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Beyond 

Name of Thesis Supervisor:  Prof. Pratik Sen 

Month and year of thesis submission: May 2025 

 

The thesis is about mechanistic insights into protein behaviour in the deep eutectic 

solvents (DESs) and crowded media. 

 

  
 

The precision and efficiency of enzymes make biocatalysis an advancing 

scientific and industrial process. Deep eutectic solvents (DESs) have emerged as 

promising solvents in this field due to their tunability, non-volatility, low toxicity, 

Significance of the thesis:  

This thesis advances our understanding of protein behavior in complex solvent 

environments, focusing on deep eutectic solvents (DESs) and crowded media. DESs are 

emerging as preferred solvents for biocatalysis due to their tunability, low toxicity, simple 

synthesis, and remarkable ability to stabilize enzymes. However, the mechanisms 

underlying protein stability and activity in these media remained poorly understood. 

Starting with a novel non-ionic DES, this work reveals the intrinsic spatial and dynamic 

heterogeneity of DESs and their role in preserving local microenvironments essential for 

biomolecular function. By systematically analyzing associated (biological) water 

dynamics, distinct from bulk solvent effects or conformational changes, this thesis 

proposes a unifying mechanism considering associated water explaining protein 

behavior in DESs and other media. For the first time, it is experimentally demonstrated 

that the modulation of associated water, rather than bulk dynamics, critically governs 

protein thermal stability and enzymatic activity. This mechanism is validated across 

different DES systems and a macromolecular crowder (Ficoll-70k), establishing its 

broader applicability. Moreover, the consistent observation of entropy–enthalpy 

compensation and its link to hydration dynamics adds a new thermodynamic perspective 

to protein–solvent interaction studies. 
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and simple, cost-effective synthesis. Importantly, many enzymes not only retain but 

also enhance their stability and activity in DESs or hydrated DESs compared to 

aqueous buffers. 

Despite the growing interest and applications of DESs, a critical gap remains: the 

lack of mechanistic insights into how proteins behave in these complex media and 

why enzymes remain stable and active therein. Thus, enzyme-DES pair selection in 

such works largely depends on empirical observations and availability rather than 

fundamental understanding. To harness the full potential of DESs in biocatalysis, it 

is crucial to understand what truly governs protein stability and function in these 

solvents. 

 

From a physical chemistry perspective, research on DESs broadly falls into three 

categories: (i) synthesis and characterization of the physical properties of DESs and 

hydrated DESs; (ii) investigations into the structure, dynamics, and molecular-level 

heterogeneity of DESs; and (iii) studies examining various protein properties such 

as structure, dynamics, stability, and activity within these media. My approach seeks 

to integrate these three aspects, aiming to uncover a coherent physical understanding 

of how enzyme stability and activity are maintained in DES environments. 

Central to this exploration is water, the universal biological solvent, which plays an 

essential role in almost every biophysical process. Particularly, the water molecules 

that are directly interacting with proteins, known as biological or associated water, 

exhibits distinct properties from bulk water, such as increased density, lower 

polarity, and more importantly retarded dynamics. While the importance of 

associated water in maintaining protein stability and function is axiomatic, how this 

hydration layer modulates in the presence of DESs remains almost unexplored.  

In this thesis, I systematically investigate the dynamics of both associated and bulk 

water in the presence and absence of enzymes, aiming to delineate the role of water 

in protein stability and activity within DESs. Using techniques like time-dependent 

fluorescence Stokes shift (TDFSS), I provide experimental insights into how 

modulation of associated water dynamics influences protein behavior, laying the 
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foundation for rational solvent design in biocatalysis. Importantly, by validating 

these findings across different DESs and macromolecular crowders, this work offers 

generalized insights that can be applied to understanding protein stability across 

diverse solvent systems. 

 

1. Multiple evidences for molecular level heterogeneity in a non-ionic 

biocatalytic deep eutectic solvent 

 

 

Tanmoy Khan et al. J. Mol. Liq. 2023, 389, 122882 

 

Molecular-level heterogeneity has been identified as an intriguing feature of 

DESs. In this study, we examine the spatio-temporal heterogeneity of a novel non-

ionic DES, acetamide/urea/sorbitol (0.5Ac/0.3Ur/0.2Sor), and the results are 

compared it with corresponding binary acetamide/urea (0.6Ac/0.4Ur) DES, and 

another related non-ionic ternary DES (0.55Ac/0.36Ur/0.09PEG). The excitation 

wavelength-dependent emission measurement suggests an induction of spatial 

heterogeneity upon sorbitol addition. Dynamic heterogeneity assessed via solvation 

dynamics, dielectric relaxation, and diffusion studies shows clear length- and 

timescale dependence, with acetamide/urea/sorbitol exhibiting the highest dynamic 

heterogeneity. Importantly, the observed viscosity-decoupled dynamics offer insight 

into how DESs, despite their high viscosity, can still support enzyme stability and 

activity. Furthermore, component analysis of solvation dynamics reveals an 

unperturbed immediate solvation shell around the probe. Extending this observation 

to proteins, where the integrity of the local environment is critical for maintaining 
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structure and function, suggests that DESs may preserve the hydration shell essential 

for enzymatic stability and activity. 

 

2. Understanding the intricacy of protein in hydrated deep eutectic solvent: 

Solvation dynamics, conformational fluctuation dynamics, and stability 

 

 

Tanmoy Khan et al. Int. J. Biol. Macromol. 2023, 253, 127100 

 

 In this study, we basically wanted to verify our previous hypothesis of how the 

presence of DES modulates the hydration layer of the enzyme. Taking human serum 

albumin (HSA) in varying concentrations of 0.5 Acetamide/0.3 Urea/0.2 Sorbitol 

(0.5Ac/0.3Ur/0.2Sor) DES, we investigated solvation dynamics, conformational 

fluctuation dynamics, and thermal stability to understand the intricacy of protein 

behaviour in DESs. Notably, this represents the first experimental study of the 

solvation dynamics of a protein in a hydrated DES. Despite a significant increase in 

bulk viscosity, the associated water dynamics around domain I of HSA slowed only 

marginally, suggesting that the protein experiences an aqueous-like local 

environment even in the presence of high concentration of DES. This is probably the 

first experimental attempt to delineate the role of the associated water structure of 

the enzyme for maintaining its stability inside DES. However, our results revealed a 

gradual decrease in side-chain flexibility and an increase in the hydrodynamic radius 

of HSA at higher DES concentrations, leading to reduced thermal stability. 

Extending this approach to other proteins, along with proper thermodynamic 
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analyses, might offer deeper insight into how hydration layer modulation influences 

protein stability in DESs. 

 

3. Critical Role of Water beyond the Media to Maintain Protein Stability and 

Activity in Hydrated Deep Eutectic Solvent 

 

 
Tanmoy Khan et al. J. Phys. Chem. B, 2025, 129, 162–175 

 

This study aims to underscore the role of water in governing enzyme stability 

and activity in DESs. Herein, using bromelain as the model enzyme and 

0.5Ac/0.3Ur/0.2Sor as the model DES, we provide experimental evidence that 

modulation of associated water plays a key role in dictating protein stability and 

activity in hydrated DES. We specifically termed these findings as the associated 

water stabilization mechanism (AWSM). Specifically, rigid associated water at 

higher DES concentrations (beyond 40 % v/v) stabilizes bromelain through entropy 

but destabilizes it through enthalpy. On the other hand, flexible associated water 

dynamics at lower DES concentrations result in an opposite thermodynamic 

outcome. Importantly, the bulk water dynamics cannot explain the stability trend, 

which emphasizes the critical role of water near the protein surface. Strikingly, 

associated water dynamics also correlates strongly with bromelain’s proteolytic 

activity. An increasing flexibility of the associated water dynamics leads to the 

enhancement of the activity. This is the first study to experimentally link associated 
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water dynamics to enzyme behavior in hydrated DES, offering insights that could 

guide future developments in solvent engineering for enzyme catalysis. 

 

4. Unravelling the Role of Hydration Dynamics in Enzymatic Stability: A 

Site-Specific Red Edge Excitation Shift (REES) Study of Human Serum 

Albumin in Choline Chloride-based Hydrated Deep Eutectic Solvents 

 

 
Tanmoy Khan et al. Biophysical J., 2025, Just accepted 

In this work, we wanted to generalize our hypothesis of the associated water 

stabilization mechanism (AWSM) in the presence of different DESs. In this study, 

we explore the role of associated water dynamics in modulating the thermal stability 

of human serum albumin (HSA) within hydrated ChCl-Glycerol and ChCl-Ethylene 

Glycol DESs. By employing domain-specific site-selective fluorescence labeling 

and Red Edge Excitation Shift (REES) measurement, alongside circular dichroism 

spectroscopy, the study reveals that modulation of hydration dynamics distinctly 

alters the entropic and enthalpic contributions to protein stability. Flexible hydration 

enhances enthalpic stabilization but promotes entropic destabilization, while 

restricted hydration induces the opposite effect, providing a mechanistic basis for 

entropy–enthalpy compensation. Our findings underscore the necessity of domain-

specific stability measurements in multi-domain proteins and highlight the pivotal 

role of immediate hydration dynamics in protein stabilization within unconventional 

solvent systems. 
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5. Role of Associated Water Dynamics on Protein Stability and Activity in 

Crowded Milieu 

 

 
Tanmoy Khan et al. J. Phys. Chem. B 2024, 128, 8672–8686 

 

To further generalize the hypothesis that associated water modulation governs 

protein stability and activity beyond DESs, this chapter explores a biologically 

relevant system under macromolecular crowding. Using bromelain and Ficoll-70 as 

models, we investigate how associated water dynamics influence protein stability 

and activity in crowded environments. While traditional crowding theory attributes 

stability to excluded volume effects and enthalpic interactions, our findings highlight 

the critical role of hydration layer modulation. In this report, we generalize the 

conclusion of our previous study and hypothesis, AWSM, i.e., rigid-associated water 

stabilizes proteins via entropy and destabilizes them via enthalpy, while flexible 

water has the opposite effect. Additionally, Michaelis–Menten analysis of enzyme 

activity reveals that micro viscosity (not bulk viscosity) impairs enzyme–substrate 

(ES) complex formation, while flexible associated water enhances product 

formation. This study broadens the understanding of protein behavior under 

crowding and emphasizes the universal role of associated water dynamics across 

different media. 
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Chapter 1 

1.1. Proteins: An Overview 

Proteins are fundamental components of life, serving as the most abundant biological 

macromolecules 1,2. They are involved in almost all essential biological functions, 

such as facilitating DNA replication, catalyzing biochemical reactions, acting as 

hormones to regulate physiological processes, transporting drugs and other 

molecules to specific sites in the body, and many more 1–3. 

1.1.1. Structural Features of Proteins: 

Proteins consist of long chains of amino acids, called polypeptides, which are 

connected by peptide bonds. These chains exhibit four distinct levels of structural 

organization 1–3: 

• Primary Structure: This is the linear sequence of amino acids in the 

polypeptide chain. 

• Secondary Structure: After synthesis, the polypeptide chain folds 

into specific shapes, forming regular patterns known as secondary 

structures. The most common motifs include the α-helix, β-sheet, β-

turn, and random coil. The α-helix is the most tightly packed of these 

structures. 

• Tertiary Structure: The tertiary structure refers to the three-

dimensional arrangement of protein. It forms as the protein folds into 

its most stable state, known as the native state. It is also the active state 

of the protein. This structure is stabilized by four types of interactions: 

disulfide bonds, ionic bonds, hydrogen bonds, and 

hydrophobic/hydrophilic effect. Disrupting the tertiary structure, often 

through heat or chemical agents (denaturants), leads to denaturation. 

This process typically disrupts both the tertiary and secondary 

structures of the protein. My research explores the thermal 

denaturation of proteins. 



4  Chapter-1 

• Quaternary Structure: Some proteins are composed of multiple 

subunits, forming dimeric, trimeric, tetrameric, or oligomeric 

complexes. The arrangement of these subunits in three-dimensional 

space is referred to as the quaternary structure. 

• Protein Domains: Domains are distinct regions within a protein, each 

having its specific function. The number and size of domains can vary 

widely among different proteins 4,5. 

In my thesis, I have worked mainly with two proteins, plant enzyme bromelain and 

human serum albumin. 

 

1.1.2. Bromelain 

Stem bromelain is a proteolytic enzyme derived from the stem of the pineapple plant. 

It consists of 212 amino acids and has an isoelectric point (pH) of approximately 

9.55, and the 3D structure has been shown in Scheme 1.1.1. Stem bromelain contains 

seven cysteine residues, including one free cysteine (Cys-26) that plays a significant 

role in its enzymatic activity 6–8. This single-domain simple enzyme also includes 

five tryptophan residues, contributing to its structural stability and function 7,8. 

This enzyme has long been used in food processing, particularly for meat tenderizing 

and protein cleavage, due to its proteolytic properties 9–11. Beyond its culinary 

applications, bromelain has found use in the medical field, where it serves as a 

therapeutic agent for reducing inflammation, treating thrombosis, and managing 

conditions like arthritis 10,12–17. Bromelain’s ability to break down proteins makes it 

versatile both in industrial processes and medical treatments, with growing research 

supporting its efficacy in various health conditions 9,12,14. 
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Scheme 1.1.1. 3D-structure of stem bromelain (PDB ID: 1W0Q). 

 

1.1.3. Human Serum Albumin (HSA) 

While many biophysical studies focus on single-domain proteins, multi-domain 

proteins make up more than 70% of proteins in eukaryotes 18. Human Serum 

Albumin (HSA) is one of the most studied multi-domain proteins. 

HSA, with a molecular weight of ~66.5 kDa, is found in blood plasma and consists 

of 585 amino acids and 17 disulfide bridges 19,20. It also contains one free cysteine. 

Crystallographic studies reveal that HSA is composed of three distinct domains 

(domain-I, domain-II, and domain-III), each with unique structural characteristics 

and functions 19,20. The 3D structure of HSA has been shown in Scheme 1.1.2. 

• Domain-I: Binds fatty acids and heme, aiding in their transport 21,22. 

• Domain-II: Specializes in binding and transporting of bulky 

heterocyclic anions like azapropazone, phentylbutazone, and warfarin 

23,24. 

• Domain-III: Binds aromatic carboxylates such as ibuprofen and is 

responsible for HSA's esterase activity 23–25. 
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Scheme 1.1.2. 3D-structure of human serum albumin (HSA) (PDB ID: 1HA2). 

 

Each domain behaves differently in response to various external factors. This 

domain-specific behaviour makes HSA an excellent model for exploring complex 

biophysical phenomena. The dynamic interactions between these domains could also 

be crucial for understanding biophysical reactions, positioning HSA as a valuable 

tool for further research into protein behaviour 20,24. 

 

1.1.4. Thermodynamic Insights into Protein Unfolding: 

Protein folding is the process by which a linear chain of amino acids arranges itself 

into a functional three-dimensional structure 26–31. This process is essential because 

a protein must fold correctly to perform its biological functions. Two key questions 

arise when studying protein folding: (i) How to predict the protein's final structure 

from its amino acid sequence? (ii) Levinthal's paradox: given the astronomical 

number of possible conformations, how do proteins fold to the most stable native 

form so quickly, in mere seconds, rather than millions and millions of years? 32,33 

Christian Anfinsen proposed that the final, functional form of a protein is determined 

solely by its amino acid sequence 26. He also demonstrated that proteins could refold 
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to their native state after being denatured, indicating that the folding information is 

encoded in the sequence itself 32,34. The protein folding funnel hypothesis explains 

the folding process 33,35. It is a model where the energy landscape of a protein is 

represented as a funnel. The protein moves from an unfolded, high-energy state at 

the top of the funnel toward a low-energy, native state at the bottom. Along this path, 

the protein may pass through several intermediate states, represented by local 

minima in the funnel (see scheme 1.1.3). The shape and slope of the funnel determine 

the route and speed of folding. The theory suggests that instead of exploring an 

overwhelming number of conformations, the folding process is kinetically 

controlled, allowing it to happen in a biologically relevant timescale 33. As proteins 

fold, there is a reduction in both energy and conformational entropy. Unfolding, the 

reverse process disrupts secondary and tertiary structures due to external 

disturbances like heat or chemicals. 

 

 

Scheme 1.1.3. Protein folding funnel of free energy. The protein transitions from its denatured 

state to its native state (global minimum) by passing through several intermediate (local 

minima) is accompanied by a reduction in conformational entropy. 
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1.1.4.1. Understanding Free Energy in Protein Unfolding 

In thermodynamic terms, protein unfolding can be simplistically considered as a 

two-state transition: 

𝑁 ⇌ 𝐷  

Where N represents the native/folded state, and D represents the denatured/unfolded 

state. The forward and reverse reactions can be described using forward and 

backward rate, 𝑘𝑓 and 𝑘𝑏 respectively.36 

Forward rate = 𝑘𝑓[𝑁], and backward rate = 𝑘𝑏[𝐷] 

At equilibrium, forward rate = backward rate 

∴ 𝑘𝑓[𝑁] = 𝑘𝑏[𝐷]        (1.1.1) 

At equilibrium, the concentration of the folded and unfolded states reaches a balance, 

and the equilibrium constant (K) defines this ratio. 

𝐾 =
𝑘𝑓

𝑘𝑏
=

[𝐷]

[𝑁]
         (1.1.2) 

The free energy change (𝛥𝐺) of the reaction can then be written as, 

∆𝐺 =  −𝑅𝑇𝑙𝑛𝐾 =  −𝑅𝑇𝑙𝑛
[𝐷]

[𝑁]
      (1.1.3) 

𝛥𝐺 determines whether the unfolding process is spontaneous (𝛥𝐺 <  0) or not 

(𝛥𝐺 >  0). In protein unfolding, a more positive 𝛥𝐺 indicates that the protein is 

more stable in its folded state. Now, from an experimental point of view, the 

determination of ΔG is very important. 
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1.1.4.2. Calculating Free Energy from Experimental Data 

In an unfolding experiment, the response of the protein to perturbation (such as 

temperature, or denaturant concentration) is tracked by measuring a signal 

(spectroscopic, in my case) that changes with increasing perturbation. The 

denaturation of protein is considered a cooperative phenomenon, and thus, the 

denaturation pathway follows a sigmoidal nature. Initially, the protein remains 

folded, but as the strength of the perturbation increases, the structure starts to unfold 

progressively (Scheme 1.1.4). Eventually, the unfolding reaches a saturation point, 

beyond which no further change is observed in the signal, even if the perturbation 

continues to increase. 

The signal at any given point during the unfolding process can be represented as a 

linear combination of the signals from both the folded and unfolded states.  

Let 𝑦𝐷 and 𝑦𝑁 represent the signals from the denatured and native states, respectively 

(see Scheme 1.1.4). The overall signal 𝑦 can be expressed as a liner combination.7,37 

𝑦 = 𝑦𝑁[𝑁] + 𝑦𝐷[𝐷]       (1.1.4) 

 

 

Scheme 1.1.4. A typical unfolding curve of a protein. 
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From previous equations, we know that the ratio of unfolded to folded protein is 

represented by the equilibrium constant, 𝐾, and thus (from equation 1.1.2), 

[𝐷] = 𝐾[𝑁]          (1.1.5) 

∴ 1 − [𝑁] = 𝐾[𝑁]         (1.1.6) 

∴  [𝑁] =
1

1+𝐾
          (1.1.7) 

We can also derive: 

[𝐷] =
𝐾

1+𝐾
          (1.1.8) 

Substituting these into the equation 1.1.4: 

𝑦 = 𝑦𝑁
1

1+𝐾
+ 𝑦𝐷

𝐾

1+𝐾
 

This can be rearranged to solve for K as, 

𝐾 =
𝑦𝑁−𝑦

𝑦−𝑦𝐷
          (1.1.9) 

Since 𝑦𝑁, 𝑦𝐷, and 𝑦 are measurable quantities, this equation allows for the 

calculation of 𝐾, and a simultaneous determination of the free energy of unfolding 

is also possible using the equation 1.1.9. 

 

1.1.4.3. Quantifying Entropy and Enthalpy of unfolding 

Two components of this change in free energy: entropy (∆𝑆) and enthalpy (∆𝐻) which 

are related through the famous thermodynamic equation,  

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆         (1.1.10) 

The entropic change of a process talks about the change of randomness in the system and 

enthalpic terms account for the change in the extent of interactions. From the above 
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equation, it is clear that a plot of ∆𝐺 vs 𝑇 with a linear fitting can yield entropy and 

enthalpy as the negative slope and intercept respectively. 

I have used this analysis on many occasions in my thesis. 

 

Also, a direct plot of 𝑙𝑛𝐾 vs. 1/𝑇 produces a straight line having an intercept of 
∆𝑆

𝑅
 and 

slope of −
∆𝐻

𝑅
 following the Van’t-Hoff equation: 

𝑙𝑛𝐾 = −
∆𝐻

𝑅𝑇
+

∆𝑆

𝑅
         (1.1.11) 

Basically, the equation 1.1.10 and 1.1.11 are same, with the latter calculates the 

parameters directly from the temperature dependent equilibrium constants. 

The thermal unfolding experiment is conducted both in the buffer and in the presence of 

the perturbation to assess how the perturbation influences the unfolding process. From 

these experiments, the corresponding changes in free energy, entropy, and enthalpy are 

calculated. To quantify the effect of any perturbation on the extent of stabilization of the 

protein, the differential change in free energy, entropy, and enthalpy were calculated as, 

 

∆∆𝐺0 = ∆𝐺𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑎𝑡𝑖𝑜𝑛
0 − ∆𝐺𝑏𝑢𝑓𝑓𝑒𝑟

0        (1.1.12) 

∆∆𝐻0 = ∆𝐻𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑎𝑡𝑖𝑜𝑛
0 − ∆𝐻𝑏𝑢𝑓𝑓𝑒𝑟

0        (1.1.13)  

∆∆𝑆0 = ∆𝑆𝑝𝑒𝑟𝑡𝑢𝑟𝑏𝑎𝑡𝑖𝑜𝑛
0 − ∆𝑆𝑏𝑢𝑓𝑓𝑒𝑟

0        (1.1.14) 
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Scheme 1.1.5. Effect of positive/negative free energy, entropy, and enthalpy change of protein 

unfolding compared to that in the buffer on the overall stability of the protein. 

 

A positive value of ∆∆𝐺0 signifies that the system is likely to be in the native state in the 

presence of the perturbation compared to the buffer.  

As ∆∆𝐺0 = ∆∆𝐻0 − T∆∆𝑆0, a positive value of ∆∆𝐻0 will be a stabilizing contributor, 

and a positive value of ∆∆𝑆0 will be destabilizing (see Scheme 1.1.5). 

 

1.1.4.4. Consideration of Heat Capacity into Unfolding Thermodynamics 

Note that, in the previous analysis, the temperature dependence of entropy and enthalpy 

has not been considered. However, it's often found that both enthalpy (∆𝐻) and entropy 

(∆𝑆) can vary with the temperature. This variation is linked to the difference in heat 

capacities between the folded and unfolded states of the protein, termed the excess heat 

capacity (∆𝐶𝑝). The excess heat capacity is mathematically expressed as the difference 

between the heat capacity of the unfolded state and the folded state: 

∆𝐶𝑝 = 𝐶𝑝
𝐷

 
− 𝐶𝑝

𝑁

 
         (1.1.15) 

Excess heat capacity is related to ∆𝑆 and ∆𝐻 by 

∆𝐶𝑝 = 𝑇
𝜕

𝜕𝑡
(∆𝑆)𝑝         (1.1.16) 
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∆𝐶𝑝 =
𝜕

𝜕𝑡
(∆𝐻)𝑝         (1.1.17) 

 

Combining equations (1.1.11), (1.1.16), and (1.1.17), one gets a modified version of the 

Gibbs-Helmholtz equation.38 The equation considers ∆𝐶𝑝, which allows for more precise 

calculations of Gibbs free energy (𝛥𝐺) at varying temperatures.39 

The general form of the equation is: 

∆𝐺 (𝑇) =  ∆𝐻𝑚 (1 −
𝑇

𝑇𝑚
) + ∆𝐶𝑝[(𝑇 − 𝑇𝑚) − 𝑇𝑙𝑛(𝑇/𝑇𝑚)]   (1.1.19) 

Where: 

• ∆𝐺 (𝑇) is the Gibbs free energy change at temperature T, 

• ∆𝐻𝑚 is the change of enthalpy at the melting temperature 𝑇𝑚, 

• ∆𝐶𝑝 is the change in heat capacity, 

• 𝑇𝑚 is the midpoint temperature of the unfolding transition (where ∆𝐺 = 0), 

• T is any temperature at which the free energy is being evaluated. 

• Also, ∆𝑆 is just ∆𝐻/𝑇𝑚 

 

A deviation from linearity in the Van't-Hoff plot indicates a nonzero change in heat 

capacity, which can be calculated using the equation 1.1.19. However, in my thesis, I 

have directly measured entropy and enthalpy and not considered the change in the heat 

capacity between native and unfolded state. As, in my case considering the ∆𝐶𝑝 while 

fitting the denaturation curve does not improve the fitting quality much and both the 

parameters ∆𝐻 and ∆𝑆 remain similar to the previous model (equation 1.1.10). Figure 

1.1.1 is a representative case of the free energy change of bromelain unfolding in the 

presence of buffer fitted with both equations 1.1.10 and 1.1.19. The maximal deviations 

from linearity in this case is ~ 200 cal/mol, which demands <10% fractional uncertainties 
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to observe. This level of accuracy is almost impossible to attain in such measurements. 

The ability to perform such measurements for excess heat capacity ∆𝐶𝑝 requires the 

combination of a large temperature range and precise rate-constant measurements. That’s 

why it is a general practice to measure ∆𝐶𝑝 directly by calorimetry measurement. And 

by fitting the denaturation data ∆𝐶𝑝 is not calculated. 

 

 

Figure 1.1.1. The free energy change of thermal unfolding of bromelain with temperature. In the 

left panel, ∆𝐺 is fitted with the equation 1.1.10 where ∆𝐶𝑝 is considered 0, that means not 

considered. However, in the right panel through fitting with equation 1.1.19, a non-zero ∆𝐶𝑝 value 

was extracted. 

 

1.1.4.5. Physical Insights into Protein Unfolding  

The folding funnel hypothesis suggests that the unfolding process is accompanied by 

increasing randomness in the system which contributes to the feasibility of the process 

by increasing the change in entropy.40 On the other hand, the stable interactions 

(hydrogen bonds, ionic bonds, van der Waals forces, and hydrophobic effect) present in 

the folded state are disrupted in the unfolded state, which requires energy.41,42 As a result, 

heat is absorbed, and the enthalpy of unfolding is typically positive, contributing towards 

the non-feasibility of the unfolding process.43 Generally, the total energy difference 
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between the folded and unfolded states is approximately 20-40 kJ/mol, with the 

equilibrium constant for a small natural protein typically ranging between 104 and 107.44 

 

1.1.4.6. Role of Water in Protein Unfolding 

Water plays an essential role in protein folding and stability, with the modulation of 

water structure having profound effects on biophysical processes. Proteins carry out 

their functions in an aqueous environment, and thus, water is central to their 

behavior. In a typical biophysical experiment, the concentration of the biomolecule 

is in the micromolar range, while the concentration of water is significantly higher 

at 55.5 M. This stark difference underscores how even slight changes in water 

structure can drastically influence the outcome of the experiment. It is well 

established that the structure of water near a protein's surface differs from that of 

bulk water, and these water molecules that are in direct interaction with the protein 

surface are known as associated or biological water.45–50 The presence of any 

additives can further modify this structure and thus the unfolding-folding dogma as 

well.51–55 Despite this, the critical role of water in protein folding and unfolding 

remains underexplored. 

Pure water consists of a dynamic network of hydrogen-bonded molecules. However, 

when nonpolar, hydrophobic molecules (such as proteins) are introduced into water, 

they disrupt this network. Water molecules then form a highly structured shell, or 

solvation layer, around these hydrophobic groups to maintain optimal hydrogen 

bonding.1 This structuring decreases the entropy of the water, meaning the system 

becomes more ordered and less favourable from a thermodynamic perspective. 

However, in the process of folding when the hydrophobic groups in a protein are 

clustered together, the surface area exposed to water decreases, as the unfolded 

protein is larger in size than the folded protein, thus reducing the extent of the 

solvation layer and allowing the water molecules to become less structured and more 

disordered.1 This increase in entropy is thermodynamically favourable and acts as 
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the primary driving force for the folding of the protein in water.1 In short, because 

of the decrease in the entropy of water molecules (not protein) during unfolding, the 

natural tendency of water molecules near the protein is to protect the native form of 

that protein. Any additives that further strengthen the water shell around the protein 

will impart more stabilization to the system and can be considered as a stabilizing 

agent to the protein. On the other hand, additives that weaken the water shell will 

destabilize the protein. Consequently, this strengthening or weakening of the 

hydrogen bonds leads to an enthalpic change. Specifically, the weakening of the 

hydrogen-bonded network requires some energy, leading to positive enthalpic 

changes, whereas in the other case, modulation to a stronger hydrogen bond network, 

a negative change in enthalpy occurs. Thus, this modulation of the water in the 

presence of any additive might not only influence the enzyme stability but also may 

provide a physical basis for the entropy-enthalpy compensation that is observed 

across many biophysical events. 

In my thesis, I have tried to understand the water dynamics modulation in the 

presence of additives and its impact on protein stability and activity. 

 

1.1.4.7. Entropy-Enthalpy compensation 

In many biophysical reactions, there is often a linear relationship observed between 

entropy (∆𝑆) and enthalpy (∆𝐻), a phenomenon known as entropy-enthalpy 

compensation.56,57 The famous thermodynamic equation, ∆𝐺 =  ∆𝐻 − 𝑇∆𝑆, relates 

the entropy and enthalpy change of any process. Thus, the entropy-enthalpy 

compensation appears to be a thermodynamic consequence, and one might think of 

the existence of a common source. However, the physical reason is not well known. 

The previous discussion of the role of water somehow portrays the involvement of 

water in attributing both the change in entropy and enthalpy, and thus it might be 
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considered a common reason for entropy-enthalpy compensation. In my thesis, I 

have tried to discuss this in detail.  

 

1.1.5. Dynamics of protein: 

As famously remarked by many scientists, the dynamics of biologically active 

molecules are very important to understand any biological process.58 The functions 

of enzymes or proteins, in general, can be comprehended to a great extent by 

studying their motions. However, it was not until the 1980s that scientists truly began 

to appreciate the dynamic nature of proteins.59 Rather than static entities, proteins 

exist in multiple conformational states, constantly interchanging through various 

motions, from bond rotations and side-chain shifts to loop movements.60,61 These 

conformational changes occur over a variety of timescales, from picoseconds to 

milliseconds, and involve displacements from as small as 0.01 Å to as large as 10 Å, 

known as conformational fluctuation dynamics60,62,63 (Scheme 1.1.6). 

Beyond internal motions, proteins exhibit three other essential dynamics within 

biological environments: translational motion (how the protein moves through a 

solvent media), rotational motion (how the protein rotates in a solvent media), and 

the dynamics of water molecules in the immediate vicinity of the protein 

(scheme 1.1.6). The water molecules residing near to protein surface directly make 

hydrogen bonding with the amino acid residues known as associated or biological 

water. This biological water surrounding proteins has much slower dynamics, and 

any alteration in its structure or dynamics can significantly impact the protein’s 

stability and activity.46–48,53,64–67 The viscosity of the solvent media also plays a 

significant role in controlling the translational and rotational dynamics of the 

protein.68,69 In scheme 1.1.6 different dynamics of proteins are represented. 
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Scheme 1.1.6. Various dynamics of a protein and their tentative timescales. 

 

In my thesis, I have measured the associated water dynamics and conformational 

dynamics of bromelain and HSA protein in different perturbations (DESs, 

macromolecular crowder). 

