammonium Chloride (NB), 

Triethylhexylammonium Bromide (N6), and 1-ethyl-3-methylimidazolium ethyl sulfate 

(EmimESO4). The last two ILs are from our previous works having a good stabilizing effect 

on proteins. 

 

Figure 6.1 Molecular structure of ionic liquids employed in this study. (a) N-ethyl-N-

methylmorpholinium bromide, (b) N-butyl-N-methylmorpholinium bromide, (c) N-octyl-

N-methylmorpholinium bromide, (d) N‐benzyl‐N‐methyl‐morpholinium chloride, (e) 

Benzyltriethylammonium Chloride, (f) Triethylhexylammonium Bromide, and (g) 1-ethyl-

3-methylimidazolium ethyl sulfate. 
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Lyz has been selected as a model protein for this study. It is a very well-known 

bacteriolytic enzyme present in the liver, articular cartilage, milk, saliva, and body fluids 

such as serum and cerebrospinal fluid (in trace amounts). The polypeptide chain of Lyz 

comprises of 129 amino acid residues with a molecular weight of 14.7 kDa. The 

bacteriostatic and bactericidal properties of Lyz have created abundant applications in 

medicine and the pharmaceutical industry.  

6.2 Experimental details 

Materials 

Lyz (from chicken egg white) was purchased from HiMedia, India. EmimESO4 was 

purchased from Sigma-Aldrich. All other chemicals required for the synthesis of ILs are of 

analytical grade and were purchased from different commercial sources. All the samples 

were prepared in distilled deionized water with a resistivity of 18.3 MΩ.cm (Millipore, 

Bedford, MA). 

IL synthesis:  N-ethyl-N-methylmorpholinium bromide (M2), N-butyl-N-

methylmorpholinium bromide (M4), N-octyl-N-methylmorpholinium bromide (M8), N‐

benzyl‐N‐methyl‐morpholinium chloride (MB), Benzyltriethylammonium Chloride (AB), 

and Triethylhexylammonium Bromide (N6) were synthesized using previously published 

methods. 191, 222-224 All the ILs were dried under high vacuum for 10 hours before usage. 

Sample preparation - 0.01 M phosphate buffer (pH 7.2) was prepared using distilled 

deionized water and used to prepare all samples throughout the work. Protein structure and 

activity were analyzed by incubating 2 mL screw-capped vials in the presence and absence 

of ILs and polymers at 25 °C for 2 h to attain complete equilibrium. Another set of all 

samples are left at room temperature to measure the activity and structure after 4 weeks. 

Before measurement, all samples are incubated at 25 °C for 4 h and then centrifuged at 3500 

rpm to separate any insoluble aggregates formed during the storage for 4 weeks. 

Methods 

Enzyme Activity Assay - Enzymatic activity of Lyz was determined by using Micrococcus 

lysodeikticus as the substrate.161, 225 A stock solution of 0.015% [w/v] Micrococcus 

lysodeikticus cell suspension was prepared in buffer which has an absorbance value of 0.6-

0.7 at 450 nm. Lyz activity measurements were performed on suspended Micrococcus 

lysodeikticus cells in the absence and presence of ILs and polymers. The decrease in the 
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light scattering intensity of the solution was then measured by following the absorbance of 

the solution at 450 nm using a Cary-100 UV-Vis spectrophotometer. The concentration of 

Lyz was fixed at 0.4 mg/ml in the solutions containing ILs (0.1, 1.0, 5.0%) and polymers 

(1.0%). 

Circular Dichroism Spectroscopy -  All CD spectroscopic studies were performed using 

a JASCO-1500 spectropolarimeter using a 0.2 cm path length cuvette. The scan speed was 

fixed at 200 nm/min with a response time of 1 s and 1 nm bandwidth. Each spectrum was 

collected by averaging three spectra. Each sample spectrum was obtained by subtracting 

appropriate blank containing no Lyz from the original protein spectrum. The concentration 

of Lyz was fixed at 2 mg/ml in the solutions containing ILs (0.1, 1.0, 5.0%) and polymers 

(1.0%). 