 

1.1.5.1. Conformational dynamics of protein: 

Conformational fluctuation dynamics, often referred to as side-chain dynamics, is 

one of the most important due to its significant role in enzyme function.70–75 The 

flexibility of side chains allows proteins to adapt their shapes to accommodate 

substrates or interact with other biomolecules, thus enhancing specificity and 

efficiency.76,77 Moreover, side-chain dynamics contribute to the protein's ability to 

explore a range of conformations, essential for folding, stability, and interaction with 

water or other molecules. The timescale of signal transduction, enzymatic activity, 

and allosteric regulation generally occurs in microseconds, thus observing the 

microsecond side-chain dynamics is necessary.74,78,79 Also, probably because of its 

relative slowness, this side-chain dynamics is studied extensively. Recently, our 

group also reported a direct correlation of this conformational fluctuation dynamics 

in influencing the enzymatic activity of bromelain.75 
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The conformational fluctuations in proteins do not occur at the same time or in the 

same way across a group (ensemble) of protein molecules. Since each protein 

molecule may undergo conformational changes at different moments or on different 

timescales, it is challenging to capture a unified or consistent measurement of these 

fluctuations in experiments. This lack of synchronization makes it difficult to 

experimentally determine a precise timescale for these dynamic events using an 

ensemble average technique. This problem can be resolved through single-molecular 

techniques or at least through techniques at the single-molecular level. In such a 

scenario, each protein molecule is studied independently, and the fluorescence 

fluctuation from the protein due to conformational fluctuation can be measured. 

Among the numerous single-molecule techniques available, two stand out as 

particularly significant: fluorescence correlation spectroscopy (FCS) and single-

molecule fluorescence resonance energy transfer (smFRET).80–83 Although not a true 

single molecular technique, FCS offers advantages over sm-FRET, such as avoiding 

protein immobilization, improved time resolution, and simpler instrumentation.82,84 

FCS has been applied to measure conformational dynamics of various proteins, 

including cytochrome-c85,86, lysozyme87,88, papain89, prion protein90, spider silk 

protein91, apo myoglobin92, photosystem-I93, bromelain75,94, glutamate receptor95, 

human serum albumin (HSA)96,97, and so on. A detailed understanding of the FCS 

can be gained through several available review articles and books98–100. 

In my thesis, I have also routinely used FCS and observed the modulation of 

conformational fluctuation dynamics of proteins in different media. 

 

1.1.5.2. Associated water dynamics of protein: 

Generally, the dynamics of a solvent can be measured using many spectroscopic 

techniques like nuclear magnetic resonance (NMR)101,102, dielectric relaxation 

(DR)45, quasi-elastic neutron scattering (QENS)103, and time-dependent 

fluorescence Stokes shift (TDFSS)66,67,104–107. However, in the case of a protein 
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where the immediate surroundings are of utmost importance, the TDFSS method 

takes the lead due to its unmatched spatial and time resolution.47,50 In TDFSS, a 

reporter molecule (fluorescent probe) is excited using a suitable excitation source, 

and due to its difference in the dipole moment of the ground and excited state, 

solvent molecules reorganize to stabilize the solute.100,108 The time taken for this 

rearrangement is a measure of solvation dynamics. 

In a famous article in Nature, 1994, Fleming and his colleagues for the first time 

using the TDFSS method employing femtosecond fluorescence up-conversion 

technique with coumarin 343 as the probe, reported the solvation dynamics of water 

to be ~ 1 ps.109 A year later Bright and co-workers studied the solvation dynamics 

of a protein, acrylodan-labeled HSA inside a reverse micelle, and observed a 

nanosecond relaxation time.110 After that, the Zewail group, Bhattacharyya group, 

and many others through a plethora of studies over the years proved the slow 

solvation dynamics of water in the presence of proteins.66,67,104–106,111–121 

The theory of this observation of slow solvation dynamics of water is given by 

Bagchi and co-workers, famously known as the Nandi-Bagchi model.45 It suggests 

that the slow solvation dynamics arise because the water molecules near the protein 

surface behave differently from bulk water, likely forming stronger hydrogen bonds 

with the protein than those found in bulk water.45,49 This specialized water, referred 

to as "biological water" or "associated water," consists of two main components: free 

water (where water molecules bond only with other water molecules) and bound 

water (where water molecules are H-bonded to the amino acid residue of protein 

surface) (see Scheme 1.1.7).45,46,48,53 These two forms of water continuously 

exchange, and according to the Nandi-Bagchi model, only free water contributes to 

the solvation process.45 However, the timescale of solvation dynamics depends on 

the equilibrium constant between free and bound water exchange, which is 

influenced by the difference in the hydrogen bond strength between them.45,47 The 

stronger the protein-bound water interaction, the slower the solvation dynamics will 

be. 
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Scheme 1.1.7. Effect of positive/negative free energy, entropy, and enthalpy change of protein 

unfolding compared to that in the buffer on the overall stability of the protein. This figure is 

represented from the reference 48. 

  

In the case of protein, the surrounding water that directly interacts with the protein 

surface is of utmost importance as it influences important protein behaviour like 

stability and activity.48,53,66,112,122 Having a site-selective tagging with fluorescent 

molecules, or if a single tryptophan is present, then the solvation dynamics can give 

information about the dynamics and structure of the surrounding water molecules 

(biological water or associated water) of that region of the protein.47 Therefore, faster 

dynamics will suggest the presence of free or less strongly bound water around the 

protein, whereas slower dynamics suggest a rigid or strongly bound water structure 

around the protein. Due to better spatial and time resolution, TDFSS can report 

dynamics near the reporter molecule tagged in the protein.47,123 In contrast, NMR, 

DR, or QENS captures signals from the whole solution and can give only an average 

picture.47 Thus, TDFSS has been extensively used to extract the dynamics of the 

associated water of various proteins in the presence of different perturbations. Also, 

the role of this associated water in influencing enzymatic properties like structure, 

dynamics, stability, and activity is very axiomatic. It is because of the enormous 

complexity present in the biological systems, delineating the exact role of water in 

governing enzymatic behavior is still very scarce but of most importance. Attempts 



22  Chapter-1 

regarding the ability of water to influence stability and activity, are very limited in 

the literature. In Table 1.1.1, we listed some reports of water structure modulation 

in the presence of different perturbations. 

 

Table 1.1.1. Water dynamics modulation of proteins in the presence of various 

perturbations. This is not a comprehensive list of references; many more examples 

can be found beyond those listed. 

Protein Perturbations Observation Year[Ref] 

α-

Chymotryps

in  

inactive state 

(pH 3.6) and 

the active state 

(pH 6.7) 

The associated water becomes faster 

in the active form than in the 

inactive form of the enzyme 

200266 

Monellin 6M guanidine 

hydrochloride 

(GnHCl) 

Because of the involvement of the 

protein backbone motions in the 

random-coiled state, a retarded 

hydration dynamics in GnHCl 

observed than in the buffer  

2002111 

Glutaminyl-

tRNA 

synthetase 

(GlnRS) 

1.9 M Urea The water dynamics at two different 

sites of the protein modulated 

differently in urea. The dynamics 

from covalently attached probes 

become retarded, but the dynamics 

extracted through non-specifically 

attached probes become very 

flexible. 

2003116 

Lysozyme sodium 

dodecyl sulfate 

(SDS) 

Solvation dynamics becomes slower 

in the presence of SDS. 

2003113 

HSA GnHCl In the unfolded state (6 M GnHCL) 

the water dynamics becomes very 

fast with respect to the buffer. 

2004112 

Cytochrome 

C 

2 mM SDS and 

5 M urea 

The water dynamics become more 

flexible in the presence of both SDS 

and Urea together than in only SDS 

2005105 
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HSA Change of pH 

(acidic to 

basic) 

With the changes in the pH 

dependent conformation, the 

hydration dynamics modulates. The 

fastest dynamics and the loss of 

globular structure was observed in 

the basic pH. 

200667 

GlnRS l-

glutamate+Ure

a 

With the increase in the 

concentration of urea, the hydration 

dynamics of the enzyme become 

progressively faster because of the 

conformational changes from 

compact denatured states to fully 

unfolded states. 

2006124 

No protein 

used 

lactose The hydration dynamics of near 

lactose become significantly 

retarded than bulk water. 

200655 

Apomyoglob

in 

native (pH~6) 

and molten 

globule state 

(pH~4) with 

mutation at 16 

different 

positions 

across the 

whole protein 

surface 

In all the mutant variations of the 

protein, the associated water 

becomes more flexible in the molten 

globule state than in the native state. 

2007121 

N-acetyl-

leucine-

methylamid

e peptide 

Glycerol, 

DMSO 

In glycerol, slower dynamics with 

two distinguishable relaxation times 

were observed. However, in the 

presence of DMSO, the hydration 

water dynamics become faster and 

more bulk-like, especially near the 

hydrophobic regions of the peptide. 

2009125 

Flavodoxin three redox 

states oxidized 

form (OX), 

one-electron 

reduced 

SQ protein has superior stability and 

retarded water dynamics than OX 

state. However, in HQ form the 

solvation becomes faster again  

2010126 
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neutral 

semiquinone 

(SQ), and two-

electron fully 

reduced 

anionic 

hydroquinone 

(HQ) 

HSA temperature Thermal unfolding disrupts this 

hydration structure, leading to 

faster, bulk-like water dynamics and 

irreversible structural 

destabilization at higher 

temperatures. 

2011127 

α-

Chymotryps

in  

PEG-400 Water dynamics become more 

flexible with PEG-400 and 

correlating well with the activity 

modulation. 

2011128 

HSA 1.5 M 

[pmim][Br] 

ionic liquid 

and 6 M 

GnHCl 

The solvation dynamics become 

progressively faster from the 

presence of ionic liquid to GnHCl 

because of unfolding of the enzyme. 

2012115 

HSA PEG 200 and 

400 

with PEG concentration, a 

structured and less mobile hydration 

shell forms 

2015129 

HSA and 

BSA  

Dextran-6k, 

40k, 70k; 

Ficoll-70k; 

PEG-200, 8k; 

α-synuclein 

Solvation dynamics modulates even 

at low concentrations of crowder. α-

Synuclein slows the associated 

water dynamics in BSA but speeds 

up in HSA. 

2015130 

γS-

Crystallin, 

γS-G18V 

(mutant) 

Self-crowding The hydration shell remains 

dynamic, but mutants show 

dehydration at lower crowding 

levels. 

2016131 

HSA 

(Domain-I) 

Sucrose and 

GnHCl 

Sucrose mitigates the denaturing 

impact of guanidine hydrochloride 

(GnHCl). At lower concentrations 

2016117 
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of GnHCl, the presence of sucrose 

leads to a noticeable slowing of 

hydration dynamics. However, as 

the concentration of GnHCl 

increases, the influence of sucrose 

on hydration dynamics becomes 

negligible. 

HSA 

(Domain-I) 

Dextran-6k, 

40k, 70k; 

Ficoll-70k; 

PEG-200, 8k 

Solvation dynamics remain 

unchanged for small crowders. 

Larger crowders slow down 

dynamics beyond 100 gL–1. 

2016132 

RNase T1, 

(SH3) 

domain of 

the protein 

drk 

CTAB and 

AOT reverse 

micelle with 

different water 

pool size 

Both proteins experience reduced 

stability in their respective reverse 

micelle environments, and the 

hydration water becomes more 

ordered and less dynamic 

2018133 

Fish eye lens 

protein 

γM7-

crystallin 

Mutation at 

different 

positions with 

different 

surface 

exposure 

At a more buried probe position the 

hydration dynamics become more 

retarded with respect to a exposed 

position. 

2020106 

HSA 

(Domain-I) 

Dextran-6k, 

40k, 70k; 

Ficoll-70k; 

PEG-8k, urea  

Low concentrations induce faster 

water dynamics; higher 

concentrations retarded the same. 

2020134 

Adenylate 

kinase 

 

PEG-

8k; Dextran-

40k, 70k; 

Ficoll-70k 

Water dynamics slows down with 

crowders. Ficoll-70k has the 

greatest effect. 

2021135 

Adenylate 

kinase 

 

Ficoll-70k; 

Dextran-40k, 

70k; and PEG-

8k 

Solvation dynamics slows down 

with crowders. Dynamics vary 

across the domains, with a sharp 

drop at 278-293 K. 

2022136 

bovine beta-

casein 

SDS With the increase in the SDS 

concentration, a structural 

compactness and retardation in the 

2022137 
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hydration dynamics of beta casein 

protein was introduced. 

RNase A Various 

osmolytes 

Protein-stabilizing osmolytes are 

typically associated with tightly 

bound hydration water exhibiting 

slow dynamics, whereas denaturing 

osmolytes tend to accelerate the 

collective rotational motion of 

surrounding water molecules. 

202251 

HSA 

(Domain-III 

& I) 

Dextran-40k, 

Ficoll-70k, 

PEG-35k 

At 100 gL–1, PEG speeds up water 

dynamics, while dextran and Ficoll 

slow them down. 

202348 

Mutated 

adenylate 

kinase 

Urea (0-6 M); 

Ficoll-70k; 

Dextran-40k, 

70k; PEG-8k 

Water dynamics get hindered with 

an increase in the crowder 

concentration but show varying 

effects with urea. 

2023138 

Adenylate 

kinase 

Ficoll-70k; 

Dextran-40k, 

70k; PEG-8k 

The hydration dynamics of the 

enzyme is retarded with an increase 

in the crowder concentration. The 

water dynamics of the active site of 

the enzyme is more affected than 

other positions. 

2024139 

 

Most studies of hydration dynamics modulations are either in the presence of 

osmolytes or macromolecular crowders. However, almost no studies have tried to 

correlate this modulation of water dynamics with enzymatic properties like stability 

and activity. Also, there is a clear lack of experimental evidence and understanding 

of the modulation of associated water in the presence of DESs or hydrated DESs is 

there. The term DES was introduced in 2003, and studies of protein behaviours in 

DES came even after 5-6 years, which might be one of the reasons why no 

experimental study deciphered the modulation of hydration dynamics of protein in 

the presence of DESs. However, the previous studies taking osmolytes (many of 

which are essentially the constituents of DESs) and macromolecular crowders 
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strongly suggest the crucial role of the associated water in influencing protein 

stability and activity in the presence of DESs. 

 

1.1.6. Limitations in Enzyme Applications and Directions: 

Generally, enzymes or proteins are thought of as the most efficient and effective 

catalysts because every function going on inside a living body is done by some 

specific proteins, and the smallest inconvenience in their functions leads to severe 

disorders and diseases in the body. However, they normally lose their stability and 

function in conventional organic solvents. Thus, limiting their practical applications 

in various fields, including medicine, biotechnology, and industrial processes. 

Proteins and enzymes are marginally stable in their native state, and thus, with the 

slightest changes in the native environments (changes in temperature, pH, ionic 

strength, etc.), enzymes easily lose their structure and function, limiting their use in 

biocatalysis. 

Enzymes have a short shelf life, and long-term storage of enzymes is difficult as they 

degrade over time, requiring expensive and precise storage conditions like 

refrigeration and lyophilization. 

Addressing these gaps will require advancements in protein engineering and 

formulation of novel solvents with tunable properties to improve the stability, 

storage, and effectiveness of proteins and enzymes in various applications.  

In my thesis, my work revolved around enzyme behaviour in complex solvents like 

deep eutectic solvents (DESs), macromolecular crowder, etc. These solvents are 

believed to be an alternative media where biocatalysis can be performed because of 

their ability to keep or even increase the stability and activity of the enzymes. I have 

tried to explore the mechanistic understanding of why protein remains stable and 

active in such complex solvents. 
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1.2. Deep Eutectic Solvents (DESs): A brief overview 

The field of chemistry has long relied on solvents to facilitate reactions, separations, 

and other critical processes. However, many traditional solvents are toxic, volatile, 

and environmentally damaging, driving the search for greener alternatives. Thus, 

finding safer solvents is one of the most important points among the 12 principles of 

green chemistry developed by Paul Anastas and John Warner.1,2 One of the key 

objectives of green chemistry is to reduce waste generation, and catalysis plays a 

vital role in achieving this.3,4 Enzymes, due to their remarkable efficiency and 

specificity, make biocatalysis a natural choice for industrial processes, offering a 

sustainable and highly selective approach to chemical reactions.5–8 However, water 

is the main solvent for the living world, and most enzymes are stable only in water, 

limiting the scope of biocatalysis.9,10 

The approach of using engineered enzymes that are capable of functioning in organic 

solvents has already been recognized through the Nobel Prize to Frances Arnold.11–

13 However, this approach requires extensive biological expertise and time-

consuming trials.11–14 An alternative approach would be to discover novel solvents 

that are tunable and can maintain enzyme stability and activity, which would open 

new possibilities for biocatalysis.9,10,15 This is where deep eutectic solvents (DESs) 

show great promise.10,16–18 DESs offer advantages like simple and atom-efficient 

synthesis, low vapor pressure, and tunability for product separation and extraction 

but, most importantly, can keep enzymes/proteins stable and active therein.19–23 

Moreover, many naturally occurring compounds can form deep eutectic solvents 

(commonly referred to as natural deep eutectic solvent or NaDES) and are thought 

to be environmentally safer, non-toxic, and biodegradable media than 

conventionally used organic solvents.22,24 

 

1.2.1. Definition of DES 
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The term ‘deep eutectic solvent’ contains two words, “eutectic” and “deep”, that 

need to be explained to understand their meaning of it. The term eutectic refers to a 

mixture of two or more components that, when combined, have a melting point lower 

than that of any individual component. The word ‘deep’ in DES refers to the 

significant depression in the melting point, often much lower than that of a simple 

eutectic mixture.19,25,26 In 2003, Abott and co-workers pioneered this concept by 

taking a mixture of choline chloride (with a melting point of 302 ℃) and urea 

(melting point of 133 ℃) at 1:2 molar ratio, which results in a eutectic mixture with 

a melting point of only 12 ℃.27 This ability to dramatically lower the melting point 

is what distinguishes DESs from ordinary eutectic mixtures, where melting point 

depression is generally less pronounced (will be clarified in the next sections). This 

occurs due to the specific interactions between the hydrogen bond donor (HBD) and 

the hydrogen bond acceptor (HBA), such as choline chloride and urea, which results 

in forming a liquid that remains stable at a temperature much lower than the melting 

point of both the constituents.19,27 The specific interaction between its constituents, 

generally H-bonding, distinguishes normal eutectic mixtures from deep eutectic 

solvents.19,25 

 

1.2.2. Thermodynamics of Eutectic Mixtures and DESs 

Consider a solution that is in equilibrium with pure solid solvent. Then at equilibrium 

condition [when freezing is occurring], 

𝜇(𝑇, 𝑃, 𝑥) =  𝜇𝑠𝑜𝑙𝑖𝑑(𝑇, 𝑃)        (1.2.1) 

Where, 𝜇(𝑇, 𝑃, 𝑥) is the chemical potential of the solvent in the solution, 𝜇𝑠𝑜𝑙𝑖𝑑(𝑇, 𝑃) 

is the chemical potential of the pure solid (as the solid is pure, it does not depend on 

any composition variable), 𝑇 is the equilibrium temperature, i.e., the freezing point 

of the solution, and 𝑥 is the mole fraction of the solvent in the solution. At constant 

pressure, the freezing point of a solution is only a function of the composition of the 

solvent.28 
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For an ideal solution, 

𝜇(𝑇, 𝑃, 𝑥) =  𝜇0(𝑇, 𝑃) + 𝑅𝑇 ln 𝑥       (1.2.2) 

Where, 𝜇0(𝑇, 𝑃) is the chemical potential of pure liquid solvent 

Replacing equation 1.2.2 in equation 1.2.1, 

𝜇0(𝑇, 𝑃) + 𝑅𝑇 ln 𝑥 =  𝜇𝑠𝑜𝑙𝑖𝑑(𝑇, 𝑃)      (1.2.3) 

∴  𝑅𝑇 ln 𝑥 =  𝜇𝑠𝑜𝑙𝑖𝑑(𝑇, 𝑃) − 𝜇
0(𝑇, 𝑃)      (1.2.4) 

∴  ln 𝑥 =  
−(𝜇0(𝑇,𝑃) − 𝜇𝑠𝑜𝑙𝑖𝑑(𝑇,𝑃))

𝑅𝑇
       (1.2.5) 

As,  𝜇0(𝑇, 𝑃) is the chemical potential of pure liquid solvent, 𝜇0(𝑇, 𝑃)  −

 𝜇𝑠𝑜𝑙𝑖𝑑(𝑇, 𝑃) =  ∆𝐺𝑓𝑢𝑠𝑖𝑜𝑛, where the ∆𝐺𝑓𝑢𝑠𝑖𝑜𝑛 is the free energy of fusion of the pure 

solvent.28 

Then equation 1.2.5 becomes,  

ln 𝑥 =  
−∆𝐺𝑓𝑢𝑠𝑖𝑜𝑛

𝑅𝑇
         (1.2.6) 

To discover how 𝑇 depends on 𝑥, we evaluate (
𝜕𝑇

𝜕𝑥
) at constant P, 

∴
𝜕

𝜕𝑥
(ln 𝑥) =  

𝜕

𝜕𝑥
 [(

−∆𝐺𝑓𝑢𝑠

𝑅𝑇
)]

𝑃
       (1.2.7) 

∴
1

𝑥
= −

1

𝑅
 [

𝜕

𝜕𝑇
(
−∆𝐺𝑓𝑢𝑠

𝑇
) (

𝜕𝑇

𝜕𝑥
)]

𝑃
       (1.2.8) 

From Gibbs-Helmholtz equation, 

[
𝜕

𝜕𝑇
(
∆𝐺

𝑇
)]

𝑃
= −

∆𝐻

𝑇2
         (1.2.9) 

Then equation 8 becomes, 

1

𝑥
= −

1

𝑅
[−

∆𝐻𝑓𝑢𝑠

𝑇2
] (

𝜕𝑇

𝜕𝑥
)
𝑃

        (1.2.10) 
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1

𝑥
= 

∆𝐻𝑓𝑢𝑠

𝑅𝑇2
(
𝜕𝑇

𝜕𝑥
)
𝑃

         (1.2.11)

                                             

∆𝐻𝑓𝑢𝑠 = the heat of fusion of the pure solvent 

Rearranging and integrating the equation 1.2.11, 

∫
𝑑𝑥

𝑥

𝑥

1
= ∫

∆𝐻𝑓𝑢𝑠

𝑅𝑇2

𝑇

𝑇0
 𝑑𝑇        (1.2.12) 

When, 𝑥 = 1, the solution is only pure solvent and 𝑇0 is the freezing point of the 

pure solvent. 

Then the equation 1.2.12 becomes, 

ln 𝑥 = −
∆𝐻𝑓𝑢𝑠

𝑅
(
1

𝑇
−

1

𝑇0
)        (1.2.13) 

ln 𝑥 =
∆𝐻𝑓𝑢𝑠

𝑅
(
1

𝑇0
−

1

𝑇
)        (1.2.14) 

The ideal Solid-Liquid phase diagram for mixtures at different compositions can be 

determined using Equation 14.26,28,29  
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Scheme 1.2.1.: Schematic representation of a simple ideal eutectic mixture (cyan) and a deep 

eutectic mixture (green) of constituents A and B. 𝑇𝑓,𝐴 and 𝑇𝑓,𝐵 are the freezing points of pure 

A and pure B. In the case of deep eutectic solvent, the depression of the freezing point (∆𝑇𝐷𝐸𝑆) 

should be higher than the ideal eutectic mixture (∆𝑇𝐸). 

 

Eutectic mixtures are characterized by a decrease in melting points. When two 

compounds mix, it leads to a eutectic point. The ideal phase diagram for such a 

system is V-shaped rather than a straight line between the melting points of the pure 

compounds (just a linear combination of the melting points of the two pure 

constituents, see scheme 1.2.1).26,29 This V-shape captures the natural melting point 

depression of the components, signifying an ideal eutectic solvent. By comparing 

the calculated ideal phase diagram with experimental data, one can assess the 

system's behavior. If the experimentally observed melting temperatures are 

significantly lower than those predicted by the ideal model, the mixture qualifies as 

a deep eutectic solvent (DES).26,29  

DESs differ from ordinary eutectic mixtures by showing stronger interactions 

between their components, leading to a greater drop in melting points than the ideal 

eutectic point.26,29 This negative deviation from ideal thermodynamics (see scheme 

1.2.1) makes a DES “deep”. 

 

1.2.3. Common Misconception regarding DESs 

A common misconception is that DESs are a type of ionic liquid. However, Abbott 

et al. clarified that DESs, and ionic liquids are fundamentally different.19 DESs are 

mixtures, whereas ionic liquids are pure compounds. Even cholinium chloride 

(commonly referred to as choline chloride) salt, a common component in DESs, does 

not qualify as an ionic liquid despite being made of ions.19,26 
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Although the most common description of DESs is that they are simply mixtures of 

hydrogen bond donors (HBDs) and acceptors (HBAs), a small clarification is 

required. The acidity differences between the constituents must be small; so that no 

proton transfer occurs and forms a protic ionic liquid in place of DESs.26 Smith et 

al. described DESs in their review article as “DESs are systems formed from a 

eutectic mixture of Lewis or Brønsted acids and bases which can contain a variety 

of anionic and/or cationic species”.19 This means that not all HBD-HBA mixtures, 

rather specific acidity differences between constituents enable hydrogen bonding 

without forming protic ionic liquids, qualify as DESs.26 Also, the acids and bases 

must interact in such a way that the melting point drops significantly (negative 

deviation) beyond what would be predicted if the mixture behaved ideally.26 

 

1.2.4. Properties of DESs 

Several key features of DES make this solvent a potential game changer in the field 

of chemistry and biology.  

(i) Significant melting point depression: Because of the significant depression in 

the melting point, most of the deep eutectic solvents remain liquid over a long range 

of temperatures, especially at room temperature which makes the applicability of 

DESs wider.19,25 

(ii) Greenness and biodegradability: Many of the DESs are composed of naturally 

occurring, biodegradable compounds such as choline chloride, urea, sorbitol, 

sucrose, etc. The non-toxic and ability to break down into environmentally benign 

byproducts make DESs a sustainable and green option of chemistry.22,24 

(iii) Easy and atom-economic synthesis: Simple mixing and heating of 

an appropriate amount of components can make DES, which makes the synthesis 

straightforward and atom-economic. However, ionic liquid preparation requires 

complex synthesis and purification.30 
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(iv) Tunability: The most appealing feature of DESs is their tunability. By adjusting 

the mole fractions of HBD and HBA, or by varying the types of components used, 

DESs can be customized to achieve desired solvent properties such as polarity, 

viscosity, and thermal stability.19,25,31,32 Also, note that the idea of DESs shouldn't 

be limited to fixed ratios of HBD and HBA like 1:2, 1:1, etc. Instead, users should 

be able to adjust the composition of the solvent to achieve the best performance.26 

(v) High Solubilization Capacity: Depending upon the chemical nature of the 

constituents, DESs can dissolve a wide range of substances, including polymers, 

organic compounds, and metal salts, which makes them useful in diverse fields such 

as chemical synthesis, biocatalysis, and pharmaceuticals.33,34 

(vi) Safety and Stability: DESs are non-volatile, non-flammable, and also stable both 

thermally and chemically. This makes them safer for handling, storage, and 

transport, and ideal for high-temperature or harsh chemical processes like catalysis 

and metal extraction, where traditional solvents may fail.19,33 

(vii) Biocompatibility: DESs are particularly attractive in biocatalysis due to their 

ability to maintain the activity and stability of enzymes. In many cases, enzymes 

exhibit increased stability and activity in DESs compared to traditional solvents.23,35–

42 

(viii) Molecular Heterogeneity of DESs: DESs have been extensively characterized 

to exhibit notable spatial and dynamic heterogeneity at the molecular level, where 

distinct microenvironments arise due to specific interactions between hydrogen bond 

acceptor (HBA) and donor (HBD).43–50 

In one of the chapters, I have identified molecular heterogeneity of the DES; I will 

be discussing a little bit about heterogeneity here, and then go into the discussion of 

protein behaviour in DESs and hydrated DESs. 

 

1.2.5. Molecular Heterogeneity of DESs 
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The presence of molecular-level heterogeneity has been identified as an intriguing 

feature of DESs.43–50 Heterogeneity refers to diversity or difference within a system 

where not all molecules experience the same environment. This is easily observed 

in mixtures of two solids, but within complex media like liquids, heterogeneity is 

less perceptible at a macroscopic level. Although most solvent systems appear 

homogeneous, molecular-level studies often reveal a heterogeneous environment 

where molecular interactions and forces vary locally.51–53 This variation stems from 

force imbalances among molecules due to differences in local interactions. However, 

confirming the presence of heterogeneity in a system depends strongly on the time 

and length scale of observation. Most systems will reveal heterogeneity at an atomic 

scale, yet as the observation scale increases, such heterogeneity becomes “smeared 

out” and appears homogeneous. 

At the molecular level, heterogeneity becomes essential for understanding chemical 

and biological systems, from solvents to cells and from nanoparticles to bulk 

solids.47,54–56 Generally, in literature, one encounters two terms of heterogeneity, 

namely spatial and dynamic heterogeneity.51,57 The first one refers to variations in 

molecular arrangements within a DES, forming distinct microdomains or regions 

where the composition and interactions of molecules differ (see scheme 1.2.2).58 The 

dynamic heterogeneity pertains to variations in molecular motion and relaxation 

rates across different regions of a DES (see scheme 1.2.2).58 If there is heterogeneity 

in dynamics, there must be a difference in structure51,57, whether we can observe it 

or not and that is why spatial and dynamic heterogeneity is mainly used in literature 

as per the methods of observation. Basically, if one can observe heterogeneity in the 

system through some dynamical measurement, then it is called dynamic 

heterogeneity and similarly spatial heterogeneity. 

 



56  Chapter-1 

Scheme 1.2.2. (a) Illustration of a homogeneous solvent medium, where all areas have an 

identical relaxation rate, τ₁, (b) Representation of dynamic heterogeneity, showing Regions B 

and C with distinct relaxation times (τ₂ and τ₃) compared to the rest of the medium (Region A 

with τ₁), (c) Depiction of spatial heterogeneity, with boundaries indicating separate dynamic 

regions. Dynamic heterogeneity suggests that structural differences exist across regions, 

regardless of whether they are directly observable. This figure has been reprinted from the 

reference 58. 

 

The go-to technique for detecting spatial heterogeneity in a system is steady-state 

fluorescence-based red edge excitation shift (REES), because of its easy 

instrumentation and wide availability.59–61 Generally, the emission maxima or the 

quantum yield do not depend upon the excitation wavelength.62 However, if a 

heterogeneous distribution of the excitation and emission energy of the indicator 

fluorophore exists in a solution, excitation at different wavelengths along the 

absorption spectrum excites different subpopulations.60,61,63  

The photo-selection is possible only at the red edge because excitation at other 

positions can also access lower energy states through other transitions.60,62,63 

Individually, Galley and Rubinov, in the year 1970, first proposed this novel edge 

effect.64,65 Later, it was extended massively by Azumi in complex liquids and by 

Demchenko in bio-systems.66–69 To detect the spatial heterogeneity of DESs or ionic 

liquids, REES has been extensively used previously.45,50,59,70–73 

On the other hand, viscosity decoupled dynamics has been taken as a measure of 

dynamic heterogeneity.43–45,71,72,74–82 Generally, any dynamics in a media should 

follow the media viscosity. The translational dynamics and rotational dynamics 
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depend on the medium’s viscosity in a linear manner according to the Stokes-

Einstein (SE) and Stokes-Einstein-Debye (SED) relationships, respectively.58 

𝐷𝑇 =
𝑘𝑇

6𝜋𝜂𝑟
         (SE relation) 

𝐷𝑅 =
𝑘𝑇

8𝜋𝜂𝑟3
         (SED relation) 

Here, 𝐷𝑇 and 𝐷𝑅 are the translational and rotational diffusion coefficients, 𝑘 is the 

Boltzmann constant, 𝜂 is the viscosity of the medium, 𝑇 is the system’s temperature, 

and 𝑟 is the radius of the molecule considering the sphere. As diffusion coefficients 

are inversely proportional to the associated relaxation time, it can be linked as 

𝜏𝑇 𝑜𝑟 𝑅 ∝
𝜂

𝑇
 

Taking log on both sides,  

 log(𝜏𝑇 𝑜𝑟 𝑅) = log (
𝜂

𝑇
) + log𝐶;        (1.2.15) 

where 𝐶 =
6𝜋𝑟

𝑘
 𝑜𝑟 

8𝜋𝑟3

𝑘
 

 The relation of dynamics with viscosity is generally expressed in a log-log plot of 

𝜏𝑇 𝑜𝑟 𝑅 and 
𝜂

𝑇
, producing a straight line with a unitary slope. 