Molecular docking - Molecular docking of ILs with  Lyz was performed using Auto-dock 

vina 1.5.4 program with the default parameter settings.171 We utilized the crystal structure 

of Lyz (PDB-2vb1) from the PDB bank. Polar hydrogens and partial atomic Kollman 

charges were assigned to the Lyz using the default setting of autodock tools and blind 

docking was carried out. The center of the grid was fixed at the center of Lyz (-1.613 × 

14.597 × 24.370) Å, and the grid dimension was set at (40 × 40 × 58) Å, which is enough 

to cover the whole protein. Chemdraw ultra 8 was used to create the structure of cation of 

ILs and the optimized structures were obtained from the Avogadro software using MMFF94 

force field.172, 173 The results were analyzed using the lowest energy conformation out of the 

9 conformations produced. PyMOL and Discovery studio Visualizer 3.5 was used for 

visualization of the residues involved in binding. 

6.3 Results and discussion 

6.3.1 Bacteriolytic Activity of lysozyme 

To understand the effect of IL formulations containing carboxymethylcellulose and 

polyethylene glycol on the activity of Lyz, we performed the enzymatic activity assay using 

Micrococcus lysodeikticus cell suspension. The activity was provided in terms of units 

where one unit activity is defined as the decrease in absorbance of 0.001 per minute in the 

given experimental conditions. For the purpose of comparison, the Lyz activity was 

represented in relative percentage as in figure 6.2. Figure 6.2 shows that the activity of Lyz 

increased in presence of all ILs except in M2 and M4 (with high concentration 1.0%) where 

the activity was decreased by 10% (≈ 90% activity). The decrease in activity suggests some  
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Figure 6.2 Bacteriolytic activity of Lyz in presence of ILs, ILs+C (carboxymethylcellulose-

1%) and ILs+P (polyethyleneglycol-1%). The concentration of IL was [0 (blue), 0.1% 

(Orange), 0.5% (grey), 1.0% (Yellow)]. (a) N-ethyl-N-methylmorpholinium bromide (M2), 

(b) N-butyl-N-methylmorpholinium bromide (M4), (c) N-octyl-N-methylmorpholinium 

bromide (M8), (d) N‐benzyl‐N‐methyl‐morpholinium chloride (MB), (e) 

Benzyltriethylammonium Chloride (NB), (f) Triethylhexylammonium Bromide (N6), and 

(g) 1-ethyl-3-methylimidazolium ethyl sulfate (EmimESO4). Error bars are found to be less 

than 13%. 

loss of structure in Lyz. It was also observed that in presence of M8 and EmimESO4, the 

Lyz activity over the Micrococcus lysodeikticus cell suspension increased by ≈ 20-30%, 
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indicating the stable active form of Lyz. After 4 weeks of storage at room temperature, Lyz 

in buffer medium lost 30% activity, whereas in presence of ILs Lyz retains more than 90% 

activity. In presence of polymers (without ILs) Lyz retains more than 95% activity and a 

loss of 10% after four weeks was observed.  Interestingly, with the addition of ILs to the 

polymer solution, Lyz able to exhibit higher activity (in the range of 95-135%) except in 

M2 and M4, where a slight lower values observed in presence of carboxymethylcellulose. 

After four weeks, all the samples remained constitutively active with loss of only 10% 

activity though the values are still higher compared to the buffer solution. Highest values 

observed for M8 and EmimESO4 in polymer solutions. Moreover, it is noteworthy that there 

was no regular trend observed with the concentration of ILs in all cases. 

6.3.2 Effect of formulations on the structure of Lyz 

In order to know the effect of formulation on the structure of Lyz, CD spectroscopy was 

employed. Far UV CD spectra can provide the secondary structure of proteins, however, in 

our case, the high concentration of ILs produces high HT voltage which causes the spectra 

noisy. Therefore, no valuable information was obtained from far UV CD spectra. The near 

UV CD spectra of Lyz provided the tertiary structural changes in the Lyz structure. In buffer 

solution, Lyz exhibited a positive triplet-like signal in the range 280-300 nm (Figure 6.3). It 

can be characterized by three positive peaks at 282, 288, and 294 nm due to the contributions 

from Trp 62, Trp 108, and some Tyr residues.226 Any changes in the spectra due to the 

interactions or solvent perturbation effects would suggest the disruption of protein structure 

in the microenvironment of the Tyr and Trp residues. From figure 6.3a, it is clear that after 

four weeks of storage at room temperature, shape of the Lyz CD spectrum in the range 280-

300 nm was altered with reduced peak intensities, however, the triplet feature was observed 

to be intact. This change in the spectrum revealed some loss of tertiary structure of Lyz after 

4 weeks, which was much less organized than in the fresh buffer solution. Therefore, we 

observed a decrease in Lyz activity as a result of the changes in the native environment 

around the aromatic residues. In 1% carboxymethylcellulose and polyethyleneglycol 

solutions (without IL), the Lyz spectra were consistent with buffer solution. After 4 weeks, 

the intensities in the region 280-300 nm was slightly reduced but was found to be more than 

that of buffer solution (after 4 weeks), which suggests that the polymers are able to protect 

the Lyz structure for long time. The activity results also support the above with ≈10% loss 

of activity in carboxymethylcellulose and polyethyleneglycol solutions whereas ≈30% loss 

in buffer solution. 
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Figure 6.3 Near UV CD analysis of Lyz in absence of IL (a) and presence of M8 (b), M8 

+carboxymethylcellulose-1% (c), and M8+polyethyleneglycol-1% (d). The concentration 

of IL was (0.1, 0.5, and 1.0%). [4W represents 4 weeks]. 

In presence of ILs, and also with additives (carboxymethylcellulose and 

polyethyleneglycol), Lyz spectra was not altered and the peak intensities are consistent. 

(Figure 6.3 and rest of the figures were provided in Appendix, Figure A21-26) The 

consistent spectra revealed the native active form of Lyz in all the formulations which are 

also supported by the activity results. After four weeks, we observed the loss of tertiary 

structure in case of ILs with reduced intensities in the region 280-300 nm, whereas the loss 

is compensated by the addition of polymers. In presence of polymers, the intensities are 

observed to be higher than that observed in ILs. At higher concentration of IL (5.0%) the 

protective effect is more where the spectra are consistent with the fresh solution, however 

at lower concentration loss of structure noticed. This loss may be due to the aggregation of 

Lyz. We observed insoluble particles in some of the Lyz formulations (including buffer, 

carboxymethylcellulose and polyethyleneglycol samples without ILs) after one-day storage. 

Therefore, we centrifuged all the samples before measurements after 4 weeks. However, it 

is noteworthy that ILs with lower concentration, we observed more visible particles, which 
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may be the reason for less organized tertiary structure of Lyz. No visible particles observed 

in case of the samples prepared for enzymatic assay. The main reason for this may be due 

to the concentration of the protein in the sample solutions. For enzymatic assay, the 

concentration of Lyz was 0.4 mg/ml whereas, for CD spectroscopy, it was 2 mg/ml. The 

characterization and the study of Lyz aggregation in the formulations were out of scope for 

this study, which needs further investigation. 

6.3.3 Molecular docking 

To investigate the possible binding sites of the IL ions in Lyz, molecular docking (Auto 

dock vina) was performed (Figure 6.4 and rest of the figures were provided in Appendix, 

Figure A27-A33). The results allowed us to predict the possible mechanism existing 

between the IL ions with the Lyz surface. It was observed that the main interaction forces 

for the binding of all the ions to Lyz are noncovalent and van der Walls forces. In case of 

M8+ and ESO4
- ions, electrostatic forces are also involved in binding.  It is important to 

notice that all the cations are found to be in the same region on the surface of the Lyz except 