Now, if the dynamics depend on the media viscosity fractionally, then 

𝜏𝑇 𝑜𝑟 𝑅 ∝ (
𝜂

𝑇
)
𝑝

         (1.2.16) 

∴ log(𝜏𝑇 𝑜𝑟 𝑅) = 𝑝 log (
𝜂

𝑇
) + log𝐶      (1.2.17) 
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Scheme 1.2.3. (a) Illustration of the log-log plot of relaxation time (𝜏𝑇 𝑜𝑟 𝑅) vs temperature 

reduced viscosity (
𝜂

𝑇
). The deviation of the slope from unity basically implies the presence of 

dynamic heterogeneity in the system. 

 

The slope is now denoted as  𝑝. A value of 𝑝 = 1 will mean the dynamics strictly 

follow the media viscosity in a Stokes-Einstein manner. However, 𝑝 ≠ 1 indicates 

that the system no longer adheres to the Stokes-Einstein (SE) or Stokes-Einstein-

Debye (SED) relationship, signifying that diffusion is no longer directly coupled 

with the media viscosity (Scheme 1.2.3).58 This phenomenon, known as viscosity 

decoupling, is considered the key indicator of dynamic heterogeneity in the system. 

Biswas and Co-workers and, subsequently, many other research groups over time 

identified DESs and hydrated DESs as a dynamically heterogeneous 

medium.43,44,50,71,72,74–78,82 

Although DESs are proven to be heterogeneous by different studies, there has been 

almost no effort to understand the implications of this heterogeneity in other DES-

related studies, especially in protein behavior in DESs. 

 

1.2.6. Applications of DESs in Various Fields 
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By offering advantages over conventional organic solvents, DES has gained 

recognition as a promising green solvent. A quick search on Scopus with the 

keyword “deep eutectic solvent” reveals rapid growth in DES-related research, with 

a high surge in the last 5-6 years (See Figure 1.2.1a). There are many extensive 

review articles enlisting various applications of DESs and out of the scope of this 

thesis.19,20,25,33,83,84 Over the last decade, DESs has garnered substantial attention in 

biocatalysis, recognized as a potential game changer due to its tunability and 

exceptional ability to maintain protein stability and activity (See Figure 

1.2.1b).18,21,23,36,85 

 

 

Figure 1.2.1. Number of research articles published each year involving deep eutectic solvents 

(Source Scopus; Date: 25 April 2025; with Keywords: (a) TITLE-ABS-KEY (“deep eutectic 

solvents”), (b) TITLE-ABS-KEY (“deep eutectic solvents” AND “protein” OR “enzyme”). 

 

Here, I will try to very briefly discuss some of the applications of DESs and then 

elaborate on the enzyme behaviour in DESs, as that is the primary topic of my thesis. 

 

❖ DESs as reaction media: The most extensive use of DESs was as a reaction 

media. Many organic reactions, like esterification, polymerization, oxidation, 

coupling, etc., have been successfully carried out even with better efficiency 
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and selectivity in DESs.86–89 A recent review article by Hooshmand et al. 

compiled many cross-coupling reactions along with popular name reactions 

in DES media and tried to relate the efficiency of the reactions to the nature 

of DESs.90 Other articles are available in the literature reporting different 

classes of organic reactions in DESs.86–89 Apart from organic reactions, DESs 

are becoming a popular choice for nanoparticle synthesis media.91,92 One of 

the difficult tasks in the case of nanoparticle synthesis is the shape control, 

which has been done by Liao et al. by employing DES as a solvent.91 More 

interestingly, they have achieved size control as well just by controlling the 

amount of water in the media. 

 

❖ DESs as extraction media: In recent times, DESs have shown significant 

potential in various extraction processes. In desulfurization, DESs like formic 

acid and tetrabutyl ammonium bromide effectively remove sulfur compounds 

from fuels, offering a more efficient method than traditional approaches.93,94 

DESs have been successful in metal extraction, like recovering metals such 

as cadmium from rice flour and enhancing lithium extraction.95 DESs have 

also demonstrated efficiency in water purification, extracting micropollutants 

and heavy metals to provide cleaner water.96–98 More importantly, DESs 

outperform conventional solvents in the extraction of bioactive molecules like 

flavonoids, alkaloids, artemisinin, etc., from natural sources and keep the 

biomolecules stable therein.99–102 

 

❖ Greenhouse gas absorption: Many DESs offer a promising solution for 

capturing greenhouse gases such as SO₂ and CO₂ due to their ability to form 

strong interactions with these gases.103–107 Studies have shown that DESs with 

appropriate hydrogen bond donors and acceptors can efficiently absorb CO2, 

with potential applications in carbon capture and storage technologies.104–106 

The tunability of DESs allows for the optimization of gas absorption capacity, 
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making them a viable alternative to conventional amine-based CO₂ capture 

solvents.108 

 

❖ DESs in electrochemistry: DESs have gained attention in electrochemistry 

as both solvents and electrolytes, owing to their high ionic conductivity and 

ability to dissolve a wide range of electrolytes.19,109,110 They are used in 

batteries, supercapacitors, and energy storage devices, where high ion 

concentration and stability are critical.111–114 For example, DESs have been 

used to improve the performance of lithium-ion batteries and supercapacitors, 

showing enhanced electrochemical properties and better thermal stability 

compared to traditional electrolytes.111,112,115 

 

❖ DESs as biocatalytic media: DESs provide a unique environment that 

stabilizes enzymes and maintains their activity, making them suitable media 

for enzymatic reactions.16,18,21,23,116  Generally, water, due to its poor solubility 

towards organic solvents, limits the scope of biocatalysis. On the other hand, 

organic solvents, in most cases, fail to retain the enzymes in their functional 

state. DESs enable reactions that are difficult to perform in water or organic 

solvents. Gorke et al., for the first time, used lipase enzyme for the 

esterification reaction in deep eutectic solvents, which started biocatalysis in 

DESs.117 Later, many groups reported that enzymes such as lipase and 

protease exhibited increased stability and activity in DESs compared to 

traditional solvents.36,37,39,41,118–123 This opens new possibilities for industrial 

biocatalysis, where enzyme-driven reactions can be performed more 

efficiently and sustainably, employing DES according to requirements. 

Consequently, growing interest in biocatalysis in DES is clearly visible in the 

increasing number of publications with time (See Figure 1.2.1b). 

In my thesis, I have worked mainly on the enzymatic behaviour in DESs and 

tried to provide a physical insight into what actually controls the behaviour. 
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The following section provides an in-depth analysis of protein behavior in 

both neat and hydrated deep eutectic solvents. 

 

❖ Other uses: Apart from that, DESs are explored in drug delivery systems for 

better solubility of poorly soluble drugs.124–126 Their potential extends to 

material science, such as biodegradable polymers and sustainable materials, 

owing to their tunable, non-toxic, and biodegradable properties.127–130 

 

1.2.7. Current Understanding of Protein Behaviour in DESs: 

As discussed in the previous section, DES has been increasingly identified as a 

potential biocatalytic medium due to its novel characteristics such as tunability, 

greenness, and non-denaturant nature.19,25,30 DES serves as an alternative media, 

offering unique interactions that may stabilize the protein and/or retain protein 

activity under certain conditions. The study of protein behavior in deep eutectic 

solvents (DES) focuses mainly on how these solvents interact with and influence 

protein stability, structure, and function. Some recent review articles have tabulated 

almost all the important studies related to DES and protein behavior.23,116,131 Here, I 

will only give a list of some important studies along with the most recent reports, 

which will provide an overview and current understanding of the field.  
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Table 1.2.1. Modulation of protein stability and activity in the presence of DES or 

hydrated DES. The references provided are not exhaustive, and numerous additional 

examples exist in the literature. 

Protein DES Stability Activity Year 

(ref) 

Lipase Choline chloride 

(ChCl): 

urea/glycerol (Gly) 

Long-term 

stability in both 

choline chloride-

urea and glycerol 

DES.  

high activity and 

selectivity in 

choline chloride 

urea and glycerol 

DES  

2012119 

Lysozyme  ChCl: urea/Gly Glycerol-based 

DES stabilized, 

but urea-based 

DES destabilized 

the protein 

Activity decreased 

in neat DES and 

was restored with 

buffer dilution. 

2013132 

Lipase ChCl: urea/Gly DES act as the 

media for the 

enzymatic 

reaction and kept 

the enzyme stable 

Activity of the 

enzyme increased 

in hydrated DES 

than the neat DES. 

201341 

Lipase ChCl: urea Show good 

thermal stability 

with respect to 

the constituent 

and buffer 

solution 

Retain the activity 2014133 
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Lipase 24 DES formed 

using 3 different 

molar ratios of 

ChCl, and Choline 

acetate (ChAc) with 

urea, glycerol, 

acetamide, and 

ethylene glycol 

(EG) 

Enzyme gets 

more 

stabilization in 

cholinium 

acetate-glycerol 

DES 

Activity increased 

in ChAc-glycerol 

and ethylene 

glycol DES 

201435 

Lipase Various choline 

chloride based 

binary and ternary 

DES 

half-life time of 

lipase at 40 °C in 

hydrated 

ChCl:glycerol 

was enhanced, 

also some DESs 

provided acid and 

base stability. 

activity of lipase in 

hydrated 

ChCl:urea:glycerol 

DES was 155% 

higher than that in 

buffer. 

2016134 

Lysozyme Trehalose (Tre): 

ChCl in different 

molar ratios 

Stability 

increased 

dramatically in 

the presence of 

75% (w/w) Tre: 

ChCl(1:3) DES 

- 201738 

Lysozyme, 

bovine 

serum 

albumin 

(BSA) 

ChCl: Gly/urea No improvement 

of thermostability 

for both the 

proteins. The 

partially folded 

Neat DES reduces 

the activity. 

Hydrated DES 

restore the 

enzymatic activity. 

2017135 
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state to more 

compact native 

like state 

transition occurs 

with water 

addition in neat 

DES. 

Lipase ChCl and N,N-

diethyl ethanol 

ammonium chloride 

(EAC) based DES 

ChCl based DESs 

were superior 

to EAC based 

DESs. DESs 

showed long term 

thermal and 

storage stability. 

lipase activity was 

enhanced in 

hydrated DES, 

with the highest 

activity observed 

in hydrated 

ChCl:EG DES. 

2017136 

Lipase Various choline 

chloride based 

binary and ternary 

DES 

ChCl : glycerol : 

EG (1 : 1 : 1). 

Showed the 

highest enzyme 

stabilization 

ChCl–urea–

formamide (1 : 1 : 

1) showed the 

highest catalytic 

activity 

2019137 

Lysozyme ChCl:Urea Protein partially 

unfolds in both 

neat and hydrated 

DES, with the 

lowest stability at 

50% (w/w) DES. 

 2020138 
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Bromelain Acetamide: urea: 

sorbitol 

(0.5:0.3:0.2) 

The protein 

conformation 

becomes compact 

at low 

concentration but 

become slightly 

unfolded at 

higher 

concentration of 

DES. 

The activity is 

increased at low 

DES 

concentrations 

than buffer but 

decreases at higher 

concentrations. 

Low viscosity and 

high polarity 

influence enhance 

activity.  

202139 

Lysozyme ChCl: Polyols (Gly, 

erythritol, xylitol, 

sorbitol) and sugars 

(xylose, glucose, 

trehalose) 

All DES enhance 

thermal stability, 

which increases 

with the number 

of OH groups in 

their constituents. 

At 10% (w/w), 

activity was 

slightly increased, 

then declined with 

higher DES 

concentrations. 

2022122 

Immunoglo

bulin G 

(IgG) 

ChCl: Gly/EG/Urea All DES 

increased the 

protein’s melting 

temperature, with 

ChCl-glycerol 

showing the 

greatest effect. 

They also offered 

long-term 

stability for up to 

20 days. 

 2022139 
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BSA, 

lysozyme, 

Immunoglo

bulin G 

(IgG) 

ChCl: Gly/urea Water addition 

induces a non-

monotonic 

change in 

structure and 

stability. At <10 

wt % and >40 wt 

% H2O, the 

protein remains 

folded or 

partially folded, 

while 

intermediate 

hydration levels 

lead to unfolding. 

 2022140 

Cellulase 

and 

pectinase 

ChCl: 

urea/Gly/EG/1,2-

propanediol 

Hydrated DES 

offer greater 

thermal and 

storage stability 

than neat DES, 

though stability 

drops at very 

high-water 

content. 

The activity of the 

enzyme is retained 

in both neat and 

hydrated DES. 

2023141 

Lipase ChCl: Sorbitol(Sor)

/xylitol 

(Xyl)/Gly/EG/trieth

ylene glycol /urea 

DES introduced 

protein 

disaggregation. 

Activity increased 

18-fold in 25% 

(v/v) ChCl:Sor 

(2:1) and 10–12-

fold in ChCl:Gly 

2023142 
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(1:2), ChCl:EG 

(1:2), and 

ChCl:Xyl (2:1) 

DES. 

Beta-

lactoglobuli

n  

Betaine: Sor The thermal 

stability in DES 

is increased with 

respect to 

the buffer 

 2023143 

Cellulase ChCl: 

Gly/EG/lactic acid 

(LA) 

The thermal 

stability of the 

enzyme is 

maintained in 

ChCl-Gly and 

ChCl-EG DES 

but decreases 

with an increase 

in ChCl-LA 

DES. 

Activity is 

improved in the 

presence of EG-

based DES. Also, 

both the ChCl-Gly 

and EG DES retain 

most of the 

enzyme activity at 

50 °C. 

2023144 

Trypsin Trehalose: betaine 

with different mole 

ratio (from 1:3 to 

1:9) 

Trehalose: 

betaine (1:7) 

DES improved 

the thermal 

stability of the 

enzyme. All the 

DESs gave pH 

and storage 

stability. 

All the DES 

improved the 

activity, and the 

highest was 

observed at 50 % 

(v/v) of trehalose: 

betaine (1:7) DES. 

202385 
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BSA ChCl: EG, and 

benzyltrimethyl 

ammonium chloride 

(BTAmCl):EG 

While a small 

amount of 

BTAmC:lEG 

fully unfolds the 

protein, it 

remains only 

partially unfolded 

even at high 

ChCl:EG DES 

concentration. 

 2023145 

ω-

Transamina

ses (ω-TAs) 

10 different ChCl-

based DESs (with 

urea, EG, Gly, etc.) 

ChCl: EG:1,2-

propanediol DES 

improves the 

stability most 

the alcohol-based 

DESs (containing 

glycerol, ethylene 

glycol (EG) and 

1,2-propanediol 

(PG)) as HBDs 

were more potent 

in enhancing the 

activity of the 

enzyme relative to 

the buffer. 

2023146 

Ubiquitin Betaine-Gly-water DES slowed 

protein torsional 

dynamics, 

stabilizing the 

structure and 

revealing a non-

monotonic 

folding pattern 

 2024147 
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with changing 

water content. 

Lysozyme  Hybrid Ionic Fluid 

(HIF) with ChCL: 

Gly  (1:2) DES + 1-

Butyl-3-

methylimidazolium 

chloride (BMIM-

Cl) or Choline 

Acetate (Chn-Ac) 

ionic liquids. 

Stabilization 

was observed 

with both DES 

and HIFs; 

Choline Acetate-

based HIF shows 

higher 

stabilization than 

BMIM-Cl. 

Choline Acetate-

based HIF 

improves 

enzymatic activity 

after incubation; 

BMIM-Cl shows 

gradual 

improvement over 

time 

2024148 

Lysozyme  Hybrid Ionic Fluid 

(HIF) with Choline 

chloride: Malonic 

acid (1:2) + BMIM-

Cl and Chn-Ac  

ionic liquids. 

Stabilization 

was observed 

with both DES 

and HIFs. 

Choline Acetate-

based HIF shows 

higher 

stabilization than 

the other. 

Choline Acetate-

based HIF 

improves 

enzymatic activity 

more than the other 

HIF. 

2024149 

β-

Glucosidase

s 

Betaine-Gly Stability 

enhanced in the 

presence of DES. 

The activity of the 

enzyme increases 

with the increase 

of 𝐾𝑚 and 𝑉𝑚𝑎𝑥 of 

the enzyme 13.2% 

and 57.9%, 

respectively. 

2024150 
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Peroxidase 

 

Betaine: sucrose: 

water (2:1:10), and 

betaine: trehalose: w

ater (4:1:14)  

Both DESs 

stabilized the 

enzyme and 

retain activity at 

75 ℃ and 80 ℃. 

The activity of the 

enzyme enhanced 

in presence of both 

DES. 

2024151 

Lipoxygena

se 

Betaine:Sor:water 

(1:1:3) [BetSorW], 

Betaine 

Glycol (1:3) 

[BetGly] 

Enhanced 

thermostability at 

60°C with 

BetSorW but 

minimal 

improvement 

with BEtGly. 

Activity increased 

35% with 

BetSorW and 40% 

with BetGly. 

2024152 

Lipase A ChCl:acetamide, 

ChCl: EG 

Improved 

thermostability 

observed in both 

DES. 

Up to 10-fold 

increase in 

catalytic efficiency 

(
𝑘𝑐𝑎𝑡

𝐾𝑚
⁄ ) for a 

variant in 30 % 

(v/v) ChCl-

acetamide; and 

4.1-fold increase in 

95 % (v/v) ChCl: 

ethylene glycol. 

202437 

Uricase Sucrose: fructose: 

Gly (2:2:4 weight 

ratio) 

At 5% (v/v) of 

DES, both the 

enzyme half-life 

and the 𝑇𝑚 

increases. 

At 5% (v/v) of 

DES, substrate 

binding affinity 

and substrate 

2025153 
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specificity of the 

enzyme enhanced. 

Lysozyme ChCl: Gly (1:2) Lysozyme shows 

non-monotonic 

size changes, the 

radius of gyration 

(Rg) increases 

with water up to 

40 wt.%, then 

gradually 

decreases upon 

further dilution. 

 2025154 

α-

chymotryps

in 

ChCl or betaine 

with Gly or Sor 

The thermal 

stability 

enhanced with 

increasing 

concentration of 

the DESs, with 

highest observed 

with ChCl-

Sorbitol. 

Activity was 

improved in ChCl 

based DESs. 

2025155 

Treebean 

seed protein 

ChCl:Gly/ 

Sor/glucose/ 

sucrose/fructose 

Highest thermal 

stability was 

observed in 

Sorbitol 

containing DES. 

Activity was also 

improved in 

sorbitol-based 

DES 

2025156 
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The behavior of many proteins in the presence of different DESs are listed in Table 

1.2.1, and the effects are not very generalized. In some cases, a DES shows some 

positive impact on protein stability and function, and the same DES can show a 

deleterious effect on another enzyme. For instance, while enzymes like lipase118,134 

and α-chymotrypsin42, and IgG (Figure 1.2.2b)139 show improved thermal stability 

in choline chloride–urea DES, lysozyme appears destabilized in the same solvent 

system.122,132,138 On the other hand, different DESs impact the protein differently: 

glycerol-based DESs generally stabilize lysozyme, whereas urea-based DESs often 

lead to destabilization, especially at high concentrations.122,132,138 Kist et al. have 

also shown the deleterious effect of choline chloride-urea DES and the positive 

effect of choline chloride-glycerol, respectively, taking RNase A as the enzyme 

(Figure 1.2.2a).157 The thermal stability of 𝛼-chymotrypsin was retained or increased 

in almost all choline chloride and betaine-based DES (Figure 1.2.2c).42,155 However, 

DES's concentration-dependent behavior on protein has been found in some cases. 

For example, α-chymotrypsin exhibits optimal stability at moderate ChCl-Urea DES 

concentrations (up to 0.25 g·mL⁻¹) but shows decreased stability at higher DES 

concentrations.42 The most used enzyme in DES is lipase, which demonstrates 

enhanced stability and activity in choline chloride-based DESs, particularly those 

combined with glycerol or urea, and the effect is more pronounced in hydrated forms 

of DES.40,41,118,119,133,134,136,137,158–162 Due to providing enhanced thermal stability, 

DESs, especially choline chloride-based DESs, have been used as long-term storage 

media for enzymes and other sensitive biomolecules.139,163,164 
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Figure 1.2.2. Some representative examples of enzyme thermal stability in different DES from 

earlier reports. The name of the enzyme and the DES are mentioned in the plot itself. Note that 

glyceline, ethaline, and reline are the common names of the choline chloride (ChCl)-glycerol 

(1:2), ChCl-ethylene glycol (EG) (1:2), and ChCl-urea (1:2) DES, respectively. These figures 

are represented from the references 139,155,157. 

 

The enzymatic activity in DES also varies in a DES and protein-specific manner. 

Neat DES formulations often show limited or reduced enzyme activity, which can 

be restored or enhanced upon dilution with water or buffer.41,118,132,135,136 The water 

dilution effect is also not very monotonous; recent studies show the optimal water 

concentrations for hydrated DES being used as an efficient biocatalytic 

medium.37,85,140,153 A very recent study deciphered that very low concentrations of 

DES even increased the enzymatic activity compared to buffer (Figure 1.2.3b).165 

Toledo et al., in their recent study, evaluated 16 different deep eutectic solvents 

(DES) formed by combining various hydrogen bond donors—choline chloride 

(ChCl), choline dihydrogen phosphate (ChDHP), choline dihydrogen citrate 

(ChDHC), and betaine (Bet)—with hydrogen bond acceptors such as ethylene glycol 

(EG), glycerol (Gly), erythritol (Ery), and xylitol (Xyl).36 Their findings revealed 

that nearly all the DES preserved laccase activity, with the highest activity observed 

in hydrated ChDHP:Xyl DES. Notably, the activity showed a positive correlation 

with the increasing number of hydroxyl groups in the polyol component (Figure 

1.2.3a).36 Similar to stability, concentration-dependent activity reversals have been 
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reported for cytochrome c in multiple DESs, including choline chloride-based 

systems with ethylene glycol, glycerol, and urea.166  

 

 

Figure 1.2.3. Some representative examples of enzyme activity in different DES from earlier 

reports. The name of the enzyme and the DES are mentioned in the plot itself. These figures 

are represented from the references 36,165,166. 

 

DES formulations with betaine and polyols, such as glycerol, have shown promising 

thermal stability in proteins like peroxidase, laccase, and β-glucosidases, with 

activity improvements following rehydration, which also highlights the role of 

the presence of water for biocatalysis (Figure 1.2.4a).120 Sun et al. recently reported 

the enzymatic activity of cytochrome p450 is influenced by the physical properties 

like viscosity, density, and surface tension of the hydrated DES media (Figure 
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1.2.4b).121 Proper control experiments with the individual constituents in many 

studies of the DES further signify the role of DES and hydrated DES (Figure 1.2.3c 

and 1.2.4c).35,166 

 

Figure 1.2.4. Some representative examples of enzyme activity in different DES from earlier 

reports. The name of the enzyme and the DES are mentioned in the plot itself. These figures 

are represented from references 35,120,121. 

 

Although not included in this thesis, one of my earlier studies serves as a 

foundational point for the present thesis and warrants mention. In that study, we 

investigated the behavior of the enzyme bromelain in a novel hydrated DES 

composed of acetamide, urea, and sorbitol (0.5Ac/0.3Ur/0.2Sor), marking one of the 

first explorations of protein function in a non-ionic DES system.39 We correlated 

bromelain’s proteolytic activity with both intrinsic protein characteristics and the 

physical properties of the hydrated DES medium. Our findings revealed that 

compact protein conformation and flexibility at the active site enhance enzymatic 

activity (Figure 1.2.5).39 Additionally, media with higher polarity and lower 

viscosity were found to be more conducive to activity (Figure 1.2.5).39 This study 

offered mechanistic insight into how enzymatic performance is jointly governed by 

protein structure and solvent properties, providing valuable guidelines for the 

rational design of DESs as efficient biocatalytic platforms. 
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Figure 1.2.5. A more compact structural conformation, higher active-site flexibility, lower 

viscosity, and higher solvent medium polarity are found to facilitate enzymatic activity of 

bromelain in a hydrated 0.5Ac/0.3Ur/0.2Sor DES.39. 

 

Interesting recent examples reveal advancements with hybrid ionic fluids (HIFs), 

where DESs are combined with ionic liquids to further stabilize enzymes under 

stress conditions.148,149 For example, choline acetate-based HIFs demonstrate 

superior stability and activity in lysozyme and lipase, even at higher temperatures or 

in extreme pH conditions.148,149 

However, most of these studies rely on getting a positive result by choosing a pair 

of DES and protein. The choices are also getting biased by the availability of the 

proteins and DES constituents. A logical way forward in this field is very much 

missing because of the lack of mechanistic studies. 

 

1.2.8. Knowledge Gaps in Protein Behavior in DES Systems: 

Despite a significant upsurge in the number of reports deciphering protein and 

enzyme behavior in deep eutectic solvents (DES), there are still several gaps in the 

understanding of protein stability and activity in DES and hydrated media that need 

to be addressed: 

1. Limited knowledge of mechanistic interactions: While many studies 

demonstrate changes in stability and activity, the underlying mechanisms 
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through which DES and its components interact with proteins and influence 

structure, stability, and function are very limited. More in-depth mechanistic 

studies are necessary to elucidate these interactions at the molecular level. 

2. Bridging Molecular Insights of DES to Enzyme Behavior: The synthesis 

and measurement of the physical properties of deep eutectic solvents (DES) 

have been extensively documented, alongside studies on their structural 

dynamics and the molecular-level heterogeneity in DES and hydrated DES 

systems. While these properties are supposed to significantly influence 

enzyme behavior in DES, there has been little to no effort in correlating these 

findings to derive a comprehensive mechanistic understanding of enzyme 

behavior within these systems. Establishing such connections could provide 

critical insights into the interplay between DES properties and enzymatic 

behaviour, offering a pathway for advancing DES applications in biocatalysis. 

3. Hydration dynamics and optimal hydration levels: Although it is 

axiomatic that the water which is in direct interaction with the enzyme (known 

as associated water) plays a critical role in influencing enzyme stability and 

function. Even in many reports regarding protein behavior in DES, it is found 

that an optimum amount of water is necessary for protein function, indicating 

the crucial role of water. However, there are no experimental studies reporting 

the hydration dynamics of a protein in DES and hydrated DES.  A deeper 

understanding of hydration dynamics might lead to better control over 

enzyme behavior in DES. 

4. Variability across protein-DES types: Observations show that the effects of 

DES are highly variable depending on the protein. For instance, the same DES 

may stabilize one protein but destabilize another. The factors to generalize 

DES applications for different proteins are necessary. 

Addressing these gaps will be essential to fully harness the potential of DES as a 

versatile medium for protein stabilization and catalysis, paving the way for both 
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fundamental scientific advancements and practical applications in biotechnology 

and industry.  

In my thesis, I have extensively used the associated water dynamics of proteins and 

tried to provide mechanistic insight into why proteins remain stable and active in 

DES or hydrated DES systems. 

 

1.2.9. Objective of the Thesis:  

Traditionally, deep eutectic solvents (DESs) have been thought to stabilize proteins 

primarily through specific interactions between their components and the protein's 

amino acid residues. These interactions, particularly hydrogen bonding and ionic 

forces, are believed to reduce electrostatic repulsion among charged residues, thus 

promoting the maintenance of a near-native structure. Several studies have explored 

how the nature of DES components and the strength of their intermolecular 

interactions influence the structural integrity and functional characteristics of 

various proteins. Recently, Sun et al. demonstrated that the physical properties of 

DES, such as viscosity, density, and refractive index, can modulate both the catalytic 

efficiency and thermal resilience of enzymes like cytochrome P450.121 Our own 

previous work with bromelain further emphasized that protein behavior, including 

hydrodynamic radius and internal mobility, is closely tied to the physicochemical 

properties of the DES medium, particularly its polarity and viscosity.39 Moreover, 

DESs are frequently proposed to form a protective shell around proteins, offering 

resistance to thermal denaturation. 

However, such generalizations do not fully explain the diverse and sometimes 

contradictory effects observed across different enzymes, DES types, and DES 

concentrations. 

A careful introspection into the previous literature reveals that enzymes in hydrated 

DES show superior stability and activity compared to the neat DES. Water is 
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universally recognized as indispensable in biological function. Water in the 

immediate vicinity of the protein surface (commonly termed associated or biological 

water) is believed to govern the protein’s stability and activity. For instance, 

terahertz spectroscopy studies by Heyden et al. revealed that less flexible hydration 

water in the presence of disaccharides correlates with greater protein stability 

compared to monosaccharides.167 Our recent research demonstrated that papain 

stability is enhanced by osmolytes that slow down water dynamics, whereas 

destabilization is linked with increased hydration mobility.168 This is consistent with 

several findings from Zewail's group and others investigating protein stability in 

crowded environments and non-aqueous solvents via molecular dynamics 

simulations and theoretical models.169–177 The general consensus is that a reduction 

in the flexibility of hydration water surrounding proteins correlates with increased 

thermal stability, while enhanced water mobility often leads to destabilization. 

Collectively, these studies underscore the pivotal role of water dynamics, 

particularly the behavior of water in the immediate vicinity of the protein, in 

regulating their behaviour in complex solvent systems. Building on this foundation, 

I propose that in hydrated DESs, it is not only the DES composition but also the 

modulation of associated water dynamics that critically influences protein stability 

and activity (scheme 1.2.4). To support the generalizability of this hypothesis, 

experiments were conducted using various enzymes and DES systems. Furthermore, 

to establish the robustness of our findings, my thesis includes a parallel investigation 

involving a well-known macromolecular crowder, Ficoll-70k. This broader 

approach demonstrates that our hypothesis concerning the modulation of associated 

water dynamics extends beyond DESs and is also applicable to systems involving 

macromolecular crowding and osmolytes. 
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Scheme 1.2.4. Aim of the thesis. Influence of associated water modulation on the modulation 

of activity and stability of the enzyme in the presence of hydrated DES. 
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1.3. Macromolecular Crowders: A Short Overview 

Most of our knowledge of biosystems comes from in vitro experiments in buffers 

maintaining the physiological pH 1. However, the intracellular environment is 

densely occupied with various biological macromolecules like proteins, protein 

complexes, nucleic acids, carbohydrates, etc 2–5. creating a crowded environment 4. 

On average, 5-40% of the cellular environment is occupied by crowders, and the 

concentration of macromolecules varies from 40 to 400 g.L–1 inside various cell 

compartments 5–7. The viscosity is typically 3-4 times higher than in dilute buffer 

solutions 8,9. The biological phenomenon inside such a crowded medium is expected 

to be different from that in a dilute buffer. It is, therefore, necessary to alter the buffer 

solution to resemble the cellular environment to understand the correct biology. 

Because of the highly intricate architecture of the cellular interior, investigating in-

cell crowding or doing in vitro research with cell extracts is difficult. Adding inert 

macromolecules like dextran, ficoll, and polyethylene glycol (PEG) can simulate 

cellular properties such as limited space and increased viscosity. These studies are 

essential for understanding the mechanism of crowding-induced alteration of 

protein’s function, structure, and dynamics 10. Every biological phenomenon (like 

structure, stability, dynamics, activity, folding, aggregation, association, binding, 

cell culture, tissue engineering, and so on) is found to be modulated in a crowded 

environment. As there are many available reviews on these topics 11–20, a very brief 

discussion on the modulation of protein stability and activity in the presence of 

crowded environments is given. 

 

1.3.1. Alteration of Protein Stability in the Crowded Milieu 

Protein stability is generally characterized as the thermodynamic stability of the 

protein. It remains stable and active in a particular conformation, known as the native 

state of the protein. Various factors are responsible for altering this specific form of 

the protein, and the ability of the protein to retain its original structural parameters 
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against disruptive forces is called its stability. The more a protein can maintain its 

specific structural motif against perturbation, the more its stability. Protein stability 

in the crowded milieu is generally explained in terms of excluded volume theory 21. 

This stems from the fact that two solutes cannot access the same space at the same 

time; thus, in the presence of macromolecular crowder, a protein can access a lesser 

volume compared to when no macromolecular crowder is present. The excluded 

volume effect, which is purely entropic, tends to shift protein unfolding toward more 

compact states, thereby promoting protein stabilization 21–23. However, instances of 

protein destabilization observed in the presence of crowding agents have prompted 

researchers to account for potential direct interactions between the crowder and the 

protein, which is enthalpic in nature and may contribute to either stabilization or 

destabilization 24–26. Overall, the stability of a protein in a crowded environment is 

now understood to result from a nuanced interplay between entropic forces and 

enthalpic interactions. The theory considering excluded volume and interaction both 

can explain most observations except a few, which will be discussed while 

discussing the unresolved aspect of protein behaviour in the crowded milieu 27–30. 

Many recent reviews have described the trends and intricate aspects of the stability 

of protein in the presence of macromolecular crowders, and it is beyond the scope 

of this thesis 14,18,20,31,32.  

In my thesis, I have tried to explain the enzymatic stability in the crowded milieu in 

terms of associated water dynamics modulation. This also fulfills the purpose of 

generalizing the role of associated water modulation in influencing protein stability 

in the presence of any additive. 

 

1.3.2. Alteration of Enzyme Activity in the Crowded Milieu 

Despite numerous reports indicating alterations of protein function in crowded 

conditions, our understanding of protein activity in such environments remains 

limited. The very first study of enzymatic reaction in the crowded milieu was done 
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in 1971 by Laurent 33. He studied three enzyme systems: (i) degradation of 

hyaluronic acid by hyaluronate lyase in the presence of PEG; (ii) cleavage of benzoyl 

DL-arginine p-nitroanilide by trypsin in the presence of HSA and (iii) lactate 

dehydrogenase reaction in the presence of dextran. He finds that in all these cases, 

both the Michaelis-Menten constant (𝐾𝑚) and turnover number (𝑘𝑐𝑎𝑡) decrease in 

the presence of crowders. In 2017, Pielak and coworkers tabulated many works on 

protein activity in the crowded milieu 34. Many reports described the activity of 

proteins in the crowded milieu. Unlike structural and stability modulation, activity 

modulation does not follow any specific trend. In some reports, the activity 

increases, whereas in some cases, the activity decreases; even in some cases, the 

activity remains unaltered 33,35–40. This is mainly because protein function typically 

involves several sequential steps, each of which can be influenced by different 

variables present in the crowded surroundings, making it difficult to pinpoint 

specific effects. 

In my thesis, I have tried to explain the enzymatic activity in the crowded milieu in 

terms of associated water dynamics modulation. 

 

1.3.3 Expanding the Hypothesis of the Role of Associated Water Beyond 

Hydrated DES 

The central focus of this thesis is to investigate protein behavior within deep eutectic 

solvents (DESs). Although numerous studies have examined the stability and 

activity of proteins in DES and hydrated DES environments, mechanistic insights 

into how these solvents influence protein structure and function remain limited. 

Drawing inspiration from earlier research, we formulated the hypothesis that 

modulation of associated water dynamics plays a critical role in determining enzyme 

stability and activity in the presence of DES. This hypothesis stems from the 

understanding that associated water (the hydration layer directly interacting with 

surface residues of proteins) can be modulated by external additives. When this 
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hydration network is perturbed, it may lead to consequential shifts in protein 

behavior, including folding, stability, and enzymatic activity. To explore this idea 

more broadly and test its generalizability beyond DES systems, we incorporated 

additional solvent environments into our investigation. In particular, I introduced 

macromolecular crowding agents into our experimental design, as these represent 

biologically relevant additives known to exert significant influence on protein 

structure and dynamics. Ficoll-70k, an inert, high-molecular-weight polymer, was 

selected for its ability to mimic the crowded cellular milieu and provide a platform 

for probing protein behavior under near-physiological conditions. 

Beyond serving as a comparative system, several intriguing observations reported in 

crowded systems, such as the emergence of a negative entropy component in protein 

stabilization and the phenomenon of entropy-enthalpy compensation, remain poorly 

explained by classical crowding theories. In light of these inconsistencies, our group 

recently proposed that changes in associated water dynamics, induced by crowding 

agents, could provide a plausible explanation.41 This perspective is supported by the 

work of the Pielak and Harries groups, who incorporated non-ideal water–crowder 

interactions along with classical excluded volume and soft chemical effects into their 

models 20,42–44. 

We hypothesized that the presence of macromolecular crowders could modulate 

both the entropic and enthalpic components of protein stability by modulating the 

associated water structure (see Figure 1.3.1). Taking human serum albumin (HSA) 

in the presence of crowding agents such as Dextran-40k, Ficoll-70k, and PEG-35k, 

we found that slower water dynamics in the presence of Dextran-40k and Ficoll-70k 

correlated with entropic stabilization but enthalpic destabilization 41. Conversely, the 

presence of PEG-35k led to more flexible hydration dynamics, resulting in the 

opposite effect 41.  

In this thesis, I went a step further to resolve the shortcomings of the previous study, 

and also tried to give a mechanistic understanding of the enzymatic activity, which 

was very limited in the literature. 
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Figure 1.3.1. Associated water dynamics might be key to protein stability in a crowded 

environment: (a) Water reorganization might be pivotal in managing protein stability in the 

crowded milieu. Any perturbation that increases the degrees of freedom of associated water 

results in a positive entropy and enthalpy change. Positive entropy change destabilizes the 

protein, whereas the positive enthalpic effect has a stabilizing impact. Similarly, when the 

degrees of freedom of associated water decreases, the protein will be stabilized by negative 

entropic change and destabilized by negative enthalpic change. One could measure the rigidity 

of associated water by solvation dynamics measurement. Faster and slower solvation dynamics 

correlate with how the distortion of associated water modulates the entropy and enthalpy 

change. This scheme has been reprinted from the reference 41. (b) Modulation of differential 

entropic and enthalpic part of thermal denaturation of HSA as a function of associated water 

dynamics modulation around HSA with various crowders (Dextran-40k, Ficoll-70k, and PEG-

35k). With an increase in the rigidity of associated water, the entropic stabilization increases 

and enthalpic stabilization decreases (J. Phys. Chem. B 2023, 127, 3151–3163). Figures a and 

b have been reprinted from the reference 41. 

 

1.3.4. Unresolved Aspects of Protein Behavior in Crowded Milieu: 

Apart from extending the hypothesis regarding the role of associated water in 

enzyme stability and activity beyond hydrated DES, it also provides insights into 

previously unexplored aspects of macromolecular crowding. Although most of the 

observations in the presence of macromolecular crowders can be explained using the 

traditional theories (Excluded volume and soft Interaction), some unresolved 

questions remain.  

Firstly, with individual recognition of entropic and enthalpic components, two 

interesting observations, namely, negative entropic component and entropy-enthalpy 
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compensation, cannot be explained by traditional crowding theory (excluded volume 

effect + interaction).  

Secondly, enzymatic activity in the crowded milieu does not follow a proper trend 

and thus remains a mostly misunderstood parameter. 

Thirdly, a concentration-dependent effect of the macromolecular crowding on the 

enzyme’s properties can be found, which was not clearly interpreted. 

Moreover, any claim cannot be true without generalizing it to different systems. 

In my thesis, taking different DESs and crowder, I have tried to provide a 

mechanistic insight into enzyme stability and activity. 
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2.1 Steady-State Absorption and Emission Spectra: 

All the steady-state absorption spectra were recorded using a Shimadzu UV-2450 

UV-visible spectrophotometer (Japan). For measuring emission spectra, a 

Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon) was used. All the emission 

spectra were corrected for the wavelength-sensitive efficiency of the detector and 

the monochromator as S1C/R1. Here, S1 is the uncorrected emission intensity, C is 

the correction factor of the monochromator and detector, and R1 is the lamp profile. 

The sample concentration was carefully adjusted to ensure that the absorbance did 

not exceed the value of 0.2, minimizing inner filter effects and self-quenching. Also, 

proper control (blank) spectra are taken and subtracted when required. In the case of 

temperature-dependent absorption/emission experiments, an external Peltier-based 

temperature controller (TCC-100, Shimadzu, Japan) with an accuracy of 0.5 ºC was 

connected to the spectrophotometer/ spectrofluorimeter. 

 

2.1.1. Estimation of Red edge excitation shift (REES)  

REES is measured by scanning emission spectra along with the absorption profile. 

The shift in the emission maxima with the change in the excitation wavelength is 

quantified as the REES (Scheme 2.1) 1,2. However, one major concern for REES is 

how much longer wavelength (red edge) one should excite so that total REES can 

be measured. Azumi et al. suggested that the absolute value of REES can be 

obtained by taking the emission spectra at very high temperatures where all the 

emissions are expected to originate from a completely solvated state 3,4. I have taken 

this approach in the case of REES measurement in DES in the absence of protein 

(Chapter 3). 
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Scheme 2.1. Quantification of REES. Measuring emission spectra by exciting at different 

wavelengths across the absorption spectrum and the shift in the emission maxima. 

 

However, this approach is not very useful for systems like proteins and micelles, as 

they can transform into different structural arrangements at very high temperatures 

5. Given this challenge, I ensured consistency throughout the experiments with such 

systems. In all experiments with protein, the emission was recorded up to ~10% of 

the absorption spectrum intensity, as data quality significantly deteriorates beyond 

this point. And this 10% threshold was set as the limit. Although changing the 

limiting range would affect the value of REES, the overall trend with respect to any 

perturbations remains consistent. 

 

2.1.2. Mechanistic Basis of REES 

The molecular origin of Red-Edge Excitation Shift (REES) lies in the heterogeneous 

distribution of excitation and emission energies of the fluorophore coupled with the 

dynamic nature of solvent-fluorophore interactions 1,2,6. In such a scenario, 

excitation at different wavelengths across the absorption spectrum selectively 

promotes distinct subpopulations of fluorophores to different excited states. Under 

red-edge excitation, fluorophores in highly solvated environments are preferentially 

excited 6. In contrast, when excitation occurs at the peak or blue edge of the 

absorption spectrum, emission from the most populated state dominates, and the 
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emission spectrum represents an average over all excited states 6. This phenomenon 

results in an excitation wavelength-dependent shift in emission maxima, known as 

REES 1,6. The occurrence of REES depends on the timescale of solvent relaxation 

relative to the fluorescence lifetime 4,6. When the stabilization of the excited state by 

the surrounding solvent occurs faster than its fluorescence lifetime (𝜏𝑆 < 𝜏𝑓), 

emission predominantly takes place from the fully solvated state, regardless of the 

excitation wavelength, and no REES is observed (Scheme 2.2). However, if solvent 

relaxation is slower than the excited-state lifetime (𝜏𝑆 > 𝜏𝑓), emission occurs before 

complete solvent stabilization, and REES can be observed (Scheme 2.2) 6. 

 

 

Scheme 2.2. Schematic representation of red edge excitation shift (REES). In a heterogeneous 

distribution of the environment around the fluorophore, photoexcitation at different 

wavelengths excites molecules to different excited states (𝑆1, 𝑆1
′ , 𝑆1

′′). (a) When the solvation 

dynamics (𝜏𝑠) is faster than the emission lifetime (𝜏𝑓), irrespective of the excitation 

wavelength, emission originates from the completely solvent-relaxed state, and emission 

maxima are independent of the excitation wavelength. Consequently, (b) no REES can be 

observed. (c) When the solvation dynamics is slower than the emission lifetime, it does not 

permit the solvent dipolar realignment before the emission, and in this case, the emission 

originates from a partially solvent-relaxed state for the high-energy excitation and a fully 

solvent-relaxed state for low-energy excitation. As a result, (d) red-shifted emission spectra 

and REES can be observed. 
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Since REES only manifests under conditions of restricted solvent mobility, it serves 

as a sensitive probe for hydration dynamics around a fluorophore 7–9. Additionally, 

changes in the magnitude of REES in the presence of an additive suggest modulation 

of solvation dynamics within the system. Specifically, increased REES indicates 

slower solvation dynamics, revealing critical insights into solvent-mediated 

interactions 9. 

 

2.2. Circular Dichroism Spectroscopy 

 Circular dichroism (CD) spectra were recorded using a commercial J-815 CD 

spectrometer (Jasco, Japan) with a 0.2 cm pathlength cuvette. A corresponding blank 

(containing all components except the protein) was measured and subtracted from 

the sample spectra. Each spectrum represents the average of three accumulations. 

The principle of CD lies in the fact that chiral molecules absorb left- and right-

circularly polarized light to different extents, producing a distinct CD signal 10. This 

technique is particularly useful for measuring the secondary and tertiary structure of 

proteins and nucleic acids, as different secondary structures (α-helices, β-sheets, and 

random coils) exhibit characteristic CD spectra 11. For instance, an α-helix exhibits 

characteristic negative bands at 208 nm and 222 nm 12,13. In contrast, a β-sheet is 

identified by a negative band at 218 nm and a positive band at 195 nm 13,14. Several 

well-established methods are available for extracting secondary structural 

parameters from CD data. In my thesis, I have used freely available software, 

CDNN, to analyze the CD spectra for quantifying the presence of different 

secondary structural motifs in a protein 15. Additionally, the thermal evolution of the 

CD signal at 222 nm has been taken as an indicator of the modulation of α-helicity, 

and consequently, all the thermodynamic analyses have been done. 
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2.3. Time-resolved fluorescence Measurement using Time-Correlated Single 

Photon Counting (TCSPC) 

Time-resolved fluorescence measurements are performed to determine the average 

duration a molecule remains in its excited state, commonly referred to as its 

fluorescence lifetime. Several techniques can be employed for fluorescence lifetime 

measurements, including time-correlated single-photon counting (TCSPC), 

fluorescence up-conversion, and streak camera methods. For my research, I utilized 

a TCSPC instrument with a temporal resolution of ~160 picoseconds. 

 

2.3.1. Brief Theory of TCSPC 

One of the most widely used techniques for time-resolved fluorescence 

measurements is TCSPC, with several dedicated books available on the subject 16–

18. This method records the arrival time (t) of the first photon detected after each 

pulsed excitation. The likelihood of capturing this photon at a specific time, t, 

corresponds to the fluorescence intensity at that instant.  

Since fluorescence is a random process, photons are released from different 

relaxation stages from the Franck-Condon state, leading to a time-dependent 

distribution of emitted photons, known as fluorescence decay. By accumulating 

numerous single-photon events post-excitation, the fluorescence decay profile is 

reconstructed. This decay pattern is then analyzed to determine the average duration 

a fluorophore remains in its excited state. 

 

2.3.2. Schematic Representation of the TCSPC Setup 

A schematic representation of the Time-Correlated Single-Photon Counting 

(TCSPC) setup is illustrated in Scheme 2.3. This technique measures the arrival time 

of emitted photons following sample excitation with a pulsed light source. Upon 
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excitation, a signal is generated and processed through electronic components, 

beginning with the constant fraction discriminator (CFD), which precisely 

determines the pulse's arrival time. The CFD then triggers the time-to-amplitude 

converter (TAC), initiating a linear voltage ramp within a capacitor. Simultaneously, 

the detector captures fluorescence photons, and the corresponding signal is sent to 

the CFD, which instructs the TAC to halt the voltage increase. A monochromator 

(MC) directs the emitted photons to a multichannel plate photomultiplier tube (MCP 

PMT) for single-photon detection. Accurately measuring photon arrival times in 

TCSPC is complex due to amplitude jitter in the detector signal and instability in the 

excitation source, leading to a time jitter that impacts the instrument response 

function (IRF). To address this, the CFD splits the incoming signal into two 

components—one is delayed, while the other is inverted. These are then recombined, 

ensuring that the zero-crossing point remains unaffected by amplitude variations of 

the pulse 19. 

In TCSPC measurements, conditions are optimized to ensure that, on average, only 

one photon is detected per 100 excitation pulses. The voltage output from the TAC, 

which is proportional to the time difference between excitation and emission events, 

is amplified and digitized via an analog-to-digital converter (ADC). This digital 

value is recorded as a single detection event. The photons are then sorted into 

different time bins by a multichannel analyzer (MCA) based on their arrival times. 

The instrument used in this thesis supports up to 4096 channels, offering a time 

resolution of 4.88 picoseconds per channel for a TAC range of 20 nanoseconds. 

To achieve high-precision fluorescence lifetime measurements, a histogram is 

generated by compiling photon count data against time. This histogram represents 

the fluorescence intensity decay curve. For accurate lifetime determination, the 

emission polarizer is positioned at the magic angle (54.9°) relative to the excitation 

polarizer. In my thesis, all measurements were performed using a commercial 

TCSPC system (LifeSpec II, Edinburgh Instruments, U.K.). 
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Scheme 2.3. A schematic representation of the TCSPC instrument. Abbreviations: CFD: 

Constant Fraction Discriminator, S: Sample holder, TAC: Time to Amplitude Converter, MC: 

Monochromator, ADC: Analogue to digital converter. 

 

2.3.3. TCSPC data analysis 

The fluorescence intensity decay profile obtained from TCSPC measurements can 

be analyzed using appropriate models to extract the fluorescence lifetime of a 

sample. However, before fitting the data, it is crucial to correct for the influence of 

the excitation laser pulse and any errors arising from the finite response time of the 

electronic components. Ideally, fluorescence decay analysis assumes that the laser 

pulse acts as an instantaneous delta function, but in reality, it has a finite width. 

To account for this, the instrument response function (IRF) is recorded using a 

scattering medium, such as colloidal silica (Ludox solution) or milk, which acts as a 

zero-lifetime reference. This IRF is then deconvoluted from the fluorescence decay 

profile of the sample to correct for distortions. The deconvolution process assumes 

that the finite-width excitation pulse can be represented as a sum of multiple delta 

pulses of varying amplitudes. Consequently, the overall fluorescence intensity at a 

given time (t) is modeled as the cumulative response of the sample to all these delta 

pulses, mathematically expressed as 16,18: 

𝑁(𝑡) = ∫ 𝐿(𝑡′)𝐼(𝑡 − 𝑡′)
𝑡

0
𝑑𝑡′          (2.1) 
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where, 𝐼(𝑡 − 𝑡′) represents the fluorescence intensity of the sample at time t, 

resulting from an excitation pulse of amplitude 𝐿(𝑡′) at time 𝑡′. This equation, 

known as the convolution integral, forms the basis for determining the best-fitting 

decay function for the measured data. Single-exponential decay models are 

straightforward to fit, whereas multi-exponential decay functions add complexity. 

Higher-order exponential fitting should only be attempted when simpler models fail 

to provide an accurate representation. 

Deconvolution follows an iterative least-squares regenerative convolution approach 

16,17,19. After acquiring both the IRF and the fluorescence decay profile, a projected 

decay function is combined with the IRF to generate a new reconvoluted function. 

This function is then compared with the recorded decay to calculate the  χ2 value 

which quantifies the goodness of fit: 

𝜒2 = ∑
1

𝜎𝑘
2

𝑛
𝑘=0 [𝐹(𝑡𝑘) − 𝐹𝑃(𝑡𝑘)]

2          (2.2) 

where, F(tk) and FP(tk) represent the experimental and projected fluorescence 

intensities at two different times, n is the number of data points and 𝜎𝑘 is the standard 

deviation of each data point. Since TCSPC follows Poisson statistics, the standard 

deviation is given by 

𝜎𝑘 = [𝑁(𝑡𝑘)]
1

2            (2.3) 

Where, N is taken as the number of channels used for measurement. 

The reconvolution process and χ2 calculations continue iteratively until successive 

iterations yield negligible improvement. Once the fitting process converges, a 

reduced chi-square value (𝜒𝑟) is computed as: 

𝜒𝑟
2 =

𝜒2

𝑛−𝑓
=

𝜒2

𝜈
         (2.4) 

where ν is the degree of freedom, which is the difference between the number of data 

points (n) and the floating parameters (f). The software, FAST (provided by the 
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instrument manufacturer), has been used in this thesis to analyze and extract the time 

components of the fluorescence transients measured by TCSPC. 

 

2.4. Time-resolved fluorescence Measurement using Fluorescence up-

conversion Spectroscopy: 

Femtosecond fluorescence up-conversion, also known as fluorescence optical 

gating, is a powerful technique that allows for the investigation of ultrafast 

photophysical and photochemical processes. This method provides a unique 

opportunity to study the dynamics of excited-state molecules with sub-picosecond 

time resolution, offering insights into fundamental processes such as energy transfer, 

charge separation, and relaxation mechanisms. In one of my works (Chapter 5), 

Fluorescence up-conversion with a femtosecond resolution (IRF~300 fs) has been 

used. 

 

2.4.1. Basic principle of Fluorescence up-conversion 

The basic principle of femtosecond fluorescence up-conversion relies on the 

nonlinear optical process of sum-frequency generation 20–22. The second harmonic 

of a femtosecond oscillator (a mode-locked Ti:Sapphire laser) operating at frequency 

(𝜔1) is used to excite the sample 20–23. This time at which the pulse excites the sample 

marked as time zero which generates an emitted light (𝜔2) from the sample itself. 

A second pulse (a portion of the fundamental pulse), referred to as the gate pulse, is 

temporally delayed (arriving at the time, 𝑡 = 𝜏) and then combined with the 

fluorescence emission from the sample. The two pulses interact in a nonlinear beta 

barium borate (BBO) crystal, resulting in the up-conversion of the fluorescence (sum 

frequency, 𝜔3, generation) to a higher-energy photon that can be detected.  

𝜔1 +𝜔2 = 𝜔3         (2.5) 
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A mechanical delay stage controls the time of arrival of the gate pulse to the non-

linear crystal. As fluorescence intensity is a function of its lifetime, the intensity of 

the emitted light and, consequently, the intensity of the sum frequency light will also 

be proportional to that. Mathematically, the intensity of the sum frequency light 

(𝐼𝑠𝑢𝑚) is proportional to both the intensity of the fluorescence (𝐼𝑓𝑙) and of the gate 

pulse (𝐼𝑔𝑎𝑡𝑒) as22, 

𝐼𝑠𝑢𝑚 ∝ ∫ 𝐼𝑓𝑙(𝑡)𝐼𝑔𝑎𝑡𝑒(𝑡 − 𝜏)𝑑𝑡
+∞

−∞
       (2.6) 

The sum frequency light is only generated when both the fluorescence and the gate 

pulse are present in the crystal. 

 

2.4.2. Schematic Representation and a Brief Explanation of the Fluorescence 

Up-conversion Setup 

The femtosecond fluorescence up-conversion setup typically includes a 

femtosecond laser, a mechanical delay stage to control the temporal delay between 

the excitation and gate pulses, a nonlinear crystal, and a detection system, such as a 

monochromator and a photomultiplier tube or a CCD camera (see scheme 2.4). 
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Scheme 2.4. A schematic representation of the fluorescence up-conversion instrument. 

Abbreviations: L1, L2, L3, L4, L5, L6, L7: Lens, BBO: β-barium borate crystal, DM: Dichroic 

mirror/ Dichroic beamsplitter, M1, M2, M3, M4, M5: Mirror, RR: roto reflector used to control 

delay, F1, F2, F3: Filter to cut light of certain wavelength, ND: neutral density filter, P: Berek 

polarizer to adjust excitation light’s polarization, S: Sample, PMT: Photomultiplier tube, 𝜔1: 

fundamental (excitation) light, 𝜔2: emitted light from the sample, 𝜔3: Sum frequency light.  

 

The experiment begins with a mode-locked Ti:Sapphire laser (Mai-Tai HP, Spectra 

Physics, USA), which emits ultrafast pulses wavelength (ω₁). This laser operates at 

an 80 MHz repetition rate, with a 100 fs pulse duration, providing high temporal 

resolution for capturing fluorescence events. The fundamental light (𝜔1) is directed 

to a 0.2 mm thick β-barium borate (BBO) crystal through the lens (L1), which 

doubles the frequency to generate the second harmonic (2𝜔1). This second harmonic 

(2𝜔1) light is used as the excitation source to excite the sample. The second 

harmonic (2ω₁) passes through a lens (L2) and a dichroic mirror (DM), which splits 

the light into two beams, namely the excitation beam and a gate beam. The excitation 

beam is further refined by passing through a cut-off filter (F1) to remove the 

remaining excitation light, a neutral density (ND) filter for controlling the intensity, 

and a Berek polarizer (P) to adjust the polarization of the excitation pulse. This 

excitation light is then guided and focused through mirror (M1) and lens (L3) to the 

rotating sample cell. When the sample absorbs the excitation pulse (2𝜔1), it moves 

to an excited state and then emits fluorescence at a longer wavelength (𝜔2) which is 
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collected by lens L4 and passes through a cut-off filter (F2) to remove any excitation 

light (2𝜔1). 

The gate pulse (𝜔1) is directed separately using mirrors (M2 and M3) to a retro-

reflector (RR) on a mechanical delay stage controlled using software, which allows 

precise control over when the gate pulse meets the fluorescence. Both the 

fluorescence (𝜔2) and the delayed gate pulse (𝜔1) are focused together on a second 

BBO crystal using lens L5. In this nonlinear BBO crystal, the two beams mix to 

generate a new signal with a sum frequency (𝜔1 +𝜔2 = 𝜔3). To ensure only the 

sum-frequency light reaches the detector, I used a lens (L6), an appropriate cut-off 

filter (F3), and an iris (not shown in the scheme) to eliminate any remaining 

excitation and gate beam components. The sum-frequency light (𝜔3) is then focused 

into a monochromator using lens L7. The monochromator selects the desired 

wavelength and directs it to a photomultiplier tube (PMT) coupled with a photon-

counting device for detection. The entire system, including data acquisition, 

monochromator control, and optical delay adjustment, is managed by LUMEX 

software (CDP Corp). 

 

2.4.3. Data analysis of fluorescence up-conversion 

To accurately determine fluorescence lifetimes, it is necessary to characterize the 

IRF of the experimental setup. The IRF represents the system’s temporal response 

and accounts for pulse-broadening effects introduced by optical components. 

The IRF was measured using the Raman scattering signal of water, which appears at 

a frequency shift of ~3300 cm⁻¹ from the excitation wavelength 23–25. Replacing the 

sample cell with a water cell, the system recorded the IRF at a chosen wavelength. 

Raman scattering is an instantaneous process with zero intrinsic time delay, making 

it an ideal reference. By measuring the sum-frequency signal generated from the 

Raman signal of water and the gate pulse, the temporal profile of the excitation and 

detection pulses was obtained. The IRF was best described by a Gaussian function 
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with a full-width at half-maximum (FWHM) of approximately 300 fs. 

Mathematically, the IRF is represented as,  

𝐺(𝑥) =  
1

𝜎√2𝜋
𝑒
−(𝑥−𝜇)2

2𝜎2
⁄

        (2.7) 

Where, 𝜎 represents the width parameter of the Gaussian function, 𝜇 is the x-axis 

position (mean) of the function. The FWHM of this Gaussian function can be 

calculated as, 𝐻 = 2𝜎√2 𝑙𝑛2 ~ 2.3548 𝜎. 

The excitation pulse is assumed to occur at zero time, so for data analysis, the 

function is simplified by setting 𝜇 = 0. 

In femtosecond fluorescence up-conversion spectroscopy, the recorded fluorescence 

intensity decay is not a direct representation of the actual molecular relaxation. 

Instead, the measured decay curve is modified due to the finite-width IRF. Thus, 

analyzing fluorescence lifetime, especially for those in the sub-picosecond range, it 

is crucial to apply deconvolution techniques to extract the correct decay parameters. 

To extract the fluorescence lifetimes, the experimental decay data were fitted using 

a convolution function of the IRF with a sum of exponential decay functions. 

Relaxation of multiple exponentials can be extended easily from this.  

The convolution function is,  

𝐼(𝑡) = 𝐺(𝑥) ∗ 𝑆(𝑥)         (2.8) 

Where, 𝑆(𝑥) = exp (−
𝑥

𝜏
), 𝜏 is the lifetime.  

𝐼(𝑡) =
1

𝜎√2𝜋
∫ 𝑒𝑥𝑝 (−

𝑥

𝑡
) 𝑒𝑥𝑝 (−

(𝑡 − 𝑥)2

2𝜎2
⁄ )

∞

0
𝑑𝑥    (2.9) 

∴ 𝐼(𝑡) =
1

𝜎√2𝜋
∫ 𝑒𝑥𝑝 (−

(𝑥2+𝑡2+
2𝜎2𝑥

𝜏
−2𝑡𝑥)

2𝜎2
)

∞

0
𝑑𝑥    (2.10) 

Let’s assume,  
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𝑧 =
(𝑥−(𝑡−

𝜎2

𝜏
))

𝜎√2
         (2.11) 

∴
(𝑥2+𝑡2+

2𝜎2𝑥

𝜏
−2𝑡𝑥)

2𝜎2
= 𝑧2 +

1

𝜏
[𝑡 −

𝜎2

2𝜏
]      (2.12) 

Using equations 2.11 and 2.12 in equation 2.10, we get, 

𝐼(𝑡) =
1

√𝜋
𝑒𝑥𝑝 (

𝜎2

2𝜏2
−

𝑡

𝜏
) ∫ 𝑒𝑥𝑝(−𝑧2)𝑑𝑧

∞

−(
𝑡−

𝜎2

𝜏
𝜎√2

)

    (2.13) 

The error function can be introduced as, 

𝑒𝑟𝑓(𝑥) =
2

√𝜋
∫ 𝑒𝑥𝑝(−𝑧2)𝑑𝑧
𝑥

0
       (2.14) 

Also, as error function is an odd function, 𝑒𝑟𝑓(−𝑥) = −𝑒𝑟𝑓(𝑥) can be written. 

By introducing this error function in equation 2.13, we get, 

𝐼(𝑡) =
1

√𝜋
𝑒𝑥𝑝 (

𝜎2

2𝜏2
−

𝑡

𝜏
) (1 − 𝑒𝑟𝑓 (

𝜎2−𝑡𝜏

√2.𝜎𝑡
))     (2.15) 

The above equation is used in my works to fit a fluorescence transient recorded using 

(femtosecond) fluorescence up-conversion. Although the equation involves only a 

mono exponential decay, practically in my case multiexponential function has been 

used. As convolution is a linear operation, the distributive and additive property of 

convolution has been used in the case of multiexponential data fitting. Equation 2.15 

was expanded in terms of summation of different exponential lifetime components 

convoluted with the same gaussian function with definite weightage coefficients. All 

the fittings of the transients have been done using IGOR Pro (WaveMetrics, Inc.) 

software. 
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2.5. Basics of Time-Resolved Emission Spectra (TRES) 

Time-resolved emission Spectra (TRES) can be indirectly reconstructed using 

wavelength-dependent fluorescence decay measurements 16,19. This method is based 

on the fundamental principle that, upon excitation, the probe molecule experiences 

a substantial change in its dipole moment 19. As a result, the surrounding solvent 

molecules reorganize to stabilize this new dipole moment. This reorientation process 

is experimentally observed through a time-dependent red shift of the emission 

maximum, known as the Stokes shift, which continues until the solvent reaches 

equilibrium (refer to Scheme 2.5) 19,26. 