MB and ESO4 ions. The nearby residues for the IL ions are as follows. (i) For M2, the 

residues are Asn 59, Trp 62, Trp 63 (ii) For M4, the residues are Arg 61, Trp 62, Trp 63, 

Ala 107, (iii) For M8, the residues are Glu 35, Asp 52, Gln 57, Asn 59, Trp 62, Ala 107, Trp  

 

Figure 6.4 (a) Surface diagram of Lyz with M8 cation (Red colour in stick model) (b) 

Crystal structure of Lyz (PDB-2vb1) with M8 cation (Red colour in stick model) and (c) 

The 2D detailed view shows the interaction of M8 cation with neighboring residues of Lyz. 
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108, (iv) For MB, the residues are Arg 5, Ala 122, Trp 123, (v) For NB, the residues are Trp 

62, Trp 63, Ile 98, Ala 107, Trp 108, (vi) For N6, the residues are Asn 59, Trp 62, Trp 63, 

Ile 98, Ala 107, Trp 108, (vii) For Emim, the residues are Ile 58, Asn 59, Trp 62, Trp 63, Ile 

98, Ala 107, Trp 108 and (viii) For ESO4, the residues are Ala 82, Ser 85, Thr 89, Ala 90. 

The binding free energies for M2, M4, M8, MB, NB, N6, Emim, and ESO4 ions are -5.0, -

5.6, -5.8, -6.8, -6.6, -5.5, -4.5, and -4.8 kcal mol−1 respectively.  

The exact mechanism for the stabilization of proteins in aqueous IL solutions is still 

unclear. It has been suggested that the balanced ion-protein and ion-solvent interactions are 

responsible for protein stabilization. The anions, Cland Brions play an important role in 

protein stabilization. These two ions are placed in the middle of Hofmeister series. The 

increased stability and activity of Lyz in ILs may be due to exclusion of anions from the 

surface of the protein resulting in binding of cationic moieties to the protein surface. Several 

simulations also demonstrated the accumulation of more cations than anions at the protein 

surface irrespective of the protein surface charge.227-231 The accumulation of cations causes 

the exclusion of some water molecules from the surface of the protein, still maintaining the 

preferential hydration required for the activity. They could keep some essential water 

molecules to a certain extent, which is beneficial to maintain the active structure. Therefore, 

the higher activity of Lyz in all the ILs at low concentration can be expected. With increasing 

the concentration further, more anions accumulate near protein surface due to the weak 

interaction with the positively charged patches on the surface, which can form strong 

bonding with water molecules by disrupting the preferential hydration around the protein 

molecules.  

Another striking observation was M2, M4 and M8 cationic moieties did not follow 

the usual Hofmeister rule. According to the Hofmeister series, a decrease in the 

kosmotropicity of the cations enhances protein activity and stability. The kosmotropic 

behavior of morpholonium cations is supposed to increase with increment in alkyl chain 

length.232 The general expected trend for protein activity is M2 > M4 > M8 and the results 

are not always inevitable. In our case, Lyz exhibited highest activity in M8. The results are 

alike with our previous published study where it was reported that the higher hydrophobic 

ILs are good stabilizers for BSA. Also, the docking results showed that M8 cation binds to 

the surface of the Lyz through electrostatic and noncovalent interactions. Moreover, it is 

directly interacting with the catalytic site of Lyz which involves residues Glu 35 and Asp 
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52. The active site of Lyz is present in a deep crevice between two domains (β-sheet domain 

and α-helix domain). Glu 35 of the sidechain carboxyl group donates a proton to glycosidic 

oxygen of anomeric carbon in the complex sugar of the bacterial cell wall and Asp 52 

stabilizes the intermediate formed during hydrolysis. The direct interaction of M8 cation 

and binding in the active site must be stabilizing the Lyz, which results in enhanced activity. 