To generate TRES, fluorescence decay measurements are recorded at multiple 

wavelengths across the steady-state emission spectrum. These decay profiles are 

analyzed using the previously discussed methods. The intensity of TRES at a given 

time t and wavelength λ is expressed as the product of two independent functions: 

𝐼(𝜆, 𝑡) = 𝐴(𝜆)𝐵(𝑡)         (2.16) 

The steady-state fluorescence spectrum (𝐼𝑆𝑆) is obtained by integrating 𝐼(𝜆, 𝑡) over 

time and can be written as, 

𝐼𝑆𝑆 = ∫ 𝐼(𝜆, 𝑡)𝑑𝑡
∞

0
         (2.17) 

Substituting Equation 2.16 into Equation 2.17: 

𝐼𝑆𝑆 = ∫ 𝐴(𝜆)𝐵(𝑡)𝑑𝑡
∞

0
        (2.18) 

Since A(λ) is independent of time, it can be taken out of the integral: 

𝐼𝑆𝑆 = 𝐴(𝜆) ∫ 𝐵(𝑡)𝑑𝑡
∞

0
        (2.19) 

 

Here, B(t) represents the fluorescence decay, which is typically modeled as a sum of 

exponentials. Therefore,  
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𝐵(𝑡) = ∑ 𝛼𝑖 exp (−
𝑡

𝜏𝑖
)𝑖         (2.20) 

Where the pre-exponential factors satisfy the condition, ∑ 𝑎𝑖(𝜆)𝑖 = 1 

 

we obtain, 

𝐼𝑆𝑆 = 𝐴()∑ 𝛼𝑖𝜏𝑖𝑖          (2.21) 

𝐴() =
𝐼𝑆𝑆

∑ 𝛼𝑖𝜏𝑖𝑖
         (2.22) 

 

Therefore, 

 

𝐼(𝜆, 𝑡) =
𝐼𝑆𝑆

∑ 𝛼𝑖𝜏𝑖𝑖
∑ 𝛼𝑖 exp (−

𝑡

𝜏𝑖
)𝑖        (2.23) 

 

This equation describes the intensity distribution across different wavelengths at a 

given time. A widely used approach to track the temporal evolution of TRES is by 

monitoring the time-dependent shift in the emission peak, commonly referred to as 

the Stokes shift. This shift, ν(t), can be modeled using the lognormal function: 

𝑔(𝜈) = 𝑔0𝑒𝑥𝑝 [− ln(2)(
ln[1+

2𝑏(𝜈−𝜈𝑝)

Δ
]

𝑏
)2]     (2.24) 

for 𝛼 > 1, 𝑔(𝜈) = 0         (2.25) 
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Scheme 2.5. The scheme illustrates the concept of solvation dynamics (upper panel) alongside 

the progression of time-resolved fluorescence Stokes shift (lower panel). Following optical 

excitation to the Franck–Condon (FC) state, and vibrational relaxation, the surrounding solvent 

begins to reorganize to accommodate the altered electronic distribution of the excited molecule 

because of the dipole moment difference between the ground (𝜇𝐺) and excited (𝜇𝐸) state. This 

relaxation with a more favorable solvent arrangement towards the excited state dipole leads to 

a decrease in the overall energy of the system. As a result, the emitted fluorescence undergoes 

a red shift over time, each corresponding to emission at different stages of solvent 

reorganization. The lower panel of the graph shows how the emission maximum shifts toward 

longer wavelengths (from t₁ to t₃), reflecting the time-dependent nature of the Stokes shift as 

solvation proceeds toward equilibrium. 

 

for 𝛼 < 1, where 𝛼 =
2𝑏(𝜈−𝜈𝑝)

Δ
       (2.26) 

 

To facilitate comparison, the peak frequency shift 𝜈(𝑡) is often converted into a 

solvent response (normalized) function 𝐶(𝑡) as, 

 

𝐶(𝑡) =
𝜈(𝑡)−𝜈(∞)

𝜈(0)−𝜈(∞)
         (2.16) 
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The function 𝐶(𝑡) is typically modeled using either a single exponential or a sum of 

exponentials to determine the average solvation time (〈𝜏𝑠〉). 

 

2.6. Transient Absorption Spectroscopy (TA) 

In my thesis, transient absorption spectroscopy is minimally used. The solvation 

dynamics of the buffer and different concentrations of hydrated DES (in the absence 

of protein) were only investigated using transient absorption (TA) spectroscopy. 

Since the relaxation times in both pure buffer and hydrated DES fall within the 1–

30 ps range, they cannot be accurately captured by TCSPC. While fluorescence up-

conversion could, in principle, resolve such ultrafast processes, our TA setup offers 

a superior temporal resolution of approximately 70–80 fs that is significantly faster 

than the 300 fs instrument response of our up-conversion system. Additionally, the 

data curation in TA is much faster, and solvation dynamics can be extracted more 

directly through the stimulated emission profiles, which directly yield time-resolved 

emission spectra (TRES) without the complex analysis involved in fluorescence up-

conversion 27. 

 

2.6.1. Fundamental Concept of TA 

Transient absorption (TA) spectroscopy, a classic pump-probe technique, enables 

the observation of excited-state dynamics with ultrafast time resolution.  In this 

method, an ultrashort laser pulse (typically in the order of tens of femtoseconds) 

initiates a non-equilibrium population in the system. A second pulse, referred to as 

the probe, monitors the subsequent evolution of this transient state at a controlled 

time delay 28–30. By choosing a sufficiently short excitation pulse (e.g., 50 fs), it 

becomes possible to resolve most of the primary events occurring on ultrafast 

timescales in the excited state 28–30. 
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The setup I used has a pump pulse operating at 400 nm, which selectively excites a 

fraction of the molecular population to the electronically excited state. The probe is 

a broadband white-light continuum spanning the visible region (450–750 nm), which 

intersects the same region of the sample at variable time delays. These delays are 

introduced via a computer-controlled mechanical delay stage. The probe intensity is 

intentionally kept low to minimize the possibility of inducing nonlinear effects or 

multiphoton absorption (see Scheme 2.6). 

 

 

Scheme 2.6. Simplified illustration of the transient absorption spectroscopy setup. 

 

Detection is performed spectrally across the entire range of the probe beam at each 

chosen delay time, and the process is repeated for successive delays to construct a 

time-resolved picture. As TA is fundamentally an absorption-based method, the 

principles of the Lambert-Beer law are applicable to describe how the probe intensity 

changes upon interaction with the sample. 

𝐼(𝜆, 𝑡) = 𝐼0(𝜆) × 10−𝜀(𝜆)𝑁(𝑡)𝑙       (2.17) 
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Where, 𝐼0(𝜆) is the initial probe intensity at a given wavelength and 𝐼(𝜆, 𝑡) is the 

transmitted intensity at a time delay 𝑡. Note that the time zero corresponds to the 

point where the pump and probe pulses arrive at the sample simultaneously. 𝜀(𝜆) is 

the molar extinction coefficient at the wavelength 𝜆, 𝑁(𝑡) denotes the time-

dependent population of the absorbing state, and 𝑙 is the optical path length of the 

sample.  

From Equation 2.17, the absorbance 𝐴(𝜆, 𝑡) at any wavelength and time can be 

expressed as, 

𝐴(𝜆, 𝑡) = 𝑙𝑜𝑔
𝐼0(𝜆)

𝐼(𝜆,𝑡)
= 𝜀(𝜆)𝑁(𝑡)𝑙       (2.18) 

 

However, in TA measurements, what is typically observed is the difference in 

absorbance between the excited and unexcited states of the sample. This differential 

absorbance is denoted as: 

 

𝛥𝐴(𝜆, 𝑡) = 𝐴(𝜆, 𝑡) − 𝐴(𝜆)       (2.19) 

∆𝐴(𝜆, 𝑡) = 𝑙𝑜𝑔
𝐼0(𝜆)

𝐼(𝜆,𝑡)
− 𝑙𝑜𝑔

𝐼0(𝜆)

𝐼(𝜆)
= 𝑙𝑜𝑔

𝐼(𝜆)

𝐼(𝜆,𝑡)
     (2.20) 

 

Equation 2.20 indicates that the measurable parameter is the change in probe 

intensity with and without the excitation by the pump. Hence, it simplifies to, 

 

∆𝐴(𝜆, 𝑡) = 𝑙𝑜𝑔
𝐼𝑝𝑟𝑜𝑏𝑒

𝐼𝑝𝑢𝑚𝑝
𝑝𝑟𝑜𝑏𝑒        (2.21) 
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In equation 2.21, the quantity 𝐼𝑝𝑟𝑜𝑏𝑒 represents the intensity measured when the 

pump is blocked (usually using a mechanical chopper). 𝐼𝑝𝑢𝑚𝑝
𝑝𝑟𝑜𝑏𝑒

 is the intensity when 

both pump and probe interact with the sample.  

As the excited-state population 𝑁(𝑡) changes with time due to relaxation processes, 

the differential absorbance ∆𝐴(𝜆, 𝑡) evolves accordingly, thereby encoding the 

dynamics of the system following photoexcitation. 

Being an absorption-based method, transient absorption spectroscopy can 

simultaneously track both radiative and non-radiative relaxation processes, 

depending on the spectral features being probed 29,30. This makes it an extremely 

versatile tool for studying a wide range of ultrafast photo-physical and 

photochemical events. 

 

2.6.2. Insights from TA 

Transient absorption (TA) spectroscopy provides access to several distinct photo-

physical processes, four of which are commonly detected and are illustrated in 

Scheme 2.7. and described below. 

 

 

Scheme 2.7. Representative contributions of various transient signals observed in TA spectra. 
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Ground state bleaching (GSB): - When a sample is excited by the pump pulse, a 

portion of the molecules is elevated from the ground electronic state to an excited 

state. As a result, the ground-state population is partially depleted, leading to reduced 

absorption of the probe light at wavelengths corresponding to ground-state 

transitions. Since less probe light is absorbed compared to the unpumped state (i.e., 

𝐼𝑝𝑟𝑜𝑏𝑒 < 𝐼𝑝𝑢𝑚𝑝
𝑝𝑟𝑜𝑏𝑒

) the absorbance change ∆𝐴 becomes negative. This decrease in 

signal, known as ground-state bleaching, reduces over time as the molecules relax 

back to the ground state, typically through radiative or non-radiative pathways. 

 

Stimulated Emission (SE): - Molecules in the excited state can return to the ground 

state by emitting photons. While spontaneous emission occurs randomly, if the probe 

pulse contains photons with energies matching the emission transition, it can induce 

stimulated emission. These stimulated photons travel in phase and direction with the 

probe beam, increasing the overall probe intensity at those wavelengths. Thus, 

similar to GSB, 𝐼𝑝𝑟𝑜𝑏𝑒 < 𝐼𝑝𝑢𝑚𝑝
𝑝𝑟𝑜𝑏𝑒

 and a negative ∆𝐴 signal appears. The spectral 

shape of the SE contribution often mirrors the molecule's fluorescence spectrum and 

appears red-shifted relative to the GSB band. SE intensity also decays over time in 

sync with the depletion of the excited-state population. Importantly, the probe 

intensity is kept low enough to avoid significantly perturbing the excited-state 

population. 

 

Excited-state absorption (ESA): - After excitation by the pump, some molecules 

reside in an excited state, from which they may absorb additional photons from the 

probe pulse to reach higher electronic states. This process leads to excited-state 

absorption. As the probe photons are absorbed only when the pump creates an 

excited state, the transmitted probe intensity decreases in the presence of pump 
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excitation, and 𝐼𝑝𝑟𝑜𝑏𝑒 > 𝐼𝑝𝑢𝑚𝑝
𝑝𝑟𝑜𝑏𝑒

 in this case. This will result in a positive ∆𝐴 signal. 

The appearance and evolution of ESA bands provide insights into higher-lying 

excited-state structures and their dynamics. Finding this information is one of the 

strengths of transient absorption which was typically inaccessible through 

fluorescence methods. 

 

Product absorption (PA): - Upon photoexcitation, molecules can undergo various 

secondary processes, including photochemical transformations, electron or proton 

transfer, or structural rearrangements, resulting in the formation of new transient 

species. These reaction products may possess their own absorption characteristics 

and can interact with the probe light. Since these new species are not present prior 

to excitation, their absorption leads to a positive change in the probe spectrum 

(𝐼𝑝𝑟𝑜𝑏𝑒 > 𝐼𝑝𝑢𝑚𝑝
𝑝𝑟𝑜𝑏𝑒

), contributing to a positive PA signal. 

 

The ability to simultaneously observe all these processes with a single instrument is 

what makes TA spectroscopy very powerful in the field of physics and chemistry. 

However, it is important to recognize certain factors, such as limited spectral 

coverage of the probe pulse and the temporal resolution defined by the instrument 

response function, and analyzing a complex spectrum containing much information 

altogether can restrict the ability to resolve all these processes simultaneously. 

 

2.6.3. Instrumentation of TA setup 

All transient absorption experiments in this work were carried out using a 

commercially available femtosecond broadband transient absorption system (Femto-

Frame-II, IB Photonics, Bulgaria). The complete optical configuration is depicted in 

Scheme 2.8. The system is powered by a Ti:Sapphire regenerative amplifier (Spitfire 
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Pro XP, Spectra-Physics, USA), which delivers pulses at 800 nm with a duration of 

approximately 80 fs and a repetition rate of 1 kHz. This amplifier is pumped by a 20 

W Q-switched Nd:YLF laser (Empower, Spectra-Physics) and seeded by a 

femtosecond oscillator (MaiTai SP, Spectra-Physics). The pulse width was 

confirmed using a commercial autocorrelator. 

The output beam at 800 nm is divided into two parts using a beamsplitter (BS1). One 

portion is directed to generate the pump pulse, while the other is used to produce the 

probe. Pump generation is carried out within a JANOS tripler module provided by 

the same manufacturer. The incoming 800 nm light first passes through a BBO 

crystal to generate the second harmonic at 400 nm. This 400 nm light, along with 

the residual 800 nm, passes through a half-wave plate and enters a second BBO 

crystal where third harmonic generation (266 nm) occurs. The three harmonics (800, 

400, 266 nm) are then separated using dichroic mirrors, and depending on the 

requirement, either 400 nm or 266 nm is selected for sample excitation using mirrors 

M6 and M7. The other arm of the fundamental 800 nm light, after reflection off 

mirror M5, is routed through a series of mirrors (MB1–MB3) into a retroreflector 

(RR) mounted on a mechanical translation stage. This stage allows for delay 

generation of up to 2 nanoseconds between the pump and probe pulses. A small 

fraction of this beam is deflected by BS2 to fall onto a photodiode (PD), which 

regulates the mechanical chopper controlling pump modulation. The remaining 

portion of the 800 nm beam is attenuated via a neutral density filter (ND1), shaped 

with an iris, and then focused by lens L4 onto a 0.3 mm sapphire crystal to produce 

a white light continuum (WLC), covering ~450–750 nm. The characteristics of the 

WLC strongly depend on the incident beam profile and energy, which are tuned 

using the ND filter and iris. This continuum is collected using a parabolic mirror 

(MB5), passed through two notch filters (N1, N2) to remove residual 800 nm light, 

and redirected via mirrors MB6 and MB7. It is then focused onto the sample using 

another parabolic mirror (MB10). Meanwhile, the pump pulse, after passing through 

a chopper for modulation, has its polarization adjusted with a half-wave plate to 
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minimize anisotropic interference. The intensity is regulated by a rotating neutral 

density filter (ND2), and the beam is focused onto the same location as the probe 

using lens L3 and mirror MB12. The typical excitation spot diameter at the sample 

position ranges from 100–200 μm. The chopper periodically blocks the pump to 

enable acquisition of both pump-on and pump-off conditions, essential for 

calculating differential absorbance. The probe light, after transmission through the 

sample, is focused onto a 200 μm fiber optic cable using mirror MB11. A final 

neutral density filter (ND3) ensures the intensity reaching the detector is within 

operational limits. Detection is performed using a CCD-based spectrograph, where 

the dispersed probe beam is analyzed using a set of diffraction gratings. Due to a 

slight angular difference between the pump and probe beams at the sample, only the 

probe reaches the detection system. Time-zero calibration is carried out using a 

reference material (Coumarin 152 in ethanol) by monitoring the rise of the known 

signal and tuning the delay stage accordingly. The entire instrument is operated via 

software developed on the LabVIEW platform. Throughout the experiments, pump 

power was maintained around 10–15 μW to prevent photodegradation. To verify 

sample integrity, steady-state absorption spectra were recorded before and after each 

measurement session. 
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Scheme 2.8. Detailed optical schematic of the femtosecond transient absorption spectrometer 

 

2.6.4. TA data analysis 

In this thesis, the application of transient absorption (TA) spectroscopy has been 

totally limited to probing solvation dynamics 27. Specifically, the focus has been on 

the 450–550 nm spectral range, where the differential absorbance spectra for C-343 

in both buffer and hydrated DESs predominantly display stimulated emission (SE) 

features. The use of C-343 to measure the solvation dynamics is purely based on the 

solubility of the dye in both buffer and hydrated DES. 

Unlike fluorescence lifetime measurements using TCSPC and fluorescence up 

conversion, where the time-resolved emission spectrum needs to be reconstructed 
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from decay traces, TA offers the advantage of directly yielding time-resolved 

emission spectra in terms of evolution of SE signal (provided the SE band is well-

separated and not significantly influenced by overlapping contributions such as ESA 

or PA). To extract the precise SE peak positions at each time point, the 

corresponding ∆𝐴 spectra were individually fitted using a log-normal function 

restricted to the SE-dominated region. By monitoring the temporal evolution of these 

maxima of the SE signal, the solvent response function was constructed using 

equation 2.16. Subsequently, solvation times were determined by fitting the solvent 

response with a multiexponential function.  

Because of the complications stated above (overlapping of another signal to SE 

signal) and limited availability of the instrument, TA is very minimally applied to 

extract solvation dynamics 27,30–35. The study by Poizat et al. (2002), is one of the 

earliest demonstrations of solvation dynamics measurement using TA 36. Since then, 

only a limited number of publications have adopted this technique for such studies. 

However, recent work by Xia et al. has shown that the solvation times obtained from 

TA 33 are in strong agreement with those derived by Maroncelli and coworkers using 

conventional time-resolved emission spectroscopy (TRES) 37. These findings 

support the idea that with careful experimental design and minimal signal 

interference, TA can provide a valuable complementary route for accessing 

solvation dynamics. 

 

2.7. Fluorescence Correlation Spectroscopy (FCS) 

This thesis incorporates fluorescence measurements at the single-molecule level, 

offering insights that conventional ensemble average technique, such as steady-state 

absorption/emission or time-resolved fluorescence spectroscopy, often misses out. 

While these traditional methods, such as steady-state absorption, CD, and emission 

or time-resolved fluorescence spectroscopy, are well-suited for uniform, isotropic 

systems, they miss out important information when the system exhibits 
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heterogeneity in molecular properties or behavior. In such cases, observing and 

analyzing individual molecules becomes critical to unravel the underlying 

complexity. 

Certain dynamic or structural features of biomolecules, particularly those related to 

conformational fluctuations, can only be probed meaningfully through single-

molecule approaches 38–42. In addition to their analytical advantages, these 

techniques provide a major experimental benefit: they operate effectively at 

extremely low concentrations, typically in the nanomolar to picomolar range 43,44. 

This is particularly advantageous where higher concentrations (in the micromolar 

range) might lead to aggregation of the protein. 

 

2.7.1. A short theory of FCS 

Fluorescence Correlation Spectroscopy (FCS) was first introduced by Elliot L. 

Elson, Douglas Magde, and Watt. W. Webb in the year 1972 45–48. FCS is centered 

on analyzing time-dependent fluctuations in fluorescence intensity within a confined 

optical volume 44,46,47. These fluctuations predominantly originate from molecular 

diffusion. However, contributions from photophysical transitions, chemical 

reactions, or conformational changes occurring on comparable or faster timescales 

than diffusion are also significant 43,44. FCS interprets such fluctuations using 

temporal correlation functions, autocorrelation, and cross-correlation to extract 

kinetic and dynamic parameters relevant to the fluorescent species under study 44. 

 

2.7.2. Mathematical Foundation: Fluctuations and Correlation 

‘An Introduction to Fluorescence Correlation Spectroscopy’ by Prof. Wohland, 

Maiti, and Machan has nicely covered this part. This part is essentially taken from 

that book 44.  
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2.7.2.1. Fluctuations 

FCS aims at extracting information about molecular processes that are occurring in 

a system. The system can be a simple buffer solution, complex mixtures like proteins 

or enzymes, live cells or organisms, etc.45,49–52. Any molecular process in such a 

system is constituted by molecular events that lead to changes in some observable 

parameters. The temporal deviations in the observable parameter from the average 

value are called fluctuations. In Fluorescence Correlation Spectroscopy (FCS), 

fluctuations refer to the temporal deviations in fluorescence intensity from its 

average value, observed within a very small detection volume 44,45. 

These fluctuations are caused by a) Brownian diffusion of molecules in and out of 

the observation volume, b) Photophysical transitions, such as triplet state blinking, 

c) Chemical reactions or conformational changes affecting fluorophore brightness. 

If 𝐹(𝑡) is the fluorescence intensity at time t, then the fluctuation (δF(t)) is defined 

as:  

𝛿𝐹(𝑡) = 𝐹(𝑡) − 〈𝐹(𝑡)〉         (2.22) 

Average of the fluctuation, 

〈𝛿𝐹(𝑡)〉 = 〈𝐹(𝑡) − 〈𝐹(𝑡)〉〉 = 0       (2.23) 

Even in systems that appear to be in equilibrium, molecular motion and reactions 

continue to occur, producing subtle variations around the average state. These 

fluctuations are not just background noise; they encode valuable information about 

the kinetics, mobility, and interactions of molecules and are the foundation upon 

which the analytical power of FCS is built 44. 
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2.7.2.2. Idea of Correlation and Correlation Function 

To explore how these fluctuations are analyzed to uncover molecular-level 

processes, it is essential to introduce the concept of correlation.  

In general terms, the correlation between two variables implies that the value of one 

is, to some degree, influenced by or linked to the value of the other. The strength of 

this dependency reflects the degree of correlation 44. In cases of perfect correlation, 

the value of one variable can be predicted precisely from the other. A classic example 

is the relationship between mass and volume for a solid under standard conditions—

if the mass of the solid is increased or reduced, its volume changes proportionally, 

reflecting a direct and predictable dependency 44. 

To define correlation mathematically, let’s consider two variables, a and b, each of 

which depends on some general coordinate or parameter u.  

According to the mathematical definition, two variables are said to be correlated if 

the average of their product is not equal to the product of their individual averages.44 

In other words: 

〈𝑎(𝑢). 𝑏(𝑢)〉 ≠ 〈𝑎(𝑢)〉. 〈𝑏(𝑢)〉       (2.24) 

The correlation coefficient is defined as, 

𝑔 =
〈𝑎(𝑢).𝑏(𝑢)〉

〈𝑎(𝑢)〉.〈𝑏(𝑢)〉
         (2.25) 

Whenever, 𝑔 > 1 : the data is correlated, 𝑔 < 1 : the data is anti-correlated, and 𝑔 =

1 : the data is not correlated 44. 

Correlation fundamentally refers to the degree of similarity or association between 

quantities. In the context of this thesis, the focus is on the autocorrelation function, 

which specifically describes the correlation of a signal with a time-shifted version 

of itself. More precisely, autocorrelation evaluates how the value of a variable at one 
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point in time relates to its value at a later time, separated by a defined time interval 

44. 

In Fluorescence Correlation Spectroscopy (FCS), the variable under study is the 

fluorescence intensity, which changes over time as molecules move in and out of the 

detection volume 44. This intensity corresponds to the number of emitted photons 

detected from a minute confocal volume. When a fluorescent molecule is within this 

volume, its emission is captured efficiently by the detector; once it diffuses out, the 

signal contribution from that molecule vanishes. These fluctuations in detected 

photon count form the basis for calculating the autocorrelation function, allowing 

insight into molecular motion and dynamics at single-molecule sensitivity 44,50. 

If 𝐹(𝑡) is the fluorescence intensity at time 𝑡, and if we want to write the 

autocorrelation function after a time 𝑡 + 𝜏, 

𝐺(𝜏) =
〈𝐹(𝑡).𝐹(𝑡+𝜏)〉

〈𝐹(𝑡)〉.〈𝐹(𝑡+𝜏)〉
        (2.26) 

We can simplify this equation as we measure only in an equilibrium condition 

(stationary process) i.e. process in which the time of measurement does not alter the 

observation or the average value of the observable, and thus, 〈𝐹(𝑡)〉 = 〈𝐹(𝑡 + 𝜏)〉 

𝐺(𝜏) =
〈𝐹(𝑡).𝐹(𝑡+𝜏)〉

〈𝐹(𝑡)〉2
         (2.27) 

This can be easily shown that autocorrelation function is an even function,  

𝐺(𝜏) = 𝐺(−𝜏). 

Up to this point, it’s important to note that the correlation function is defined in terms 

of the fluorescence intensity rather than the fluctuations themselves. This is logical, 

as the signal, i.e., the time-dependent fluorescence intensity, is the actual observable 

collected during the experiment and is directly available for correlation analysis. 

However, since fluctuations are defined as deviations from the average signal, 
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computing them requires prior calculation of the mean fluorescence intensity. Only 

then can the autocorrelation of these fluctuations be determined. 

As the definition of fluctuation is deviation from the mean, fluctuation (𝛿𝐹(𝑡)) can 

be written as44, 

𝛿𝐹(𝑡) = 𝐹(𝑡) − 〈𝐹(𝑡)〉        (2.28) 

The average of the fluctuation is (from equation 2.28),  

〈𝛿𝐹(𝑡)〉 = 〈𝐹(𝑡) − 〈𝐹(𝑡)〉〉 = 〈𝐹(𝑡)〉 − 〈〈𝐹(𝑡)〉〉 = 〈𝐹(𝑡)〉 − 〈𝐹(𝑡)〉 = 0 

From equation 2.28, we can express the signal 𝐹(𝑡) in terms of fluctuation, 

𝐹(𝑡) = 𝛿𝐹(𝑡) + 〈𝐹(𝑡)〉        (2.29) 

If we substitute this equation 2.29 into the autocorrelation function of the signal 

(equation 2.27), 

𝐺(𝜏) =
〈(𝛿𝐹(𝑡)+〈𝐹(𝑡)〉)(𝛿𝐹(𝑡+𝜏)+〈𝐹(𝑡+𝜏)〉)〉

〈𝐹(𝑡)〉2
      (2.30) 

=
〈𝛿𝐹(𝑡).𝛿𝐹(𝑡+𝜏)+𝛿𝐹(𝑡).〈𝐹(𝑡+𝜏)〉+〈𝐹(𝑡)〉.𝛿𝐹(𝑡+𝜏)+〈𝐹(𝑡)〉.〈𝐹(𝑡+𝜏)〉〉

〈𝐹(𝑡)〉2
   (2.31) 

We have already shown the average over fluctuation 〈𝛿𝐹(𝑡)〉 = 0. Also, for the 

stationary processes, 〈𝐹(𝑡)〉 = 〈𝐹(𝑡 + 𝜏)〉. 

That means,  

〈𝛿𝐹(𝑡). 〈𝐹(𝑡 + 𝜏)〉〉 = 〈𝛿𝐹(𝑡)〉. 〈𝐹(𝑡 + 𝜏)〉 = 0    (2.32) 

〈〈𝐹(𝑡)〉. 𝛿𝐹(𝑡 + 𝜏)〉 = 〈𝐹(𝑡)〉. 〈𝛿𝐹(𝑡 + 𝜏)〉 = 0    (2.33) 

Thus the equation 2.31 becomes, 

𝐺(𝜏) =
〈𝛿𝐹(𝑡).𝛿𝐹(𝑡+𝜏)+〈𝐹(𝑡)〉.〈𝐹(𝑡+𝜏)〉〉

〈𝐹(𝑡)〉2
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∴ 𝐺(𝜏) =
〈𝛿𝐹(𝑡).𝛿𝐹(𝑡+𝜏)+〈𝐹(𝑡)〉2〉

〈𝐹(𝑡)〉2
  

∴ 𝐺(𝜏) =
〈𝛿𝐹(𝑡).𝛿𝐹(𝑡+𝜏)〉+〈𝐹(𝑡)〉2

〈𝐹(𝑡)〉2
  

∴ 𝐺(𝜏) =
〈𝛿𝐹(𝑡).𝛿𝐹(𝑡+𝜏)〉

〈𝐹(𝑡)〉2
+ 1  

That means we have proved that, 

𝐺(𝜏) =
〈𝐹(𝑡).𝐹(𝑡+𝜏)〉

〈𝐹(𝑡)〉2
=

〈𝛿𝐹(𝑡).𝛿𝐹(𝑡+𝜏)〉

〈𝐹(𝑡)〉2
+ 1      (2.34) 

 

This analysis leads to the conclusion that the autocorrelation function (ACF) 

calculated from the raw signal and the one derived from the fluctuations share the 

same functional form. The only distinction between them is a constant offset of 1. 

Therefore, aside from this offset, both functions, whether by correlating the signal 

or its fluctuations, contain identical information about the system's dynamics. By 

convention, the correlation function derived directly from the signal is denoted as 

𝐺(𝜏), while the autocorrelation of the fluctuations is represented as 𝑔(𝜏). 

∴ 𝐺(𝜏) =
〈𝐹(𝑡).𝐹(𝑡+𝜏)〉

〈𝐹(𝑡)〉2
= 𝑔(𝜏) + 1      (2.35) 

And, 𝑔(𝜏) =
〈𝛿𝐹(𝑡)𝛿𝐹(𝑡+𝜏)〉

〈𝐹(𝑡)〉2
        (2.36) 

At 𝜏 = 0, 𝑔(0) =
〈𝛿𝐹(𝑡)2〉

〈𝐹(𝑡)〉2
 

 And at any 𝜏 ≠ 0, 𝑔(𝜏) =
〈𝛿𝐹(𝑡)𝛿𝐹(𝑡+𝜏)〉

〈𝐹(𝑡)〉2
 

〈𝛿𝐹(𝑡)〉2 is always positive as it is a square term, however 〈𝛿𝐹(𝑡)𝛿𝐹(𝑡 + 𝜏)〉 can be 

both larger and smaller than zero, which is expected for fluctuations. 

Thus,  
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〈𝛿𝐹(𝑡)2〉 ≥ 〈𝛿𝐹(𝑡)𝛿𝐹(𝑡 + 𝜏)〉 as the term “〈𝛿𝐹(𝑡)𝛿𝐹(𝑡 + 𝜏)〉” will have negative 

contributions. Therefore, the correlation function (either signal or fluctuation) will 

have the highest value at 𝜏 = 0. And at a very long time (𝜏 → ∞) 𝑔(𝜏) will become 

0. This means a plot of 𝑔(𝜏) versus 𝜏 will give us a decay curve of self-similarity 

with time. 

 

 

Scheme 2.9. Scheme 2.9. Conceptual illustration of how the autocorrelation function is 

constructed. Autocorrelation quantifies the self-similarity of a fluctuating fluorescence signal 

over time. In this schematic, the same fluorescence fluctuation trace is compared with its time-

shifted versions at increasing lag times (𝜏, 2𝜏, 3𝜏, 4𝜏). As the lag time increases, the overlap 

between the original and shifted traces decreases, leading to a reduction in correlation. 