No other ILs have direct interaction with the active site residues, however, all the cationic 

moieties except MB were found to be in the same cavity as observed in docking results. In 

case of EmimESO4, the enhanced activity may be due to the action from both cation and 

anion’s interaction with the surface of Lyz. Docking results also show the ESO4 ion forms 

hydrogen bonding with the residues Ser 85, Thr 89, and Ala 90, as well as some noncovalent 

interactions, persist due to ethyl group. The combined effect of ions also increase the thermal 

stability of Lyz, as observed in our previous work.181 

Macromolecular crowding has a strong influence on the folding and stability of 

proteins. Crowding can destabilize the unfolded proteins conformations and helps in 

formation of compact structures.233-236 On the other hand, it prompts aggregation of partially 

unfolded conformations.237-239 In our case, we observed both the polymers used have a 

stabilizing effect to some extent as compared to buffer medium exhibiting higher activity 

and stability. However, after 4 weeks, some loss of structure and activity noticed. With the 

addition of ILs to the polymer solution, interestingly enhanced activities observed. 

Therefore, we assume that the synergistic effect of polymers and ILs in stabilizing the 

protein. Two types of interactions are mainly responsible for protein stability during 

crowding effect; hardcore repulsion (or volume exclusion) and non-specific interactions.240, 

241 Although the positive effect from the mixture of ILs and polymers recommends the usage 

of these formulations for protein stabilization and preservation for a long time, it is 

important to notice that when the solutions are heated to 90 °C, all the samples were found 

to be aggregated (turbid solutions observed, data not shown). Therefore, further 

investigations are highly essential with different polymers and a wide concentration range 

of polymer/ILs.   

6.4 Conclusion  

Aqueous IL solutions containing polymers can maintain the structure and activity of Lyz for 

a longer period at room temperature (it is important to note that the temperature varies from 

25-45 °C). This work clearly shows that IL formulations can preserve the native state of Lyz 
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and the results demonstrate that formulations with polymers offered more effective 

protection than free ILs. The results also lead to further evaluation of these formulations for 

protein stabilization against different environmental stresses. 
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Conclusion and future perspective  

From the literature, it is observable that the molecular interactions between proteins and ILs 

solutions depend on ion hydration, ion effect on protein hydration, and direct interactions 

between ions and proteins. Moreover, ILs properties such as viscosity B-coefficients of ions, 

H-bond basicity, nucleophilicity, and hydrophobicity have great influence on the 

interactions. More or less traditional Hofmeister series explain the 

stabilization/destabilization effects. However, in most cases, common rules are not applied 

Irregular or reverse Hofmeister effects are observed where H-bond basicity, nucleophilicity 

of anions, IL hydrophobicity and other factors have dominating role. In our study, we 

observed the Hofmeister effect in case of imidazolium ILs on stabilization/destabilization 

of bovine serum albumin and lysozyme. However, in case of ammonium ILs more 

hydrophobic ILs have higher stabilizing effect on thermally denatured protein which must 

be due to the hydrophobicity and higher viscosity nature of the IL. Interestingly, with 

increase in the hydrophobic group of the same family IL, a destabilizing effect observed, 

which clearly suggests that some percent of hydrophobic nature of cationic moiety stabilizes 

the proteins and beyond that limit destabilizes the protein. Moreover, concentration of ILs 

causes drastic changes in protein structure and stability. With increase in the concentration 

of hydrophobic ILs (≈ 1 M), protein destabilization increased. However, in case of 

ammonium based ILs, higher concentration (> 1 M) leads to stabilization of protein. 

Hydrophobic nature of morpholinum ILs also exhibited a stabilizing effect on the lysozyme 

as well as enhances the activity compared to less hydrophobic ILs. The most significant 

observation in our work is the synergistic effect of ILs and polymers 

(carboxymethylcellulose and polyethyleneglycol) on the structure and activity of lysozyme. 

All the formulations containing ILs and polymers provided a stabilizing effect on lysozyme 

with sustained higher activity for four weeks compared to the free IL and buffer medium. 

Nevertheless, the aggregation of lysozyme at elevated temperature suggested the failure of 

these formulations at extreme conditions. Therefore, further investigations are extremely 

necessary with different ILs on the structure and stability of proteins in harsh conditions. 