Eventually, at large lag times, no meaningful similarity remains, and the autocorrelation value 

approaches zero. The plot at the bottom shows the decay of the autocorrelation function 𝑔(𝜏) 

as a function of lag time on a logarithmic scale. 

 

Previously in FCS, to detect the fluorescence signal or the fluctuations of the 

fluorescence intensity, one detector was used. Thus, the autocorrelation function 
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needs to be generated to extract information about the processes that caused 

fluctuations in the intensity, which is, in general, free diffusion of the fluorophore 

through the detection volume 44. However, with the modernization of the instrument, 

two detectors with a 50:50 beam splitter are used. Basically, the fluorescence is split 

equally into two channels using the beam splitter and detected separately but 

simultaneously using two detectors. In this way, the signal-to-noise ratio was 

improved a lot by eliminating detector-specific noise, which is uncorrelated across 

the two channels 44. 

This allows the measurement of a cross-correlation function between the two 

independently recorded fluorescence signals, 𝐹1(𝑡) and 𝐹2(𝑡) as44, 

𝐺12 =
〈𝐹1(𝑡).𝐹2(𝑡+𝜏)〉

〈𝐹1(𝑡)〉.〈𝐹2(𝑡+𝜏)〉
        (2.37) 

 

Scheme 2.9 visually demonstrates how the autocorrelation function decreases with 

increasing lag time. A similar curve is expected for cross-correlation as well. To 

interpret this decay meaningfully, particularly in terms of molecular diffusion or any 

other dynamic process that drives fluorescence fluctuations, it is essential to have a 

well-defined understanding of both the optical detection volume and the system 

under study. The mathematical model used for curve fitting must be carefully chosen 

to reflect the underlying source of the fluctuations. Only then can the resulting fit 

yield accurate and physically relevant parameters that describe the system's 

behavior. 

 

2.7.3. Fitting Function of the Fluorescence Autocorrelation Function 

In Fluorescence Correlation Spectroscopy (FCS), the analysis is based on recording 

a time-dependent fluorescence intensity trace, F(t), that originates from a confined 

observation volume. Several spatial and optical parameters influence the 
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fluorescence signal detected at any given time. Let ‘𝑟’ represent the position in space 

and ‘𝑡’ time. The key factors determining the signal include44: 

(a) The excitation intensity distribution (𝐼(𝑟, 𝑡)), which describes how the 

excitation light is spatially distributed. For most practical cases in FCS, this 

intensity is considered time-independent, reducing to 𝐼(𝑟). 

(b) The collection efficiency function (CEF) of the optical system, which reflects 

how effectively emitted photons are captured at different locations in space. 

In confocal FCS, this function is largely governed by the microscope’s point 

spread function (PSF) and the geometry of the pinhole, which restricts out-

of-focus light. 

(c) The factor 𝑘 which encompasses the molecular brightness of the fluorophore. 

This includes its absorption cross-section, quantum yield, and overall 

detection efficiency—accounting for photon losses through the optical path 

and the efficiency of the detector. 

(d) 𝑆(𝑟), defines the spatial extent of the fluorescent sample being investigated. 

(e) The spatiotemporal distribution of fluorophores, represented by 𝐶(𝑟, 𝑡)which 

varies as molecules diffuse through or react within the detection volume. 

The intensity fluctuations, which are basically due to concentration fluctuation in the 

observation volume, can be defined as44 

𝛿𝐹(𝑡) = ∫ 𝐼(𝑟). 𝐶𝐸𝐹(𝑟). 𝑆(𝑟). 𝛿𝐶(𝑟, 𝑡)𝑑𝑟     (2.38) 

As we already know, from equation 2.36, 

𝑔(𝜏) =
𝑘2 ∫∫ 𝐼(𝑟).𝐼(𝑟′)𝐶𝐸𝐹(𝑟).𝐶𝐸𝐹(𝑟′)𝑆(𝑟)𝑆(𝑟′)〈𝛿𝐶(𝑟,𝑡)𝛿𝐶(𝑟′,𝑡+𝜏)〉𝑑𝑟𝑑𝑟′

𝑘2〈∫ 𝐼(𝑟).𝐶𝐸𝐹(𝑟).𝑆(𝑟).𝐶(𝑟,𝑡)𝑑𝑟〉2
  (2.39) 

Assuming the sample is much larger than the observation volume, 𝑆(𝑟) = 1. Also, 

in the denominator only the concentration term is affected by time, and a time 

integral over that concentration term will result in average concentration, 〈𝐶〉. Thus, 

we can write, 
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∴ 𝑔(𝜏) =
∫∫ 𝐼(𝑟).𝐼(𝑟′)𝐶𝐸𝐹(𝑟).𝐶𝐸𝐹(𝑟′)𝑆(𝑟)𝑆(𝑟′)〈𝛿𝐶(𝑟,𝑡)𝛿𝐶(𝑟′,𝑡+𝜏)〉𝑑𝑟𝑑𝑟′

〈𝑐〉2〈∫ 𝐼(𝑟).𝐶𝐸𝐹(𝑟).𝑆(𝑟).𝑑𝑟〉2
  (2.40) 

 

In confocal fluorescence correlation spectroscopy (FCS), the combined effect of the 

excitation focus and the spatial filtering imposed by the pinhole can be approximated 

using a three-dimensional Gaussian profile. This simplification is widely adopted 

because it closely resembles the actual shape of the detection volume, especially 

when a tightly focused laser beam is used in conjunction with a confocal pinhole. 

If 𝑃 denote the laser power, the spatial profile of the detection volume, denoted as 

𝑊(𝑟), is given by the product of the excitation intensity distribution (𝐼(𝑟)) and the 

collection efficiency function (𝐶𝐸𝐹(𝑟)) 44. Under the 3D Gaussian approximation, 

this function can be written as44: 

𝑊(𝑟) = 𝐼(𝑟). 𝐶𝐸𝐹(𝑟) =
2𝑃

𝜋𝑤0
𝑒
−2𝑥2

𝑤0
2 .
−2𝑦2

𝑤0
2 .
−2𝑧2

𝑧0
2      (2.41) 

For pure diffusion, the fluctuations in concentration can be written (the details can 

be found in the book44 mentioned above) as, 

〈𝛿𝐶(𝑟, 𝑡)𝛿𝐶(𝑟′, 𝑡 + 𝜏)〉 = 〈𝐶〉.
𝑒
−(𝑥−𝑥′)

2
+(𝑦−𝑦′)

2
+(𝑧−𝑧′)

2

4𝐷𝜏

8(𝜋𝐷𝜏)
3
2⁄

    (2.42) 

Replacing these equations (2.41, 2.42) into the autocorrelation function, 

 

𝑔(𝜏)     

=
∫∫∫∫∫∫ 𝑒

−2(𝑥2+𝑥′
2
)

𝑤2
0 𝑒

−2(𝑦2+𝑦′
2
)

𝑤20 𝑒

−2(𝑧2+𝑧′
2
)

𝑧20
 .
𝑒

−(𝑥−𝑥′)
2
+(𝑦−𝑦′)

2
+(𝑧−𝑧′)

2

4𝐷𝜏

8(𝜋𝐷𝜏)
3
2⁄

𝑑𝑥𝑑𝑥′𝑑𝑦𝑑𝑦′𝑑𝑧𝑑𝑧′

〈𝐶〉(∫ ∫∫𝑒

−2𝑥2

𝑤2
0 𝑒

−2𝑦2

𝑤2
0 𝑒

−2𝑧2

𝑧20 𝑑𝑥𝑑𝑦𝑑𝑧)

2  

 (2.43) 
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Integrating and simplifying, we get, 

𝑔(𝜏) =
1

〈𝐶〉𝜋
3
2⁄ 𝑤0

2𝑧0
(1 +

4𝐷𝜏

𝑤0
2)

−1 2⁄

(1 +
4𝐷𝜏

𝑤0
2)

−1 2⁄

(1 +
4𝐷𝜏

𝑧0
2)

−1 2⁄

  (2.44) 

 

Diffusion in each direction has one term in this equation 2.44. As the system is 

rotationally symmetric, the two terms coming from 𝑥 and 𝑦 direction are essentially 

the same, and thus the function becomes, 

𝑔(𝜏) =
1

𝑁
(1 +

𝜏

𝜏𝐷
)
−1

(1 +
𝜏

𝐾2𝜏𝐷
)
−1

2⁄

      (2.45) 

In this equation,  

𝑁 = 〈𝐶〉𝜋
3
2⁄ 𝑤0

2𝑧0 = 〈𝐶〉. 𝑉𝑒𝑓𝑓,        

  

𝜏𝐷 = 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 =
𝑤0
2

4𝐷
; 𝐾 = 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =

𝑧0

𝑤0
 

Most importantly, the effective detection volume of the FCS (𝑉𝑒𝑓𝑓) is represented 

as,            

𝑉𝑒𝑓𝑓 = 𝜋
3
2⁄ 𝑤0

2𝑧0         (2.46) 

 

At 𝜏 = 0, the equation 2.45 becomes, 𝑔(0), which is the inverse of the average 

particle number in the observation volume and is expressed as, 

 

𝑔(0) =
1

𝑁
=

1

𝑉𝑒𝑓𝑓〈𝐶〉
         (2.47) 
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So, equation 2.45 can be rewritten as, 

 

𝑔(𝜏) = 𝑔(0) ∙ (1 + (
𝜏

𝜏𝐷
))

−1

∙ (1 + (
1

𝐾
)
2

∙
𝜏

𝜏𝐷
)
−
1

2

    (2.48) 

In the case where 𝜏 = 𝜏𝐷, the function (equation 2.48) will become, 

𝑔(𝜏𝐷) = 𝑔(0) ∙ (1 + (
𝜏𝐷

𝜏𝐷
))

−1

∙ (1 + (
1

𝐾
)
2

∙
𝜏𝐷

𝜏𝐷
)
−
1

2

  

∴ 𝑔(𝜏𝐷) = 𝑔(0).
1

2√1+𝐾−2
  

Replacing a typical value of 𝐾 in a confocal FCS setup, 𝐾~5, in 𝑔(𝜏𝐷),  

𝑔(𝜏𝐷) ≈
𝑔(0)

2.04 
 ≈

1

2.04 𝑁 
  

So, 𝜏𝐷 is the time at which the amplitude of the correlation becomes half of its initial 

value. This simple way can be qualitatively used to estimate the comparative nature 

of diffusion, i.e., faster or slower than the other. 

Up to this point, the derivation of the autocorrelation function assumes that the 

fluorophore’s fluorescence intensity only fluctuates due to translational diffusion 

within the observation volume. However, in actual experimental conditions, this is 

rarely the case. Photophysical or chemical processes, triplet state transitions, or 

conformational changes can also contribute significantly to the overall fluctuation 

pattern 43,44,50. 

To account for such non-diffusive contributions, an additional multiplicative factor 

is incorporated into the autocorrelation function. The total ACF is now expressed as, 

𝑔𝑡𝑜𝑡𝑎𝑙(𝜏) = 𝑔𝑡𝑜𝑡𝑎𝑙(𝜏) ∙ 𝑋𝑘𝑖𝑛𝑒𝑡𝑖𝑐𝑠(𝜏)      (2.49) 
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In cases where the fluorophore undergoes reversible transitions such as entering a 

non-fluorescent triplet state, the kinetic contribution can be modeled using a simple 

exponential decay function 

𝑋𝑅(𝜏) = 1 − 𝐴 + 𝐴 ∙ 𝑒
−

𝜏

𝜏𝑅        (2.50) 

 

Where A is the fractional contribution of the photophysical process to the overall 

fluorescence fluctuation, 𝜏𝑅 is the characteristic time constant of the process (e.g., 

triplet lifetime). For convenience, this function can be normalized by the non-

fluctuating component (1 − 𝐴), leading to the simplified form 

𝑋𝑅(𝜏) = 1 + 𝑎 ∙ 𝑒
−

𝜏

𝜏𝑅        (2.51) 

Where, 𝑎 = 𝐴
1 − 𝐴⁄ . 

 

When both diffusion and a reversible photophysical process contribute to 

fluorescence fluctuations, the final form of the autocorrelation function can be 

written as, 

 

𝑔(𝜏) =
1

𝑉𝑒𝑓𝑓〈𝐶〉
∙

1

(1+(
𝜏

𝜏𝐷
))

∙
1

√1+(
1

𝐾
)
2
∙
𝜏

𝜏𝐷

∙ (1 + 𝑎 ∙ 𝑒
−

𝜏

𝜏𝑅)  

∴ 𝑔(𝜏) = 𝑔(0) ∙ (1 + (
𝜏

𝜏𝐷
))

−1

∙ (1 + (
1

𝐾
)
2

∙
𝜏

𝜏𝐷
)
−
1

2

∙ (1 + 𝑎 ∙ 𝑒
−

𝜏

𝜏𝑅)  (2.52) 
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In some cases, anomalous diffusion (e.g., hindered or subdiffusive motion in 

crowded environments) must be considered 53–55. This is accounted for by 

introducing an anomaly exponent 𝛼, modifying the autocorrelation function as54,56,  

 

𝑔(𝜏) = 𝑔(0) ∙ (1 + (
𝜏

𝜏𝐷
)
𝛼

)
−1

∙ (1 + (
1

𝐾
)
2

∙ (
𝜏

𝜏𝐷
)
𝛼

)
−
1

2

    (2.53) 

 

‘α’ is a measure of the extent of deviation from normal diffusion. The diffusion is 

referred to as subdiffusion for 0 < α < 1, normal diffusion for α = 1, and super 

diffusion for α > 1 54,56. 

For more than one particle diffusing normally (i.e. α = 1), the ACF can be written 

as44 

𝐺(𝜏) =
1

(∑ 𝑁𝑖𝑖 )2
∑ 𝑁𝑖𝐷𝑖(𝜏)𝑖 ;  𝐷𝑖(𝜏) = (1 +

𝜏

𝜏𝐷𝑖
)
−1

(1 +
1

𝐾2

𝜏

𝜏𝐷𝑖
)
−
1

2
  (2.54) 

 

2.7.4. Structural Information Extraction Employing FCS 

Once the diffusion time (τD) is obtained by fitting the autocorrelation curves using 

appropriate models (discussed above), and diffusion coefficient (Dt) of the particle 

is determined, one can extract structural information, the hydrodynamic radius (rH), 

of the particle by applying the Stokes-Einstein equation 57,58. The Stokes-Einstein 

equation describes the diffusion of a spherical particle of hydrodynamic radius (𝑟𝐻) 

undergoing Brownian motion in a viscous fluid at a constant temperature. The 

mathematical form of the equation is, 

𝑟𝐻 =
𝑘𝐵𝑇

6𝜋𝜂𝐷𝑡
          (2.55) 
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where kB is the Boltzmann constant, T is the absolute temperature and η is the 

viscosity of the medium, 𝐷𝑡 is the translational diffusion coefficient.  

To calibrate our system and accurately determine the confocal volume (specifically, 

𝐾), we performed a series of FCS measurements using Rhodamine 6G (R6G) at 

varying concentrations in water.  The autocorrelation curves were fitted globally, 

and the value of 𝐾 was extracted under the assumption that the diffusion coefficient 

of R6G in water is known, 𝐷𝑡 = 4.14 × 10−6 𝑐𝑚2𝑠−1 59. Once calibrated, the 

parameter ‘𝐾’ kept fixed for all subsequent fittings of a particular set of experimental 

data using any appropriate fitting models. 

 

2.7.5. Accounting for Medium-induced Refractive Index and Viscosity 

Alterations 

When external perturbations such as temperature shifts, some additives like DES, or 

macromolecular crowders are introduced, they can significantly alter the viscosity 

and refractive index of the solution. To isolate the viscosity-induced effects from 

those due to molecular size or structure, we implemented a control experiment at 

every condition tested by using Rhodamine 6G (R6G) as a reference fluorophore. 

R6G is a small, rigid dye whose structure remains unaffected by environmental 

changes such as the addition of DES or crowding and changes in temperature. Thus, 

any shift in its measured diffusion time reflects solely the change in solution 

viscosity. 

Using the known hydrodynamic radius of R6G (𝑟𝐻
𝑅6𝐺) in buffer, and its measured 

diffusion time under the same experimental conditions, we calculated the 

hydrodynamic radius of the protein or any dye at every experimental point according 

to the following equation. 
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𝑟𝐻
𝑝𝑟𝑜𝑡𝑒𝑖𝑛

= 𝑟𝐻
𝑅6𝐺 ×

𝜏𝐷
𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝜏𝐷
𝑅6𝐺         (2.56) 

 

FCS is routinely used by researchers to monitor the conformational change of protein 

in the presence of various external perturbations like desaturating agents, heat, DES, 

crowder, confinement, and so forth 40,51,52,60–67. 

Regarding refractive index variations, we compensated for these changes by 

adjusting the objective collar. At each experimental condition, the collar was fine-

tuned to maximize the 𝐺(0) value, which ensures the smallest effective observation 

volume and consistent optical alignment across all measurements. 

 

2.7.6. FCS Setup 

One of the primary challenges in single-molecule fluorescence detection is 

eliminating interference from background signals, such as Raman scattering from 

the solvent 19. The solution lies in minimizing the observation volume to the 

femtoliter scale, which drastically reduces background noise and enhances signal 

specificity. Achieving such a confined detection volume is the central goal of 

Fluorescence Correlation Spectroscopy (FCS) instrumentation 19. This can be 

realized through two major optical approaches: (i) confocal microscopy, and (ii) total 

internal reflection geometry (TIRF) 44,68. 

In this thesis, a home-built confocal FCS setup has been used for performing single 

molecular level fluorescence experiments (see scheme 2.10). 
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Scheme 2.10. A schematic diagram of a home-built FCS. (Abbreviations: IR, iris; M, mirror; 

DM, dichroic mirror; ND, neutral density filter; EF, emission filter). The sample cells are 

specially designed glass cells with a water jacket surrounding them. In the water jacket, there 

are one inlet and one outlet for water circulation. Labocon LLCB-202 temperature controller 

unit has been used to circulate water of a specific temperature through the water jacket to 

control the temperature of the sample cell. 

 

 

Figure 2.1. Image of home-built FCS setup.  
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The schematic diagram has been shown as scheme 2.10. and the photograph of the 

actual setup has been shown in Figure 2.1.  

 

To facilitate understanding, the entire setup is divided into three major functional 

components such as (a) excitation unit, (b) detection unit, and (c) data analysis unit, 

and they are discussed in the following paragraphs. 

 

(a) Excitation unit: The excitation unit comprises the laser source, a beam expander 

(telescope), a sequence of mirrors (M1–M4), and irises (I1–I4). The laser delivers a 

collimated beam with an initial diameter of 2.5 mm. Since forming a small focal spot 

requires a broader input beam, the laser beam is expanded nearly 8-fold using the 

telescope before being directed into the microscope using strategically positioned 

mirrors. To regulate excitation intensity, a neutral density (ND) filter is placed in the 

optical path. The beam width is finely adjusted using an iris positioned just before 

entering the microscope, and maintained nearly at 10 mm, optimized for the 

objective’s aperture. The collimated beam is then directed through a dichroic mirror, 

which reflects the excitation light toward the objective lens. The objective is actually 

a collection of lenses which is used to focus the collimated beam onto the sample 

that is placed on a clean coverslip mounted on the microscope stage. 

(b) Detection unit: Following excitation, the sample emits fluorescence, which is 

collected only from the portion directed back into the objective lens. These photons 

are collimated by the same objective, transmitted through the dichroic mirror and an 

emission filter to cut any excitation light mixed with the emitted light, and finally 

fall onto a cubic (50:50) beamsplitter. This emitted light is then focused into two 

pinholes placed perpendicular to each other. These pinholes (realized via a fiber tip) 

plays a critical role by acting as a spatial filter, ensuring that only photons originating 

from the focal volume are detected. Photons emitted from outside this volume are 
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effectively blocked, thus maintaining confocality. The pinhole size directly controls 

the effective observation volume (see Scheme 2.11 and Scheme 2.12 for illustration). 

 

 

Scheme 2.11. Schematic representation of the confocal detection system. 

 

The optical fiber, held in place by a five-axis positioner, precisely guides the photons 

to a single-photon avalanche photodiode (APD), which converts them into an 

electronic signal suitable for time-resolved detection. 

 

 

Scheme 2.12. Gaussian-shaped observation volume. 
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(c) Analysis unit: The detected fluorescence signal through the two pinholes and 

optical fibre, in the form of photon counts, is transmitted from the avalanche 

photodiodes (APD) to the autocorrelator card. This card’s primary function is to 

segment the intensity time trace into discrete bins and compute the degree of cross-

correlation within the two signals detected by two APDs based on varying time 

delays (lag times). The autocorrelation curve of fluorescence intensity collected 

through each APD can also be observable just by switching off the other detector.  

To form the correlation curve, it first determines the mean fluorescence intensity of 

one channel 〈𝐹1(𝑡)〉 and the corresponding fluctuation 𝛿𝐹1(𝑡). The fluctuation 

profile of the other channel, 𝛿𝐹2(𝑡) is then shifted incrementally in time, with the 

magnitude of the shift defined by the time resolution capabilities of the correlator 

hardware. 

In our setup, the correlator card supports a minimum lag time resolution of 0.2 

microseconds, allowing it to resolve events as fast as 0.2 µs. Its maximum lag time 

extends up to approximately 3435969984 microseconds, which is equivalent to 

nearly one hour, enabling the observation of dynamic processes across a broad 

temporal window. The range of dynamic events that can be studied is inherently 

bound by these minimum and maximum lag values. 

Once the correlation curve is computed, the result is transferred to a graphical user 

interface based on the LabVIEW platform, where it can be visualized in real time. 

The data is simultaneously saved in ASCII format, which facilitates further 

quantitative analysis and model fitting using Igor Pro software. 

 

2.7.6.1. Specification of the Components of the FCS setup 

Laser:  MGL-III-532-5mW (532 nm), CNI, China 
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Telescope: BE10M-A, Thorlabs, USA 

Mirrors: KM100, Thorlabs, USA 

Microscope: Inverted confocal microscope, IX-71, Olympus, Japan 

Objective lens: 60X water immersion objective with numerical aperture 1.2, 

working distance 0.28 mm, Olympus. 

Dichroic mirror: ZT532RDC, Chroma, USA. 

Bandpass filters: ET605/70m 

Neutral density filters: NDC-50C-4M - Mounted Continuously Variable ND Filter, 

Thorlabs, USA 

Cubic Beam Splitter: BS010 - 50:50 Non-Polarizing Beamsplitter Cube, 400 - 700 

nm, Thorlabs, USA 

Fibre patch chord: M43L01, M42L01, M67L01, Thorlabs, USA 

Detector: SPCM-AQRH-13-FC-24420, Excelitas technologies 

Correlator card: Flex 990EM-12E,  

Opto-mechanics: Post, rods, iris, and holders are from Thorlabs, USA, and 

Holmarc, India. 

 

2.7.6.2. Calibration of the Instrument 

Fitting the experimental auto/cross correlation curves yields the diffusion time of 

molecules through the detection volume. However, this diffusion time is influenced 

by several factors such as the observation volume and the medium’s viscosity, 

making it an extensive property 43,44. Therefore, to extract meaningful size-related 

information from the diffusion time, calibration of the focal volume is essential. 

Additionally, the theoretical models used to analyze FCS data assume a Gaussian 
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excitation beam profile. For this reason, proper calibration of the system is a 

prerequisite before starting any measurements. 

 

Alignment of the Detector: 

The fiber patch cord, which also functions as the confocal pinhole, must be precisely 

positioned at the focal point of the emitted photons to ensure accurate photon 

detection from the defined Gaussian volume. This alignment is achieved using a 

five-axis positioner, which allows adjustment in x, y, and z directions as well as 

angular tilts in two planes. It is aligned as follows: 

(i) Initial Alignment: A concentrated dye solution is placed in the sample chamber, 

and the fiber is coarsely aligned until the fluorescence becomes visible at the fiber’s 

output.  

(ii) Fine Alignment: A dilute dye solution (~1–5 nM) is then used, and the fiber 

position is adjusted carefully using the screws of five-axis to maximize photon count 

at the detector, ensuring that it is perfectly aligned with the focused emission path. 

Before taking any data for an unknown sample, the photon count from a standard 

dye like rhodamine 6G (R6G) is checked. If the signal is lower than expected, the 

alignment and calibration procedure is repeated. 

 

Achieving the minimal Detection Volume 

Once proper alignment is ensured, the next objective is to reduce the volume of 

excitation to the smallest possible extent. This is crucial for improving spatial 

resolution and signal-to-noise ratio. The diameter of the excitation beam plays a key 

role in defining the focal volume, and larger beam diameters result in tighter focal 

volumes (see Scheme 2.13). The calibration involves recording the diffusion time of 
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a low-concentration dye solution (~1-5 nM) while systematically varying the 

objective collar setting and adjusting the focal plane height above the coverslip. 

 

 

Scheme 2.13. Illustration of focal volume control via excitation beam diameter and objective 

overfilling. 

 

The collar ring of the objective allows correction for spherical aberrations due to 

mismatches in refractive indices between the immersion medium, the cover glass, 

and the sample. It is essential to determine the optimal collar position for each 

refractive index and excitation wavelength. Figure 2.2 illustrates how the diffusion 

time of rhodamine 6G in aqueous solution changes with collar position. 

 

 

Figure 2.2. Dependence of rhodamine 6G diffusion time on the objective collar setting. 
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As evident from the figure, the shortest diffusion time is attained at collar position 

~13.5-14, indicating optimal alignment and minimal focal volume. 

The vertical control (z-axis) of the focal plane is provided in the microscope as a 

rotating knob. The height of the focal point from the surface of the cover slip can be 

controlled by the knob provided in the microscope to vary the z-axis of the objective. 

Both the upper and lower surfaces of the cover slip can be located by finding a 

sudden jump in the detected photon counts. The upper and lower interfaces of the 

coverslip can be identified by a sudden increase in detected photon counts. For 

consistent measurements, the focal plane is typically positioned about 40 µm above 

the coverslip surface to avoid optical interference, which has been found optimal in 

the system used in this thesis. 

 

Measurement of the dimension of the observation volume 

The observation volume, typically Gaussian-shaped (Scheme 2.12), is determined 

using a dye (R6G in most cases) with a known diffusion coefficient. Several 

autocorrelation curves are recorded at different dye concentrations (Figure 2.3). The 

parameter '𝐾' is defined as the ratio of the axial to radial dimensions of the 

observation volume, which characterizes the volume and remains constant across all 

concentration-dependent measurements. Only the number of particles within the 

observation volume varies with dye concentration. The resulting autocorrelation 

curves are globally fitted (from 1 µs) using a one-component diffusion model, 

incorporating an additional exponential term to account for the known triplet-state 

photo physics of the rhodamine dye. However, the characteristic timescale for this 

photophysical process in buffer is approximately 1–2 µs. Thus, fitting the 

autocorrelation curves from 10 µs onward effectively eliminates any contribution 

from photo physics and then can be fitted with only a one-component diffusion 
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model. Importantly, the observation volume parameters obtained in these two ways 

remain consistent. 

The global fitting yields the diffusion time (which is independent of the 

concentration and hence the same for all the curves) and the instrumental parameter 

‘𝐾’ which is the ratio of the axial and radial diameters of the observation volume, 

𝐾 =
𝑧0
2

𝑤0
2. 

The known diffusion coefficient of R6G dye in the buffer is 4.14 x 10-6 cm2 sec-1 59. 

The value of the transverse radius (𝑟) is can then be calculated using the equation, 

𝐷 =
𝑤0
2

4𝜏𝐷
.  By employing another equation, 𝑉𝑒𝑓𝑓 = 𝜋

3
2⁄ 𝑤0

2𝑧0, the effective 

observation volume of our setup was estimated to be ~ 0.7-0.9 fL. 

 

 

Figure 2.3. Global fitting of autocorrelation curves using equation 2.52 in order to measure the 

dimensions of the observation volume. 

 

Checking the effect of power 

Fluorescence correlation spectroscopy (FCS) is highly sensitive to fluctuations in 

fluorescence intensity. However, at elevated excitation powers, additional sources 

of fluctuation, such as photobleaching and transitions to non-emissive triplet states 
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can distort the signal and complicate data interpretation. To minimize such artifacts, 

the excitation power must be carefully tuned prior to data acquisition. 

To determine the optimal laser intensity, a preliminary power-dependence check is 

conducted. The sample system is exposed to a range of excitation powers, and the 

resulting fluorescence autocorrelation curves are recorded and compared. Robust 

fluorophores like rhodamine 6G exhibit high resistance to power-induced effects, 

showing minimal distortion in their correlation curves across a wide power range. In 

contrast, more sensitive systems like tagged proteins show deviations in the 

correlation profiles once a certain power threshold is crossed. For these less 

photostable systems, all subsequent measurements are performed at an excitation 

power slightly below this previously optimized critical threshold, ensuring minimal 

photophysical interference while maintaining adequate signal strength. 

 

Temperature-Controlled FCS Measurements 

To enable FCS measurements at varying temperatures, our group developed a 

custom-designed thermal chamber 40,52,64. Temperature-dependent FCS studies are 

relatively uncommon, and to the best of my knowledge, such configurations are not 

widely implemented in other laboratories. In one of the investigations for this thesis, 

I employed this setup to explore thermally induced changes in molecular diffusion 

and structural dynamics. 

The temperature-controlled unit comprises a sample-holding chamber enclosed by a 

water jacket (Scheme 2.14). This jacket features inlet and outlet ports to allow 

continuous water circulation. The bottom of the sample chamber is in direct contact 

with a microscope-compatible coverslip on which the fluorescent sample is placed. 

The temperature of the circulating water—and hence the sample—is precisely 

regulated using a programmable water circulator (Lab Companion, JEIO TECH, 

Billerica, MA, USA). This setup ensures stable and uniform thermal conditions 



176  Chapter-2 

across the detection volume during FCS measurements, allowing reliable analysis of 

temperature-dependent molecular behavior. 

 

 

Scheme 2.14. Temperature-dependent FCS. (a) sample cell, (b) holder, (c) temperature cell 

attached to the FCS setup. DM: dichroic mirror, EF: emission filter, IR: iris, M: mirror, BS: 

beam splitter, ND: neutral density filter. 

 

2.8. Other Instruments 

In addition to the primary techniques discussed in detail, a few supplementary 

instruments were employed on a limited scale. To begin with, the dynamic viscosity 

of both the prepared deep eutectic solvents (DESs) and their hydrated counterparts 

was assessed using a rolling-ball viscometer (Lovis 2000 M, Anton Paar, Austria), 

which features a built-in temperature regulation system. Moreover, as DESs are 

typically composed of hygroscopic materials, it is a standard practice to evaluate 

their inherent water content. For this purpose, we utilized Karl Fischer titration 

(KAFI LABINDIA KF Titrator) to accurately quantify the moisture present in the 

DES samples. For freshly prepared (from overnight vacuum dried constituents) 
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0.5Ac/0.3Ur/0.2Sor DES, the water content is measured to be 0.3 % (w/w), whereas 

for 0.55Ac/0.36Ur/0.09PEG DES, the water content is found to be 0.4 % (w/w). 

 

2.9. Protein Tagging 

In this thesis, two proteins, Human Serum Albumin (HSA) and Bromelain, were 

studied. Site-specific fluorescent tagging was carried out to probe distinct structural 

and dynamical features of these proteins. Both of these proteins were tagged 

following previously published reports 69–73. 

For HSA, selective labeling was achieved in two distinct regions (Scheme 2.15): 

Domain I (free cysteine residue) was labeled with CPM (7-diethylamino-3-(4’-

maleimidylphenyl)-4-methylcoumarin), and TMR (tetramethylrhodamine-5-

maleimide) according to requirement. 

Domain III (tyrosine residue) was tagged using the fluorophore NPCE. 

 

Scheme 2.15. Schematic representation of labelling of Cys-34 (domain-I), and Tyr-414 

(domain-III) of HSA by CPM and NPCE fluorophore. 

 

However, the bromelain enzyme possesses a single free cysteine (Cys-26) at its 

catalytic site (Scheme 2.16). This thiol group served as a labeling site, and CPM was 

employed for site-specific conjugation. 
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Scheme 2.16. Schematic representation of labeling of Cys-26 of bromelain by TMR 

fluorophore. 

 

Generally, for the FCS study, I have used TMR-tagged proteins. However, in other 

fluorescence experiments like emission spectra and time-resolved emission, I have 

used CPM or NPCE-tagged proteins as per the requirement of the study. 

 

Labeling of HSA with CPM/TMR 

Cys-34 of HSA was covalently tagged to CPM and TMR following the previously 

described method. Briefly, two 10 ml, 90 𝜇𝑀 stock solutions of HSA in the buffer 

of pH 7.4 were taken in round-bottom flasks. Separately, each of the labeling dyes 

was prepared in DMSO and was added dropwise to one of the HSA solutions under 

stirring conditions such that in the final solution, the molar ratio became HSA: dye 

= 1:1.2. The reaction mixtures were then stirred for 12 h at 25 °C. Two reaction 

mixtures were then separately dialyzed against 1:20 (V/V) DMSO: buffer solution 

at 5 °C. The dialysis medium was changed 3 times a day for 4 days and then twice 

in 24 h till the complete removal of untagged dye (as measured by the absorption 

spectrum of the dialysis medium). The labeled proteins were concentrated using a 

10 kDa centrifugal filtration unit. The site-selectivity of the tagging is confirmed 

through control experiments. The tagging efficiency of TMR-tagged HSA and CPM-

tagged HSA is calculated to be ~72%, and ~ 88 % from the ratio of the concentration 
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of HSA to dye in the CPM tagged-HSA, using 𝜖𝐻𝑆𝐴
280 , 𝜖𝑇𝑀𝑅

555  and 𝜖𝐶𝑃𝑀
390  values of 36,500 

𝑀−1𝑐𝑚−1, 75,000 𝑀−1𝑐𝑚−1, and 33,000 𝑀−1𝑐𝑚−1, respectively 69. 

 

Labelling of HSA with NPCE 

40 mg of HSA was dissolved in 9 mL of 50 mM phosphate buffer (pH=8.0), and 1 

mL of NPCE in DMSO was added slowly into it such that the molar ratio of protein 

and dye in the reaction mixture is 1:0.9. There are altogether 19 tyrosine residues 

present in HSA. However, Tyr-411 is the most accessible one at pH 8 for the 

esterification reaction owing to its considerably low 𝑝𝐾𝑎 value. The ratio of the 

protein and the dye (NPCE) is taken as 1:0.9 to avoid tagging of NPCE at multiple 

sites. The reaction mixture was then stirred at room temperature for 24 hrs. Upon 

completion of the reaction, the reaction mixture was dialyzed against DMSO:buffer 

mixture (having the same DMSO: buffer ratio as in the reaction mixture) at 4°C to 

remove the unreacted dye. The dialysis solution was replaced four times in two days. 

Then the solution was replaced with pure phosphate buffer (50 mM, pH 7.4) several 

times during the next week. The dialysis solution was checked through absorption 

and emission studies each time for the presence of unreacted dye molecules. When 

the dialysis solution was found free of any dye, dialysis was stopped, and the labelled 

protein was collected from the tubes. The labelled protein was further washed and 

concentrated using the 10 kDa cutoff centrifugal filtration unit and lyophilized to 

obtain the solid labelled protein. The tagging efficiency was calculated to be 70% 

using the standard procedure 71,72. 

 

Labeling of Bromelain with CPM 

Briefly, 192 mg of bromelain was dissolved in 19 mL phosphate buffer (50 𝑚𝑀, pH 

7.4). Following continuous stirring, 3.8 mg of CPM in 0.5 mL of DMSO was added 

dropwise to the protein solution. The reaction mixture was stirred for 12 h at 20 °C, 
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followed by dialysis at 5 °C using 1000 mL of phosphate buffer (50 𝑚𝑀, pH 7.4) 

and the same concentration of DMSO as in the reaction mixture. The dialysis 

medium was changed four times a day for the first 4 days, and after that, dialysis 

was carried out with two times medium change until the dialyzed solution showed 

no appreciable fluorescence. The CPM-tagged bromelain was then concentrated 

using the 10 kDa-cutoff centrifugal filtration unit. The tagging efficiency is 

calculated to be ~70%, from the ratio of the concentration of bromelain to dye in the 

CPM tagged bromelain, using 𝜖𝑏𝑟𝑜𝑚𝑒𝑙𝑎𝑖𝑛
280  and 𝜖𝐶𝑃𝑀

390  values of 63,500 𝑀−1𝑐𝑚−1 and 

33,000 𝑀−1𝑐𝑚−1, respectively 69. 

 

2.10. Some Control Experiments Related to Tagging: 

2.10.1. Confirmation, Site-selectivity, and Perturbation Related to Tagging of 

Fluorophores to HSA:  

Human serum albumin contains 35 cysteine residues. However, only Cys-34 in 

domain I is free, and all the others are connected through a disulfide bond with 

another cysteine residue. Thus, a site-specific tagging of CPM or TMR to the Cys-

34 residue is very much possible. For this purpose, we have used HSA and dye in a 

1:1.2 ratio for efficient tagging. The absorption spectra of CPM do not change upon 

tagging to HSA. CPM itself is a very weakly fluorescent molecule with its emission 

maximum lying around 480 nm. When tagged to HSA, it shows a blue shift of 17 

nm (Figure 2.4). This hints that upon tagging CPM goes inside the protein core.  
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Figure 2.4. Intensity-normalized absorption and emission spectra of free CPM and CPM 

tagged to HSA. 

 

Due to considerable absorption of the acetamide-urea-sorbitol DES in the absorption 

region (~400 nm) of the dye CPM, single molecular measurement with that probe 

was not possible. Thus, to measure the FCS, we have used a different probe TMR. 

TMR is not a solvatochromic dye, so after it covalently binds to cys-34 of HSA, the 

absorption and emission spectra of the dye do not change observably. However, this 

non solvatochromicity of the TMR dye is not a problem for conducting experiments 

through FCS.  Also, the confirmation of TMR tagging has been done using FCS 

itself (see Figure 2.6). This change of probe is not going to alter our observations as 

the probe TMR is attaching to the protein in the exact same place where CPM is 

covalently bound. To be sure about that, we have measured the thermal stability of 

unlabelled HSA, TMR-tagged HSA, and CPM-tagged HSA using CD spectroscopy 

(Figure 2.5). All the CD signals and the nature of melting curves are very much 

similar, confirming the same. 
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Figure 2.5. (a) Circular dichroism spectra of untagged, TMR tagged, and CPM tagged HSA at 

room temperature (298 K), (b) Melting curves of untagged, TMR tagged, and CPM tagged 

HSA 

 

Table 2.1. Secondary structural parameters from CD spectra of untagged HSA, 

TMR tagged HSA and CPM tagged HSA at room temperature (calculated using 

CDNN software). 

 %- of secondary structural contents 

α- helicity β- sheet β- turn Random coil 

Untagged 

HSA 

67.1 5.7 12.8 14.4 

TMR tagged 

HSA 

65.5 5.4 13.0 16.1 

CPM tagged 

HSA 

66.8 6.0 12.5 14.7 

 

Now, we measured the diffusion time of free TMR dye and TMR tagged HSA, and 

the diffusion time came as 45µs and 228 µs, respectively. (Figure 2.6) This 

increments in the diffusion times while attaching with the protein also confirms the 

attachment of the probe with the protein under investigation. A similar FCS 

experiment (as that of free TMR and TMR tagged HSA) with free CPM and CPM 
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tagged to HSA suggests the tagging, and we have already proved that in our previous 

publications. 

 

  

Figure 2.6. Fluorescence intensity autocorrelation curve of free TMR, and TMR tagged to 

HSA in phosphate buffer. The autocorrelation function of TMR fits well with equation 3. The 

fitting lines and the residuals are shown in the figure. The autocorrelations of TMR tagged to 

HSA cannot be fitted with equation 3 satisfactorily, but an extra relaxation term is required and 

can be fitted by equation 4 (see the fitting lines and residual). Autocorrelation trace of TMR-

HSA was fitted from 5 µs due to the known inherent photo physics of rhodamine dye in a 1 µs 

timescale. 

 

2.10.2. Conformation and perturbation related to tagging of fluorophores to 

bromelain: 

Bromelain possesses a total of five cysteine residues, among which two form 

disulfide bridges, leaving a single cysteine, Cys-26, in its unbound, reactive form, 

which is labeled using the fluorophore CPM. Interestingly, as this free Cys-26 is 

located within the enzyme’s active site, any site-specific information will be from 

the active site of the enzyme.  

The fluorescent probe CPM exhibits minimal fluorescence in aqueous environments, 

typically emitting at around 482 nm (Figure 2.7b). Upon binding to bromelain, 
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however, its fluorescence becomes significantly more intense, with the emission 

peak shifting slightly towards the blue region at 476 nm (Figure 2.7b). This spectral 

shift and enhanced emission are likely due to the limited rotational freedom of the 

7-diethylamino group when nestled within the protein’s hydrophobic interior, 

indicating successful conjugation. However, the absorbance characteristics of CPM 

remain largely unchanged after tagging (Figure 2.7a). Prior research on proteins such 

as human serum albumin and β-lactoglobulin has used CPM emission behavior to 

infer structural details near the labeling site. To extract any such information 

employing this labeled protein, one needs to confirm that the labeling process does 

not compromise the structural integrity of bromelain. For that, we analyzed the 

circular dichroism spectra of both the untagged and CPM-tagged bromelain. The 

nearly overlapping CD profiles confirm that the overall secondary structure remains 

intact following the modification (Figure 2.7c). 

 

 

Figure 2.7. (a) normalized absorption, (b) emission spectra, and (c) circular dichroism spectra 

of free CPM (grey) and CPM tagged to Bromelain (red). Although absorption spectra (in a) do 

not alter with labelling, a huge increment in the intensity and blue shift of the emission spectra 

(in b) confirms the labelling of CPM dye to the enzyme bromelain. The CD spectra (in c) 

confirm no significant alteration in the conformation after tagging. 
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2.11. DESs Preparation 

2.11.1. Acetamide-Urea-Sorbitol DES preparation 

Acetamide and urea were dried under vacuum for overnight before the synthesis. 

Sorbitol was used as received commercially. Acetamide/urea/sorbitol DES was 

prepared by mixing the appropriate amounts (mole fractions, 0.5 Ac, 0.3 Ur, and 0.2 

Sor) of the constituents in a sealed container and slowly heating to 75 °C while 

stirring. After one hour of heating and stirring, a clear solution of DES was obtained, 

which remained liquid even at 280 K and was used for all the experiments. 

Precautions for external water incorporation were always taken care of. 

2.11.2. Acetamide-Urea-PEG DES preparation 

Acetamide, urea and PEG-300 with a molar ratio of 0.55:0.36:0.09 was used to form 

the (0.55Ac/0.36Ur/0.09PEG) DES following the published procedure 69,74. This 

DES is not liquid at room temperature (at 298 K) and becomes solid, however, at the 

experimental temperature range, a clear liquid state was observed. 

2.11.3. Choline chloride (ChCl)- Glycerol (Gly) /Ethylene glycol (EG) DES 

preparation 

Choline chloride was recrystallized in hot ethanol (60 ℃) and vacuum dried because 

of its highly hygroscopic nature before use. For both the ChCl-Gly (1:2) and ChCl-

EG (1:2), the constituents in appropriate amount have been taken in a glass container 

with a magnetic bead and then sealed immediately. The mixture was then heated at 

80 ℃ for around 1-2 hours until the clear liquid was observed. 

 

2.12. Materials Used 

Here I have provided a list of materials used in this thesis along with their purity and 

suppliers’ information. 
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Table 2.2. List of materials used in this thesis 

Material Supplier Purity 

Acetamide Sigma Aldrich >99% 

Urea Sigma Aldrich >99% 

Sorbitol Sigma Aldrich >98% 

Choline chloride Sigma Aldrich ≥98% 

Glycerol Sigma Aldrich ≥99.0% 

Ethylene glycol Sigma Aldrich ~99.8% 

Rhodamine 6G (R6G) Sigma Aldrich Dye content 99.0% 

PEG-300 TCI No data available 

Coumarin 153 (C153) Exciton No data available 

7-diethylamino-3-(4’-

maleimidylphenyl)-4-

methylcoumarin (CPM) 

Sigma Aldrich ≥95% purity (HPLC) 

 

tetramethylrhodamine-5-

maleimide (TMR), 

Sigma Aldrich  ≥85% (HPLC) 

 

coumarin 343 (C343) Sigma Aldrich Dye content 97 % 

 

Bromelain Sigma Aldrich ≥3 units/mg protein 

Human Serum Albumin 

(HSA) 

Sigma Aldrich ≥98%  

 

Ficoll-70 Sigma Aldrich No data available 

4-nitro-phenylacetic acid 

(pNPA) 

Sigma Aldrich 99% 

 

disodium hydrogen 

phosphate dihydrate 

(Na2HPO4.2H2O) 

Merck, India ≥ 99.0 % 

sodium dihydrogen 

phosphate dihydrate 

(NaH2PO4.2H2O) 

Merck, India ≥ 99.0 % 

Dialysis membrane tubing 

(12 kDa cutoff) 

Sigma Aldrich - 

Centrifugal filter units 

(Amicon Ultra, 10kDa 

cutoff) 

Merck Millipore, 

Germany 

- 
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dimethyl sulfoxide 

(DMSO) 

Sisco Research 

Laboratories Pvt. 

Ltd. 

HPLC grade (99.8%) 

casein Sigma Aldrich 87-94% 

 

2.13. Sample Preparation 

Our experiments were done in phosphate buffer (of concentration 50 mM) of pH 7.4 

which was prepared by mixing the appropriate amount of disodium hydrogen 

phosphate and sodium dihydrogen phosphate solution in double distilled water. All 

the protein samples were prepared in this buffer and incubated overnight to reach 

equilibrium before measurement. In the case of steady state fluorescence, steady 

state absorption, CD experiment, and time resolved fluorescence experiment, the 

protein concentrations were kept around ~5 𝜇𝑀. For steady state fluorescence study 

of bromelain, both untagged protein and CPM tagged were used. Similarly for HSA, 

both the CPM tagged and NPCE tagged HSA were used depending upon the 

requirement. For CD experiments of both the proteins, untagged proteins were used. 

In the case of time resolved fluorescence measurement, always the tagged proteins 

were used. In single molecular level experiments employing FCS, the concentration 

were kept ~5 𝑛𝑀. In all the cases the concentrations were measured by using the 

reported molar extinction value of the protein at 280 nm. In experiments with DES, 

I used % v/v concentration scale and prepared the sample by mixing the synthesized 

DES with required amount of buffer. For experiments involving macromolecular 

crowder, Ficoll-70k, a concentrated stock solution was prepared at 300 gL-1 in the 

buffer solution of pH 7.4. Throughout my thesis, the concentrations of the Ficol-70k 

have been consistently reported in units of g·L⁻¹. It is important to note that 

representing crowder concentrations in grams per liter rather than molarity or 

normality is a widely accepted convention in the field. 

In the case of heterogeneity study of acetamide-urea-sorbitol DES (chapter 3), a 

portion of the synthesized DES is transferred into a quartz-cuvette (path length 1 
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cm) pre-stained with the required dye (R6G or coumarin-153) and is sealed 

immediately. We took care to ensure the complete dissolution of the dye into DES. 

In the case of Transient Absorption measurement of hydrated DES (chapter 4), the 

concentration of the fluorophore, coumarin 343 is kept much higher. We maintained 

OD~0.5 at 400 nm wavelength in a 1 mm pathlength cuvette. 
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Abstract: 

Deep eutectic solvents (DESs) are new-generation solvents with exquisite and 

tuneable properties. Molecular-level heterogeneity has been identified as an 

intriguing feature of such solvents. Herein, we examined the spatio-temporal 

heterogeneity of a potential non-ionic biocatalytic DES, acetamide/urea/sorbitol 

(0.5Ac/0.3Ur/0.2Sor), and compared the result with corresponding binary 

acetamide/urea (0.6Ac/0.4Ur) DES, and another related non-ionic ternary DES 

(0.55Ac/0.36Ur/0.09PEG). The effect of the addition of a third component on the 

spatio-temporal heterogeneity of a DES was investigated. The excitation 

wavelength-dependent emission measurement suggests an introduction of spatial 

heterogeneity in acetamide/urea/sorbitol compared to spatially homogenous 

acetamide/urea and acetamide/urea/PEG. The dynamic heterogeneity measurements 

in terms of solvation dynamics, dielectric relaxation, and rotational and translational 

diffusion dynamics indicate a length and timescale dependency. Overall, 

acetamide/urea/sorbitol is dynamically more heterogenous than the other two related 

DESs.  
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3.1. Introduction 

Structure and dynamics control chemistry and biology. Modern science has 

identified molecular level heterogeneity as one of the intriguing aspects of structure 

and dynamics 1–4. The heterogeneity of a medium is relative to the observation 

dimension. For the sub-atomic length scale of observation, every system will appear 

to be heterogeneous and with a bigger dimension of observation this heterogeneity 

will tend to smear out as unobservable. 

In the literature, one would invariably encounter two terms, spatial and 

dynamic heterogeneity, which are often used interchangeably 5,6. Heterogeneity 

mainly originates from the presence of different interactions in terms of spatial 

arrangement or relaxation rates. The first one is defined as spatial heterogeneity, and 

the latter is described as dynamic heterogeneity 5–7.  

The molecular-level picture of heterogeneity both in terms of structure and 

dynamics mainly comes from studies of glass-forming liquid that shows viscosity 

decoupled relaxation rates near glass transition temperature (Tg) due to microdomain 

formation 8–12. These locally preferred clusters facilitate local structural relaxation 

but do not facilitate the relaxation of the entire system 11,13,14. Even if the Stokes-

Einstein (SE) relationship is locally satisfied within these microdomains and bulk, 

their spatial averages might indicate a deviation from the SE relationship due to 

preferential sampling from the microdomains 15. A unique breakthrough in this field 

comes when viscosity decoupled relaxation rates were identified for polar and non-

polar liquids at a much higher temperature than the Tg 16. In the case of polar and H-

bonded solvents, minimal decoupling was observed 16. Consequent research proved 

that such dynamic heterogeneity, even at ambient room temperature might well be a 

common phenomenon for ILs and DESs 17–25. 

DESs are already touted as the next game-changer in various fields of 

chemistry and biology owing to their green character, easy and atom-economic 

synthesis, exceptional tunability, biocompatibility, low volatility, etc 26–29. Many 
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recent reviews are available that summarise various uses of DES in many different 

fields 26,27,30–35. However, from the viewpoint of a physical chemist, we are more 

interested in the molecular level insight of such systems. Most of the works in this 

direction are with ionic DESs. Only a handful of reports are available deciphering 

the structure and dynamics of non-ionic DESs 36–39.  

Biswas group has explored various acetamide-based ionic DESs, and they 

showed the presence of substantial dynamic and spatial heterogeneity in these 

systems 17,18,40–44. Replacement of electrolytes by the non-ionic urea makes the 

system almost homogeneous, both in relaxation rates and spatial arrangement 19,38,45. 

However, this DES is not liquid at room temperature, thus limiting its use. Recently, 

a third component (PEG-300) is added to the acetamide/urea DES to lower its 

freezing point down to 303 K 20. Moreover, this system is spatially homogeneous, 

but its rotational relaxation shows considerable viscosity decoupling 20. 

In this context, herein we have chosen sorbitol as the third component, which 

itself is solid. The ternary 0.5Ac/0.3Ur/0.2Sor DES is liquid even at 253 K, making 

it an interesting non-ionic DES for practical applications 46. We have already shown 

the positive effect of 0.5Ac/0.3Ur/0.2Sor DES on protein structure and activity 47. 

Herein we employed steady-state/time-resolved fluorescence and fluorescence 

correlation spectroscopy covering a broad range of lengths and time scales to 

decipher the microscopic heterogeneity of this DES. We have also used dielectric 

relaxation spectroscopy to understand the inherent medium dynamics and associated 

heterogeneity of the system. Our results demonstrate that the system is highly 

heterogenous both spatially and dynamically, and the extent of heterogeneity 

depends on the length scale of the measurement. We also compared the 

heterogeneity of this DES with the corresponding binary acetamide/urea 

(0.6Ac/0.4Ur) DES, and another similar non-ionic ternary DES 

(0.55Ac/0.36Ur/0.09PEG), and investigate the effect of the addition of a third 

component on the spatio-temporal heterogeneity.  
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3.2. Results and Discussion: 

3.2.1. Steady-state Measurements 

At 298 K, the absorption and emission maxima of C153 in 0.5Ac/0.3Ur/0.2Sor non-

ionic DES were measured to be 433.7 nm (23057.4 cm-1) and 534.5 nm (18709.1 

cm-1), respectively. Interestingly, with an increase in the temperature (298 K to 343 

K) we observed a very small blue shift of ~1.5 nm in the absorption spectra 

(Figure 1a and Table 1). Such a surprising blue shift with increasing temperature 

might be due to decreasing dielectric constant of the medium with increasing 

temperature 48,49. Similar observations were also made with other ionic liquids and 

DESs 17. In the emission spectrum, we observed a red shift of 9.5 nm with the 

increase in the temperature (298 K to 343 K) (Figure 1b, Table 1). 

  

Table 1: Temperature dependent absorption and emission maxima of coumarin 153 

in 0.5Ac/0.3Ur/0.2Sor DES. 

Temperature 

(K) 

Absorption 

Maximum 

(nm) 

Absorption 

Maximum  

(cm–1) 

Emission 

maximum 

(nm) 

Emission 

maximum   

(cm–1) 

298 433.7 23057.4 534.5 18709.1 

303 433.2 23084.0 536.6 18635.8 

308  433.0 23094.7 538.4 18573.5 

313  433.0 23094.7 539.8 18525.4 

318  432.7 23110.7 541.2 18477.4 

323  432.5 23121.4 542.0 18450.2 

328  432.3 23132.1 542.7 18426.4 

333 432.2 23137.4 543.1 18412.8 

338 432.0 23148.1 543.6 18395.9 

343 431.9 23153.5 544.0 18382.4 

 

The observation could be explained as follows. The medium here is highly viscous 

(Table 1). At low temperatures, emission originates from an incomplete solvated 

state. But with an increase in temperature, viscosity decreases, and emission is 
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expected to originate from a more solvated state with a gradual red shift, which is 

nothing but the origin of the red edge excitation shift (REES) 50,51. Furthermore, a 

competition between solvation time and probe lifetime critically controls the 

detection of heterogeneity through REES 52–54. 

We measured the excitation wavelength (𝜆𝑒𝑥) dependent emission maxima 

(𝜆𝑒𝑚) of C153 dissolved in 0.5Ac/0.3Ur/0.2Sor DES and observed a REES of 10 nm 

(346.3 cm–1) at 303 K (Figure 1c and section S4 of Supplementary Material). 

However, as the transition did not get saturated, it was difficult to comment on the 

actual value of REES. Azumi et al. suggested that the absolute value of REES can 

be obtained by taking the emission spectra at very high temperatures where all the 

emissions are expected to originate from a completely solvated state 55,56. In this 

way, a REES of ~11.5 nm (~400 cm-1) was calculated for C153 in 

0.5Ac/0.3Ur/0.2Sor DES that indicated the presence of moderate spatial 

heterogeneity, with respect to the lifetime of C153 at 303 K (Table 2). 

 

Figure 1. Steady-state (a) absorption and (b) emission spectra of C153 dissolved in 

0.5Ac/0.3Ur/0.2Sor DES. (c) Excitation wavelength-dependent emission of C153 in this DES 

at 298K. Here axes are colour-coded. Similar colour axes imply the respective X and Y axis 

for the data plotted. In the case of excitation wavelength-dependent emission, the red data 

points are plotted concerning red axes. 
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Table 2: Excitation dependent emission maxima of coumarin 153 in 

0.5Ac/0.3Ur/0.2Sor DES. 

𝝀𝒆𝒙 (nm) 𝝀𝒆𝒎
𝒎𝒂𝒙 (nm) 𝝂̅𝒆𝒎

𝒎𝒂𝒙 (cm–1) 

375 532.4 18782.9 

385 532.4 18782.9 

395 532.8 18768.8 

405 533.1 18758.2 

415 533.6 18740.6 

425 533.9 18730.1 

435 534.5 18709.1 

445 534.6 18705.6 

455 534.9 18695.1 

465 535.0 18691.6 

475 535.9 18660.2 

485 537.0 18622.0 

495 537.3 18611.6 

505 539.8 18525.4 

515 542.4 18436.6 

 

3.2.2. Solvation dynamics study: We constructed time-resolved emission spectra 

(TRES) from the collected wavelength-dependent fluorescence decays (see Figure 

2). We measured the solvent response of C153 in 0.5Ac/0.3Ur/0.2Sor DES at 

different temperatures using the time-dependent fluorescence Stokes shift (TDFSS) 

method. 

TRES in two representative temperatures are shown in Figures 3a and 3b. The 

calculated S(t) at different temperatures along with the bi-exponential fitting are 

shown in Figure 3c, and the parameters are tabulated in Table 3.  
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Figure 2: Fluorescence transients at the blue and red edge of steady-state emission of C153 in 

0.5Ac/0.3Ur/0.2Sor DES at two extreme experimental temperatures. 

 

  

Figure 3. Representative time-resolved emission spectra at (a) 318 K and (b) 343 K. Emission 

spectra at various times are colour-coded and mentioned in the respective plots. Each steady-

state emission spectra at that temperature exciting at the same wavelength as the time-resolved 

study are represented with a black dashed line. (c) Solvent response functions at different 

temperatures. Solid lines represent fittings by a bi-exponential function. 

 

Table 3. Bi-exponential fitting parameters of solvent response function S(t) of 

0.5Ac/0.3Ur/0.2Sor DES and its viscosities at different temperatures. Note that SS 

means stokes shift. 

Temp 

(K) 

𝒃𝟏 𝝉𝑺𝟏 

(ps) 

𝒃𝟐 𝝉𝑺𝟐 

(ps) 

〈𝝉𝑺〉 

(ps) 

SS (cm-

1) 

η (cP) % 

missed 

318 0.650.02 15040 0.350.02 95040 43050 67070 482.39 47 

323 0.670.02 10020 0.330.02 69030 28030 76070 307.25 41 

328 0.750.02 11020 0.250.02 73030 26535 67060 202.08 51 

333 0.770.02 8010 0.230.02 67020 21525 77080 141.08 44 

338 0.830.02 9010 0.170.02 67010 19020 65050 90.36 53 
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343 0.850.02 7010 0.150.02 64010 15520 65060 66.38 54 

 

The average solvation time of 0.5Ac/0.3Ur/0.2Sor DES at 318 K was found 

to be 430 ps, which decreases to 156 ps at 343 K. The solvent responses are 

characterized by a fast component (~150-70 ps) with 65-85 % contribution and a 

relatively slower component (~950-640 ps) with 15-35% contribution. The 

amplitude of the fast component increases, whereas the slow component decreases 

with an increase in temperature. The missing percent, calculated from the Fee-

Maronceli method 57, was around 40-50 % for temperature values. Previously, DESs 

were also reported with a missing percentage in this range or higher using the 

picosecond TDFSS method 53,54,58. The estimated large missing percentage is 

probably due to the presence of ultrafast solvation component in 0.5Ac/0.3Ur/0.2Sor 

DES. Measurement with better time resolution may catch the information that was 

missed here. 

 It can be observed from Figure 3c that with an increase in temperature, the 

temporal decay of solvent response function becomes faster, which may be thought 

to be solely associated with the viscosity drop of the medium. However, solvation 

time decreases about 2.7 times on raising the temperature from 318 K to 343 K, 

while viscosity decreases ~7.3 times. It hints that the medium viscosity does not 

solely control the solvation of C153 in 0.5Ac/0.3Ur/0.2Sor DES. To see the 

relationship between medium viscosity and solvation time, we plotted the average 

solvation time as a function of temperature-reduced viscosity in a double logarithmic 

fashion, and the slope (p-value) is 0.45 (Figure 4a). If simple diffusion controls the 

solvation, then a near unity p-value should have been observed. That is the case when 

Jin et al. examined the solvation dynamics of C153 in normal H-bonded solvents 

and 21 room-temperature ionic liquids 59. In the present case, a pronounced 

fractional viscosity dependence indicates the existence of dynamic heterogeneity in 

the medium. We also estimated the activation energy (𝐸𝑠
𝑎) associated with the 

solvation dynamics as 33.27 kJ mol–1 (Figure 4b), which is ~2.2 times less than the 



208  Chapter-3 

activation energy of viscous flow (𝐸𝜂
𝑎 = 72.35 kJ mol–1) (Figure 4c). This result also 

shows the deviation of solvation dynamics from the medium viscosity. 

 

 

Figure 4. (a) Log-log plot of average solvation time (〈𝜏𝑠〉) vs temperature-reduced viscosity, 

(
𝜂

𝑇
), with a linear fit (solid black line). (b) Arrhenius plot of average solvation time and (c) 

activation energy of viscous flow plot. 

 

3.2.3. Dielectric relaxation study 

Dielectric relaxation spectroscopy (DRS) is an extensively used technique to 

measure the frequency-dependent dielectric response of a dipolar system by 

applying an external electric field. The interaction of the electric field with a dipolar 

system in the broad frequency range gives information about the collective 

reorientation dynamics. DRS is a non-invasive technique and complements 

fluorescence spectroscopic results in a better way. We have performed temperature-

dependent (318-343 K) DRS measurements to collect information about the 

relaxation dynamics of the dipolar constituents of 0.5Ac/0.3Ur/0.2Sor DES system 

in the GHz region.  
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Figure 5. (a) Representative real (𝜀′) and imaginary (𝜀′′) parts of the complex dielectric spectra 

of 0.5Ac/0.3Ur/0.2Sor DES at 343 K with 2-Debye fit (solid black lines). (b) Log-log plot of 

average DR time 〈𝜏𝐷𝑅〉 vs temperature-reduced viscosity, (
𝜂

𝑇
) with the linear fit represented by 

the solid black line. (c) Arrhenius plot of average DR time. 

 

As representative data, we show the real (𝜀′) and imaginary (𝜀′′) parts of the 

complex dielectric spectra at 343 K with a 2-Debye fitting in Figure 5a. All the 

temperature dependent dielectric spectra along with their respective 2-Debye fitting 

lines are given in Figure 6.  

The necessary parameters obtained are summarized in Table 4. Two-time 

components are obtained from the fitting, one in the range of sub-nanosecond (𝜏1) 

and another in the picosecond (𝜏2). As expected, the long-time component 

dominates the relaxation (amplitude ~90%) and decreases with increasing 

temperature. The short-time component is found to be temperature insensitive. The 

average DR time also decreases with temperature, and to explore the relationship 

with the medium viscosity we plotted it against temperature-reduced viscosity in a 

log-log graph in Figure 5b. The obtained p-value 0.41 indicates substantial dynamic 

heterogeneity. The estimated activation energy (𝐸𝐷𝑅
𝑎 ) associated with the dielectric 

relaxation dynamics is 30.1 kJ mol–1 (Figure 5c), which is ~2.4 times less than the 

activation energy of viscosity (𝐸𝜂
𝑎 = 72.3 kJ mol–1). This difference in activation 

energy associated with reorientational dynamics (DR dynamics) and viscosity is 

reflected in the p-value as well. 
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Figure 6: Fitting of real (𝜀′) and imaginary (𝜀′′)  part of the complex dielectric spectra of 

0.5Ac/0.3Ur/0.2Sor DES at different temperatures with the 2-Debye fit. The upper panel for 

each temperature represents the real part whereas the lower is the imaginary part.  
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Table 4. Temperature-dependent fitting parameters obtained from simultaneous 2-

Debye fits to real (ε') and imaginary (ε'') components of the measured DR spectra 

for 0.5Ac/0.3Ur/0.2Sor DES.  