We hope IL in combination with polymer formulations can be effective in protein studies 

with potential applications. 
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Frequent studies on ILs during the last few decades set some common rules on their 

use in protein science though there are some exceptions. ILs are versatile solvents which 

can be tuned with the requirement by selecting biocompatible ions which can stabilize 

proteins and enzymes. Protein therapeutics are considered to be highly selective and 

efficacious compared to small molecule drugs in the treatment of many diseases including 

cancers, auto-immune diseases, infections. Also, they are relatively safe and well tolerated. 

However, the stabilization of therapeutic proteins is more challenging in manufacture, 

transport, and long-term storage. ILs showed promising results in improving the protein 

stability, activity and suppressing the aggregation. In early days toxicity seems a major 

concern when choosing ILs as additives in pharmaceutical products, nonetheless, with the 

development of biocompatible ILs based on available literature, toxicity issues are 

becoming less of a concern for their use in therapeutic formulations. It is very important to 

mention that pharmaceutical excipients, such as dimethylsulfoxide and nonionic surfactants 

(e.g. polysorbate 80) also exhibit toxicities similar to those exhibited by many ILs. Hence, 

the toxicity of ILs does not preclude their use as pharmaceutical solvents. Another major 

problem is the viscosity of protein solutions, if the product is to be injected intravenously, 

which is the case for many biopharmaceuticals. Few patents found in literature, where ILs 

have been used to decrease the viscosity of high concentrated protein solutions. Few studies 

on therapeutically important and multidomain proteins such as mAbs with ILs showed 

important results. Moreover, recent reviews have compiled the great potential of ILs in 

therapeutics and suggested how less they are explored in real time application despite having 

so many examples. As per our knowledge, MRX-10XT which utilizes ILTS® (ionic liquids 

transdermal system) passed the phase 1 clinical trials. One more product, MRX-4TZT is in 

preclinical trials. We hope in near future ILs could play a vital role as solvents and 

cosolvents in the pharmaceutical industry. Moreover, novel IL based drug delivery 

strategies including microemulsions, iongels, polymeric ILs, ILs functionalized 

nanoparticles can provide promising applications in the pharmaceutical industry. 
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Appendix 
Figure A1 log [(F0-F)-F]/F versus log Q plots of ILs quenching effect on BSA at different 

temperatures (a: EmimESO4, b: EmimCl, c: BmimCl). Error bars are found to be less than 

5%. 
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Figure A2 Vant-Hoff plot for the interaction of BSA and ionic liquids at different 

temperatures (a: EmimESO4, b: EmimCl, c: BmimCl). Error bars are found to be less than 

5%. 
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Figure A3 Melting temperature of BSA in ionic liquids (a: EmimESO4 0.2 M, b: 

EmimESO4 0.6 M, c: EmimESO4 1.0 M, d: EmimCl 0.2 M, e: EmimCl 0.6 M, f: EmimCl 

1.0 M, g: BmimCl 0.2 M, h: BmimCl 0.6 M, i: BmimCl 1.0 M). 
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Figure A4 Melting temperature curve of Lyz in a) buffer, b) EmimESO4 0.2 M, c) 

EmimESO4 0.6 M, d) EmimESO4 1.0 M, e) EmimCl 0.2 M, f) EmimCl 0.6 M, g) EmimCl 

1.0 M, h) BmimCl 0.2 M, i) BmimCl 0.6 M, j) BmimCl 1.0 M, k) OmimCl 0.2 M, l) OmimCl 

0.6 M, m) OmimCl 1.0 M.  
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Figure A5 Time-dependent profiles of the absorption at 400 nm in H2O and Phosphate 

buffer. 

 

Figure A6 Distribution of the intensity of light scattered by BSA in H2O at 25 °C. 
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Figure A7 Far UV spectra of BSA in Imidazole buffer (0.01 M). 
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Figure A8 Thermal unfolding and refolding of BSA in N2 IL with concentrations, (a) 0, 

Buffer solution; (b) 2*10-6 M; (c) 2*10-5 M; (d) 2*10-4 M; (e) 2*10-3 M, each sample was 

subjected to a heating cycle of 25-90-25 °C. [Initial 25 °C (Black), 90 °C (Red) and Final  

25 °C (Blue)].  

 

 

 

 



 

 111

   

 

Figure A9 Thermal unfolding and refolding of BSA in N4 IL with concentrations, (a) 2*10-

6 M; (b) 2*10-5 M; (c) 2*10-4 M; (d) 2*10-3 M, each sample was subjected to a heating cycle 

of 25-90-25 °C. [Initial 25 °C (Black), 90 °C (Red) and Final 25 °C (Blue)]. 
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Figure A10 Thermal unfolding and refolding of BSA in N6 IL with concentrations, (a) 

2*10-6 M; (b) 2*10-5 M; (c) 2*10-4 M; (d) 2*10-3 M, each sample was subjected to a heating 

cycle of 25-90-25 °C. [Initial 25 °C (Black), 90 °C (Red) and Final 25 °C (Blue)]. 
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Figure A11 Thermal unfolding and refolding of BSA in N2 IL with concentrations, (a) 

2*10-6 M; (b) 2*10-5 M; (c) 2*10-4 M; (d) 2*10-3 M; (e) 2*10-2 M; (f) 2*10-1 M; each sample 

was subjected to a heating cycle of 25-90-25 °C. [Initial 25 °C (Black), 90 °C (Red) and 

Final 25 °C (Blue)]. 
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Figure A12 Thermal unfolding and refolding of BSA in N4 IL with concentrations, (a) 

2*10-6 M; (b) 2*10-5 M; (c) 2*10-4 M; (d) 2*10-3 M; (e) 2*10-2 M; (f) 2*10-1 M; each sample 

was subjected to a heating cycle of 25-90-25 °C. [Initial 25 °C (Black), 90 °C (Red) and 

Final 25 °C (Blue)]. 
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Figure A13 Thermal unfolding and refolding of BSA in N6 IL with concentrations, (a) 

2*10-6 M; (b) 2*10-5 M; (c) 2*10-4 M; (d) 2*10-3 M; (e) 2*10-2 M; (f) 2*10-1 M; each sample 

was subjected to a heating cycle of 25-90-25 °C. [Initial 25 °C (Black), 90 °C (Red) and 

Final 25 °C (Blue)]. 
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Figure A14 Time dependence of root mean square deviations (RMSDs). Cα RMSD values 

for BSA in aqueous (Black), N2 (Blue), N4 (Green) and N6 (Red) medium during 10 ns 

molecular dynamics simulation. 

 

 

Figure A15  Time evolution of the radius of gyration (Rg) of BSA in aqueous (Black), N2 

(Blue), N4 (Green) and N6 (Red) medium during 10 ns molecular dynamics simulation. 
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Figure A16 Fluorescence spectra of intrinsic tryptophan with excitation at 295 nm in 

presence of IL (0, 2*10-6, 2*10-5, 2*10-4, 2*10-3, 2*10-2 M, 2*10-1, 2M) ; (a) N2, (b) N4, and 

(c) N6.  
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Figure A17 Raw data of ANS fluorescence in the presence of BSA+ IL (0, 2*10-3, 2*10-2, 

2*10-1, 2 M) system as well as free IL (2*10-3, 2*10-2, 2*10-1, 2 M); (a) N2, (b) N4, and (c) 

N6 [“P” represents protein, BSA]. 
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Figure A18 Time resolved fluorescence decay of BSA in ILs with different concentrations 

(0, 2*10-3 , 2*10-2, 2*10-1 , 2 M); (a) N2, (b) N4 and (c) N6.  

 

Figure A19 Far UV CD spectra of BSA in buffer as well as IL (0.002 M) at 25 °C. 
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Figure A20 Time-dependent turbidity measurements of BSA in presence of IL (in 

Imidazole buffer) at temperature 80 °C (OD is measured at 450 nm); (a) [BSA] = 2 µM and 

[IL] =  0, 0.002, 0.02, 0.2, 1 M and (b) [BSA] = 100 µM and [IL] =  0, 0.2, 1 M. 
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Figure A21 Near UV CD analysis of Lyz in M2 IL (a), M2 IL+carboxymethylcellulose-1% 

(b), and M2 IL+polyethyleneglycol-1% (c). The concentration of IL was (0.1, 0.5, and 1.0 

%). 
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Figure A22 Near UV CD analysis of Lyz in M4 IL (a), M4 IL+carboxymethylcellulose-1% 

(b), and M4 IL+polyethyleneglycol-1% (c). The concentration of IL was (0.1, 0.5, and 1.0 

%). 
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Figure A23 Near UV CD analysis of Lyz in MB IL (a), MB IL+carboxymethylcellulose-

1% (b), and MB IL+polyethyleneglycol-1% (c). The concentration of IL was (0.1, 0.5, and 

1.0 %). 
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Figure A24 Near UV CD analysis of Lyz in NB IL (a), NB IL+carboxymethylcellulose-1% 

(b), and NB IL+polyethyleneglycol-1% (c). The concentration of IL was (0.1, 0.5, and 1.0 

%). 
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Figure A25 Near UV CD analysis of Lyz in N6 IL (a), N6 IL+carboxymethylcellulose-1% 

(b), and N6 IL+polyethyleneglycol-1% (c). The concentration of IL was (0.1, 0.5, and 1.0 

%). 
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Figure A26 Near UV CD analysis of Lyz in EmimESO4 IL (a), EmimESO4 IL+ 

carboxymethylcellulose-1% (b), and EmimESO4 IL+polyethyleneglycol-1% (c). The 

concentration of IL was (0.1, 0.5, and 1.0 %). 
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Figure A27 (a) Surface diagram of Lyz with M2 cation (Red colour in stick model) (b) 

Crystal structure of Lyz (PDB- 2vb1) with M2 cation (Red colour in stick model) and (c) 

The 2D detailed view shows the interaction of M2 cation with neighbouring residues of Lyz. 

 

Figure A28 (a) Surface diagram of Lyz with M4 cation (Red colour in stick model) (b) 

Crystal structure of Lyz (PDB- 2vb1) with M4 cation (Red colour in stick model) and (c) 

The 2D detailed view shows the interaction of M4 cation with neighbouring residues of Lyz. 
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Figure A29 (a) Surface diagram of Lyz with MB cation (Red colour in stick model) (b) 

Crystal structure of Lyz (PDB- 2vb1) with MB cation (Red colour in stick model) and (c) 

The 2D detailed view shows the interaction of MB cation with neighbouring residues of 

Lyz. 

 

Figure A30 (a) Surface diagram of Lyz with NB cation (Red colour in stick model) (b) 

Crystal structure of Lyz (PDB- 2vb1) with NB cation (Red colour in stick model) and (c) 

The 2D detailed view shows the interaction of NB cation with neighbouring residues of Lyz. 
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Figure A31 (a) Surface diagram of Lyz with N6 cation (Red colour in stick model) (b) 

Crystal structure of Lyz (PDB- 2vb1) with N6 cation (Red colour in stick model) and (c) 

The 2D detailed view shows the interaction of N6 cation with neighbouring residues of Lyz.  

 

Figure A32 (a) Surface diagram of Lyz with Emim cation (Red colour in stick model) (b) 

Crystal structure of Lyz (PDB- 2vb1) with Emim cation (Red colour in stick model) and (c) 

The 2D detailed view shows the interaction of Emim cation with neighbouring residues of 

Lyz.  
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Figure A33 (a) Surface diagram of Lyz with ESO4 anion (Red colour in stick model) (b) 

Crystal structure of Lyz (PDB- 2vb1) with ESO4 anion (Red colour in stick model) and (c) 

The 2D detailed view shows the interaction of ESO4 anion with neighbouring residues of 

Lyz. 
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