Temp 

(K) 

∆𝜺𝟏 𝝉𝟏 (ns) ∆𝜺𝟐 𝝉𝟐 (ns) 〈𝝉𝑫𝑹〉 

(ns) 

𝜺∞ 

318 33.6 ±0.19 0.690.02 3.9 ±0.16 0.0530.002 0.620.02 6.37 

323 38.5 ±0.08 0.610.02 4.5 ±0.12 0.0530.002 0.550.02 6.54 

328 41.7 ±0.08 0.530.01 5.2 ±0.08 0.0530.001 0.480.01 6.68 

333 43.8 ±0.25 0.440.01 6.0 ±0.08 0.0530.001 0.390.01 6.89 

338 44.2 ±0.26 0.370.01 6.9 ±0.09 0.0530.001 0.330.01 7.10 

343 44.0 ±0.12 0.310.01 7.7 ±0.09 0.0520.001 0.270.01 7.19 

 

3.2.4. Rotational dynamics study:  

Temperature (318 𝐾 ≤ 𝑇 ≤ 343 𝐾) dependent fluorescence anisotropy 

decays (𝑟(𝑡)) of C153 in 0.5Ac/0.3Ur/0.2Sor DES along with its fitting line with a 

bi-exponential function, 𝑟(𝑡) = 𝑐1𝑒
−𝑡

𝜏𝑟1 + 𝑐2𝑒
−𝑡

𝜏𝑟2, are depicted in Figure 7a and the 

fitting parameters are tabulated in Table 5. The initial anisotropy value of C153 was 

taken as 0.376 16. 𝑟(𝑡) is characterized by a fast sub-nanosecond time component 

and a dominant slow component (~90%) of a few nanoseconds. With an increase in 

the temperature, both the amplitude and the component of the faster time constant 

increase, while, the slower time component and its amplitude decrease. As a result, 

with increasing temperature, the average rotational time (< 𝜏𝑟 >) decreases from ~5 

ns to ~1.5 ns from 318 K to 343 K.  
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Figure 7. (a) Fluorescence anisotropy decays of C153 in 0.5Ac/0.3Ur/0.2Sor DES at different 

temperatures with a bi-exponential fit (solid black lines). (b) Log-log plot of average rotational 

diffusion time (𝜏𝑟) vs temperature-reduced viscosity (η/T) with the linear fit represented by a 

solid black line. (c) Arrhenius plot of average probe rotational time. 

 

Table 5. Biexponential fitting parameters of fluorescence anisotropy decays r(t) in 

0.5Ac/0.3Ur/0.2Sor DES at different temperatures. 

Temp (K) 𝒄𝟏 𝝉𝒓𝟏 (ps) 𝒄𝟐 𝝉𝒓𝟐 (ps) 〈𝝉𝒓〉 (ps) 

318 0.040.02 11040 0.960.02 4960150 4770240 

323 0.040.02 11030 0.960.02 4160130 4000210 

328 0.090.02 29060 0.910.02 3360110 3080170 

333 0.080.02 22040 0.920.02 2700120 2500160 

338 0.160.02 58030 0.840.02 2170100 1920120 

343 0.200.02 61020 0.800.02 1640120 1430120 

 

We plotted the average rotational time 〈𝜏𝑟〉 as a function of temperature-

reduced viscosity (
𝜂
𝑇⁄ ) in log-log fashion (Figure 7b) to identify how extensively 

the medium viscosity controls the solute (C153) rotation in 0.5Ac/0.3Ur/0.2Sor 

DES. Interestingly, we found a substantial decoupling of rotational motion from the 

viscosity with p≈0.61. Such fractional viscosity dependence might arise from 

various factors like the non-spherical shape of the probe molecule, the non-

continuum nature of the solvent medium, specific interaction between solvent and 
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solute, and non-Brownian motion like large angle jumps and inertia-driven motion 

especially in a viscous liquid, apart from the dynamical heterogeneous 

characteristics of the media. Normally, the formation of DES is explained by strong 

H-bond formation between its constituents 26,27. In the present case, where all the 

constituents are non-ionic, the solvent could be identified as an H-bonded solvent. 

For typical H-bonding solvents, Horng et al. demonstrated that the rotation of C153 

exhibits a power-law dependency on the viscosity with p=0.96 16. This study 

eliminates the possibility of non-sphericity and specific interaction induced break 

down on SED relationship. In another study, Jin et al. demonstrated that there is no 

specific interaction between C153 and 21 ionic liquids 59. Using these data, Guchhait 

et al. calculated a near unity p-value of the system 44. This observation somewhat 

eliminates the probability of fractional dependence of viscous liquids (like in our 

case) due to non-Brownian motion. Although it is very difficult to ascertain how 

much of the decoupling between average rotational time and viscosity originates 

from the violation of the assumptions stated in the SED relationship or from the 

underlying microscopic heterogeneity, the preceding discussion strongly hints 

toward the presence of dynamic heterogeneity in corresponding length (nm) and 

time (ns) scale.  

 The estimated activation energy (𝐸𝑟
𝑎) associated with rotational dynamics of 

C153 is ~46 kJ mol-1 (Figure 7c), which is ~1.6 times smaller than the activation 

energy (𝐸𝜂
𝑎) associated with the viscous flow of the system. This observation also 

supports that the fractional viscosity dependency of rotational dynamics leads to the 

dynamic heterogeneity of the medium. 

 

3.2.5. Translational dynamics study 

We measured the fluorescence intensity autocorrelation function of R6G in 

0.5Ac/0.3Ur/0.2Sor DES at various temperatures (318 K to 343 K) (Figure 8) to 

investigate translational diffusion dynamics through FCS 60,61. To begin with, we 
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fitted our data by simple Stokes-Einstein diffusion (normal diffusion model with one 

diffusion coefficient). The fitting quality is found to be reasonably good, and the 

fitting parameters are tabulated in Table 6. 

 

 

Figure 8. Translational dynamics via single molecular level FCS. Normalized fluorescence 

intensity autocorrelation curve of R6G in 0.5Ac/0.3Ur/0.2Sor DES at different temperatures. 

Fitting lines using the model of single-particle normal diffusion, single-particle anomalous 

diffusion, and two-component normal diffusion are shown by solid black, green, and red lines, 

respectively. The respective residuals of fittings are also shown with the same colours.  

 

Table 6: Fitting parameter of fluorescence intensity autocorrelation function of R6G 

in 0.5Ac/0.3Ur/0.2Sor DES at different temperatures with single component 

diffusion model and anomalous diffusion model. 

Temp (K) 𝜏1𝐷 (µs) 𝜏𝑎𝑛𝑎𝑚𝑜𝑙𝑜𝑢𝑠 (µs) α 

318 19043 17670 0.73 

323 17838 16830 0.76 

328 16500 16000 0.8 
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333 13345 12726 0.85 

338 11992 11303 0.85 

343 9671 9027 0.86 

 

In this case, the observed p-value from the log-log plot of the average 

translational diffusion time (〈𝜏𝐷〉) and temperature-reduced viscosity (see Figure 9) 

is 0.33, which is quite low compared to the p-value obtained from solvation 

dynamics, dielectric relaxation, and fluorescence anisotropy studies. This suggests 

the existence of higher decoupling in translational dynamics in 0.5Ac/0.3Ur/0.2Sor 

DES.  

 

 

Figure 9. (a) Log-log plot of average translational diffusion time (𝜏𝐷)  obtained using different 

fitting models vs temperature-reduced viscosity (η/T) with the linear fit represented by a solid 

black line. (b) Arrhenius plot of average probe diffusion time obtained from different fittings. 

 

 One self-contradicting point is that the fitting parameters that are used in p-

value calculation are obtained from normal diffusion, yet the p-value showed a 

significant deviation from normal diffusion. A close inspection of the fitting lines 

and fit residues reveals that the fitting is not perfect. Generally, diffusion in a 

complex environment is described by anomalous diffusion. For such diffusion, 

another parameter known as anomalous coefficient is required to describe the 

autocorrelation traces. The fitting results with anomalous diffusion are shown in 
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Table 6. As can be seen, the introduction of the anomalous coefficient does not 

significantly improve the quality of the fitting (Figure 8). Except for the first two 

experimental temperatures, the values of anomalous exponent are also close to 1, 

hinting that the diffusion is primarily normal SE diffusion. The p-value obtained in 

this way (0.32, Figure 9a) is also very similar to what was obtained using the normal 

diffusion model (0.33, Figure 9a). In the case of heterogeneous distribution, a probe 

can show multi-diffusion phenomena. This is not rare in complex liquid systems 

41,62–64. Inspired by this fact, we fitted our autocorrelation functions with a two-

diffusion equation (described in the experimental section) (see Figure 8 for the 

fitting result and Table 7 for the fitting parameters). 

 

Table 7. Fitting parameters of fluorescence intensity autocorrelation functions of 

R6G in 0.5Ac/0.3Ur/0.2Sor DES at different temperatures with two component 

diffusion model. 

Temp (K) 𝝉𝑫𝟏 (μs) 𝑵𝟏 𝝉𝑫𝟐 (μs) 𝑵𝟐 〈𝝉𝑫〉 (μs) 

318 50060 0.180.02 269001400 0.820.02 221501700 

323 52050 0.150.02 235001200 0.850.02 200501500 

328 100090 0.070.02 19400600 0.930.02 18110930 

333 1430120 0.140.02 17000500 0.860.02 14820760 

338 120030 0.140.02 15400400 0.860.02 13410630 

343 98060 0.170.02 13100300 0.830.02 11040500 

 

 It is clear that the fitting quality improved greatly. The slower diffusion component 

is very much like what we obtained from the fitting by one diffusion equation and 

shows somewhat similar temperature dependence. Another diffusion component is 

fast and surprisingly remains more or less constant with changes in 

temperature/viscosity (Table 7). The log-log plot with the average diffusion time vs 

temperature-reduced viscosity yielded a similar p-value of 0.33 (Figure 9a). 

Arrhenius's analysis with the average diffusion time also yielded similarl 𝐸𝜂
𝑎 =

25.5 𝑘𝐽 𝑚𝑜𝑙−1 as in the case of average diffusion times with 1-diffusion and 
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anomalous fitting (𝐸𝜂
𝑎~ 24.7 𝑘𝐽 𝑚𝑜𝑙−1, Figure 9b). To the best of our knowledge, 

the origin of the two-time constant cannot be assigned confidently. However, the 

need for the second diffusion component might have arisen from the inherent 

heterogeneity of the system, which was reflected in the excitation wavelength 

dependence of the fluorescence emission in this DES. This kind of bimodal diffusion 

was observed in various ILs 62–64. Patra et al. reported a similar kind of bimodal 

diffusion in methylimidazolium ILs of different chain lengths and commented on 

the presence of dynamic heterogeneity therein 62. Hu et al. showed the presence of 

spatial heterogeneity in IL with the help of an excitation wavelength-dependent 

emission study 65. With the help of MD simulation, Wang et al. proved such different 

domain formations in IL lead to heterogeneous environment formation, which 

smears out in the higher temperature range and behaves homogeneously 4. Our data 

also somehow follows this kind of behaviour as with the increase in temperature the 

ACFs become better fitted with one diffusion than the lower temperature ACFs. In 

a work by Guo et al. with [CnMPy][Tf2N] RTILs of varying alkyl chain length two 

diffusion components were observed using FCS 64. The authors argued that 

mesostructure heterogeneity is responsible for this phenomenon following 

the analogy that the translational diffusion rate of R6G differs depending upon the 

spatial region of the RTIL the probe molecule is experiencing 64.  

The significant deviation of the p-value from unity suggests a breakdown of 

hydrodynamic viscosity dependence of solute diffusion. This deviation may be 

attributed to dynamic heterogeneity resulting either from spatially different diffusive 

relaxation rates due to inhomogeneous solution structure or from accessing the 

nonhydrodynamic modes owing to large angular jump, hopping, etc 66–69. In 2018, 

Gan et al. showed that the breakdown of SE relationship in supercooled water can 

arise from the temperature dependency of the effective hydrodynamic radius instead 

of being a constant as assumed in the SE model 70. Very recently Shao et al. also 

showed that the deviation of SE relationship in aqueous ionic solution might be 

appreciated by accounting the change of hydrodynamic radius of the ions 71. 
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However, keeping aside the reason for such viscosity decoupling, one needs to be 

sure if the decoupled diffusion dynamics is a characteristic feature of DES or can be 

invariably seen in other molecular liquids as well. In a cross-experiment previously 

reported by our group with DMF 41, a decoupled diffusion with a p-value of 0.82 

was obtained. The aspherical positively charged nature of R6G dye and DMF not 

being a structureless continuum was suggested for such observation 41. In the present 

case, the p-value is much lower than 0.82, which can be taken as an indication of the 

presence of dynamic heterogeneity in the system. Overall, this high decoupling 

(p~0.33) in the case of translational motion of the dye in this medium hints that the 

dye molecule does not feel the medium viscosity while diffusing. This result can be 

extended to understand the enzyme/substrate diffusion in case of enzymatic activity 

inside such viscous DES media or any alternative media in general. 

 

3.2.6. Comparison with Similar DESs  

We collected results from various acetamide-based DESs because a 

comparison might provide additional insight. Many acetamide-based ionic DESs 

were studied previously, and all of them showed considerable spatial and dynamic 

heterogeneity17,18,40–44 unlike 0.6Ac/0.4Ur DES 19,38. Replacing urea with 

electrolytes introduces substantial heterogeneity both in terms of spatial and 

dynamical arrangement 17,18,40–44. Recently, Mukherjee et al. studied the microscopic 

heterogeneity of a DES made of acetamide, urea, and PEG-300 

(0.55Ac/0.36Ur/0.09PEG) 20. The introduction of PEG-300 introduces a mild 

dynamic heterogeneity in the system 20. Here, for the comparison between non-ionic 

acetamide-based DESs, we have taken the previously reported data and measured 

them, if needed, and introduced all of them in a normalized log-log plot to show the 

extent of deviation in terms of dynamic heterogeneity with the present system. We 

have measured temperature-dependent solvation dynamics of 

0.55Ac/0.36Ur/0.09PEG DES, which was previously absent in the literature. The 
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details of those temperature-dependent solvation dynamics measurements are 

provided in Figure 10 and Table 8. 

The log-log plot of average solvation time (〈𝜏𝑠〉) vs 
𝜂

𝑇
 of the two acetamide-based 

non-ionic DESs along with the presently studied system is shown in Figure 12a. 

From the figure, it is clear that solvation dynamics is almost coupled with medium 

viscosity in 0.6Ac/0.4Ur DES (p=0.85), but the introduction of PEG-300 (in 

0.55Ac/0.36Ur/0.09PEG DES) induces a mild decoupling (p=0.74) which become 

more pronounced (p=0.45) in the case of addition of sorbitol (in 0.5Ac/0.3Ur/0.2Sor 

DES).  

The extent of decoupling in the case of inherent dynamics (in GHz region) for all 

three DESs follows a similar trend as in solvation dynamics (Figure 12b). In the case 

of 0.55Ac/0.36Ur/0.09PEG DES, the previous work reported the decoupling in 

dielectric relaxation using only the first component of relaxation time 20. To keep the 

uniformity in the comparison, we plotted the first component of relaxation time 𝜏1 

(using the 2-Debye model) instead of 〈𝜏𝐷𝑅〉 in Figure 12b. However, in our case, the 

p-value obtained for 〈𝜏𝐷𝑅〉 or 𝜏1 are almost similar. 
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Figure 10. Representative time-resolved emission spectra of 0.55Ac/0.36Ur/0.09PEG DES at 

(a) 308 K and (b) 333 K. Emission spectra at various times are colour-coded and mentioned in 

the respective plots. (c) Representative solvent response functions at different temperatures are 

shown in color-coded manner. Solid lines represent fittings by a bi-exponential function. (d) 

Log-Log plot of average solvation time 〈𝜏s〉 vs temperature reduced viscosity, (
𝜂

𝑇
), with a linear 

fit (solid black line). 

 

Table 8: Biexponential fitting parameters of solvent response function S(t) of 

0.55Ac/0.36Ur/0.09PEG DES and its viscosity at different temperatures.  

Temp 

(K) 

𝒃𝟏 𝝉𝑺𝟏 (ps) 𝒃𝟐 𝝉𝑺𝟐 (ps) 〈𝝉𝑺〉 

(ps) 

𝜼 (𝐜𝐏) 

318 0.76±0.02 151±50 0.24±0.02 920±70 335±44 84 

323 0.80 101 0.20 820 246 60 

328 0.82±0.03 102±20 0.18±0.03 780±50 222±28 44 

333 0.86 78 0.14 700 162 33 

338 0.87±0.03 67±10 0.13±0.03 660±50 142±21 25 
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343 0.85 50 0.15 400 103 20 

 

The heterogeneity in terms of rotational dynamics for 0.55Ac/0.36Ur/0.09PEG DES 

is characterized by p=0.74, which is substantially lower compared to the 

0.6Ac/0.4Ur DES (p=0.96, Figure 12c). In the case of 0.5Ac/0.3Ur/0.2Sor DES, we 

estimated p=0.61 from fluorescence anisotropy. We had to measure the temperature-

dependent translational dynamics of the 0.55Ac/0.36Ur/0.09PEG DES employing 

FCS. Related normalized intensity autocorrelation functions with fitting and the time 

components extracted can be found in Figure 11 and Table 9.  

 

 

Figure 11: Translational dynamics via single molecular level FCS. (a) Normalized 

fluorescence intensity autocorrelation curve of R6G in 0.55Ac/0.36Ur/0.09PEG DES at 

different temperatures. Fitting lines are shown by solid lines. (b) log-log plot of average 

translational diffusion time (𝜏𝐷)  vs temperature reduced viscosity (η/T) with the linear fit 

represented by the solid black line. 

 

Table 9: Fitting parameters of fluorescence intensity autocorrelation function of 

R6G in 0.55Ac/0.36Ur/0.09PEG DES at different temperatures with two component 

diffusion model. 

Temperature 

(K) 

N1 N2 𝜏D1 (μs) 𝜏D2 (μs) 〈𝜏D〉 (μs) 

308 0.34±0.02 0.66±0.02 687±50 8585±500 5926±368 
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313 0.33±0.02 0.67±0.02 811±60 6396±400 4534±290 

318 0.22±0.02 0.78±0.02 662±50 4937±400 3987±323 

323 0.29±0.02 0.71±0.02 339±40 4056±350 2972±259 

328 0.19±0.02 0.81±0.02 400±40 3368±250 2817±212 

333 0.15±0.02 0.85±0.02 150±20 2390±200 2056±176 

 

The viscosity decoupling, in this case, is pronounced compared to 0.6Ac/0.4Ur DES 

but less compared to the system under investigation (Figure 12d). Taken together, 

one sees that the introduction of a non-ionic third component to an already known 

DES introduces substantial microscopic heterogeneity.  

 

 

Figure 12. Log-log plots of normalized (a) average solvation time, (b) average DR time, (c) 

average rotational time, and (d) average diffusion time, with temperature-reduced normalized 

viscosity. Here normalization has been done by taking the lowest experimental temperature; 

average time and viscosities at that respective lowest investigated temperature. Grey broken 

lines indicate the dynamics guided by the Stokes-Einstein equation(i.e. p=1). 
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Overall, an additive-induced heterogeneity is somehow prominent in this study. One 

very interesting but contradicting study from the Abbott group needs to be cited here 

where they have investigated diffusion in ethaline (0.33 choline chloride / 0.66 

ethylene glycol) DES in presence of various additives 72. They have chosen the 

additives as glucose, 1-pentanol, and phenol among which glucose is a room 

temperature solid and pentanol is a liquid and phenol is a liquid only above 313 K. 

The interesting finding was that adding glucose increases the bulk viscosity of the 

system whereas the other two additives reduce it. The addition of glucose to the DES 

makes the choline ion (Ch+) diffusion Stokesian type, whereas, in the case of both 

phenol and 1-pentanol Ch+ diffuses in a phase that is more viscous than the bulk 

viscosity, indicating heterogeneities in the mixture. In the case of phenol, a change 

in the slope for the diffusion trend after 313 K has also been observed 72. This finding 

suggests that solid additives favour the formation of a homogenous mixture, whereas 

liquid additives favour the formation of a heterogeneous mixture. The authors 

assumed that the hydrogen bonding strength between the solute and the solvent 

(DES) has a major role to play. A similar study by Agostino et al. showed that when 

water was added to ethaline, a heterogeneous liquid was formed 73. In the present 

case, both sorbitol (solid additive) and PEG-300 (liquid additive) induce a higher 

heterogeneity in the Ac/Ur DES, though, in the case of sorbitol, the heterogeneity is 

much more prominent than that of PEG-300. However, such a conclusion cannot be 

conjectured from the smaller number of available studies, and more research is 

needed.  

 

3.3. Potential Implications of Dynamic Heterogeneity in Reactions/Biocatalysis 

inside DES: 

Our report deciphers the molecular-level heterogeneity of the non-ionic 

0.5Ac/0.3Ur/0.2Sor DES in various lengths and timescales. Though such 

heterogeneity has been routinely observed for many ILs and DESs for many years, 

implications of such studies in explaining biocatalysis or any reaction are uncommon 
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in the literature. As we already showed this DES to be a potential biocatalytic 

medium74, we tried to contemplate if this study has some implications in explaining 

the enzyme’s activity in such a medium. All the dynamics measured in this medium 

are very much decoupled from the medium viscosity and the most pronounced 

decoupling can be observed in the case of diffusion dynamics. Normally, 

biocatalysis involves the reaction of large biomolecules, which is mainly guided by 

the diffusion of enzymes and substrates towards each other. The less p-value (~0.33) 

in the case of translational motion of the dye in this medium hints that the molecule 

does not feel the medium viscosity as such. This result can be extended to the 

enzyme/substrate to explain the enzymatic activity inside viscous DES media. On 

the other hand, solvation dynamics tells how fast the probe is being solvated by the 

medium. For a reaction, especially in the case of biocatalysis, it is thought that the 

associated water dynamics plays a major role in controlling the enzymatic activity 

75,76. In the present case, the biocatalytic medium shows a strong viscosity decoupled 

solvation dynamics (p=0.45), suggesting that the probe is surrounded by much 

flexible solvent molecules compared to what one expects from the bulk viscosity. 

To have a better insight we estimated the viscosity decoupling of the two solvation 

components individually (Figure 13). Normally, the origin of the short component 

is believed to be from the immediate solvation shell of the probe, whereas the 

contribution from the extended solvation shell reflects upon a long component of the 

solvation dynamics. Our analysis reveals that the faster time components are 

severely viscosity decoupled (p=0.16) suggesting that the first solvation shell 

remains almost intact in this DES (Figure 13c). It might have a huge implication as 

to why DES, being so viscous, can still be so efficient as a solvent media for various 

reactions. In the case of the other two DESs under investigation (Ac/Ur and 

Ac/Ur/PEG), the p-values for individual components are given in Figures 13a and 

13b. One can see that the p-value of the first component is more viscosity decoupled 

than the second one in all cases. However, the extent of decoupling is much less in 

these cases compared to Ac/Ur/Sor DES. It suggests that 0.5Ac/0.3Ur/0.2Sor DES 
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might be a better choice as a potential reaction/biocatalytic media than the other two 

as the probe is experiencing much lesser viscosity than the other two DESs. 

Obviously, more work is needed in this regard, especially in understanding these 

systems in the presence of enzymes. Our future studies, taking actual enzymes, may 

provide further useful insights into this speculation. 

 

  

Figure 13. Log-log plots of time components of solvation dynamics along with its contribution 

vs temperature reduced viscosity (η/T), with a linear fit (solid black line) for (a) 0.6Ac/0.4Ur 

DES, (b) 0.55Ac/0.36Ur/0.09PEG DES, and (c) 0.5Ac/0.3Ur/0.2Sor DES. The black dashed 

line here represents the fitting line with average solvation time and the corresponding p-value 

is written in the same colour.  

 

3.4. Conclusion 

One important way to fine-tune DESs properties is the addition of a third component 

in binary DESs. The addition of sorbitol in the binary acetamide/urea DES forms a 

ternary 0.5Ac/0.3Ur/0.2Sor DES that has a much lower melting point 46. and is found 

suitable for practical application 47. The present work demonstrates spatial and 

dynamic heterogeneity in 0.5Ac/0.3Ur/0.2Sor DES using steady-state, time-resolved 

fluorescence, dielectric relaxation, and single molecular level FCS studies.  

We observed a considerable shift in the excitation wavelength-dependent emission 

maxima of a solvatochromic dye (C153) suggests that the system possesses 

considerable spatial heterogeneity. The fractional viscosity decoupling (p~0.4) of 

average solvation time suggests the presence of dynamic heterogeneity in the system 
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in the length (nm) and time (ps-ns) scale of solvation dynamics. The inherent 

dynamics of the medium explored using DR measurement also show a substantial 

decoupled dynamic (p~0.62). The average rotational time of the probe also shows a 

medium viscosity decoupling (p~0.6) suggesting a definitive but probably weaker 

dynamic heterogeneity in the length (10 nm) and time (ns) scale of anisotropy 

measurement. For translational dynamics, which provides information at a much 

larger length (m) and timescale (s-ms), we observed the strongest decoupling 

(p~0.3) from medium viscosity suggesting a very strong dynamic heterogeneity at 

this higher length and time scale. Using the Arrhenius equation, we determined the 

activation energy of viscous flow and various dynamics that also reinforce the 

conclusion of strong dynamic heterogeneity of the system, which depends on the 

length and timescale of the measurement. The addition of PEG instead of sorbitol 

introduces mild dynamic heterogeneity both in translational (p~0.41) and rotational 

(p~0.74) motion, but no spatial heterogeneity. One possible reason might be the 

physical state of the third component (sorbitol is solid, while PEG is liquid). Future 

studies are necessary to understand the actual reason for the differential behaviour 

of these two additives, in which neutron scattering and MD simulation might help 

immensely. Overall, the present study might be beneficial to understand the 

transition of binary to ternary DESs and how the addition of a third component 

controls the macroscopic and microscopic properties of the DESs.  
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Abstract:  

Deep eutectic solvents (DESs) are potential biocatalytic media due to their easy 

preparation, fine-tuneability, biocompatibility, and most importantly, due to their 

ability to keep protein stable and active. However, there are many unanswered 

questions and gaps in our knowledge about how proteins behave in these alternate 

media. Herein, we investigated solvation dynamics, conformational fluctuation 

dynamics, and stability of human serum albumin (HSA) in 0.5 Acetamide/0.3 

Urea/0.2 Sorbitol (0.5Ac/0.3Ur/0.2Sor) DES of varying concentrations to 

understand the intricacy of protein behaviour in DES. Our result revealed a gradual 

decrease in the side-chain flexibility and thermal stability of HSA beyond 30% DES. 

On the other hand, the associated water dynamics around domain-I of HSA 

decelerate only marginally with increasing DES content, although viscosity rises 

considerably. We propose that even though macroscopic solvent properties are 

altered, a protein feels only an aqueous type of environment in the presence of DES. 

This is probably the first experimental study to delineate the role of the associated 

water structure of the enzyme for maintaining its stability inside DES. Although 

considerable effort is necessary to generalize such claims, it might serve as the basis 

for understanding why proteins remain stable and active in DES. 
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4.1. Introduction 

Enzymes are the most efficient and selective catalysts that play a significant role in 

diverse biochemical transformations and industrial processes 1–4. However, the 

utilization of the enzymes is limited as they are only stable in water. Targeted enzyme 

mutation can overcome this issue to some extent 5–9. Further, obtaining designer 

solvents that can keep enzymes stable and active is also very important for industrial 

applications 10–12. Ionic liquids (ILs), owing to their non-volatility, high thermal 

stability, and a broad spectrum of solutes dissolving capabilities, become the most 

studied solvents in this regard 11,13–16. More importantly, IL can be engineered by 

changing the constituent cations and anions 17,18. However, in recent times, deep 

eutectic solvents (DESs) have been identified as the new choice for biocatalysis 

because of their additional advantages over ILs in terms of cost-effectiveness, easy 

(only through mixing and heating and no further purification required) and atom-

economic preparation 19–21. A huge number of naturally occurring/synthetic 

constituents and their different mole fractions can form DES, which provides a broad 

spectrum of engineered solvent media 22,23. Many recent reports and review articles 

have highlighted that proteins remain stable and active in DESs 24–30. However, 

incorporation of proteins into neat DES is very difficult as their solubilization rate is 

extremely slow, and also incorporation through heating is inappropriate owing to the 

thermolabile character of proteins 31–33. Adding water to the DES system in order to 

overcome this hindrance was found to be quite fruitful as it also offers an extra 

degree of freedom for tailoring solvent properties like viscosity and polarity that 

improves the dissolution rate of macromolecules 34,35. More interestingly, the 

stability and activity of some enzymes are reported to get enhanced in hydrated DES 

media compared to that in the buffer 36–45. This makes hydrated DESs an exciting 

choice as a biocatalytic medium. 

However, most of the research in this field relies on getting a positive result by 

choosing a pair of DES and protein. The choices are also getting biased on the 

availability of the proteins and constituents of DES. A logical way forward in this 

field is very much missing. Nevertheless, some recent reports proposed that DESs 
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properties like H-bond strength, interaction strength between DES constituents and 

protein, solvent polarity, viscosity, and density might influence the enzymatic 

activity and stability in such media 46,47. Our group contributed to this understanding 

by carrying out the proteolytic activity of bromelain in the presence of a DES at 

various degrees of hydration 45. We suggested that compact structural conformation, 

flexible active site dynamics of the enzyme, lower viscosity, and higher polarity of 

the solvent media primarily affect the biocatalytic activity of bromelain 45.  

However, the mechanistic understanding of why proteins/enzymes are stable and 

active in these alternate media (DES) is still in its infancy. One aspect that has been 

completely ignored in the literature is how the associated water dynamics of an 

enzyme is modulated in the presence of a DES. It is well proven that the water in the 

immediate vicinity of an enzyme (known as associated water) is quite different from 

the normal bulk water 48–51. This associated water is directly hydrogen bonded to the 

protein surface, making it dynamically retarded 48,49,51–53 and can influence many 

cellular processes 50,54–57. The role of water dynamics in influencing protein 

properties has mainly been reported in the case of osmolytes 58–60. Although there 

are some reports through MD simulation/theoretical studies in the case of different 

non-aqueous solvents pointing out the role of hydration 61–65, to the best of our 

knowledge, there are no experimental studies in DESs.  

A variety of techniques are available to measure the dynamics of associated water, 

namely, NMR 66,67, dielectric relaxation (DR) 68, quasi-electron neutron scattering 

(QENS) 69, and time-dependent fluorescence Stokes shift (TDFSS) 50,53,55,56,70–74. 

However, in the case of proteins, where the immediate surrounding is essential, the 

fluorescence-based TDFSS method becomes of utmost importance due to its 

unmatched spatial resolution 48,75. It can report dynamics in the immediate vicinity 

of the reporter molecule tagged in the protein. In contrast, NMR, DR, or QENS 

captures signals from the whole solution and can give only an average picture 48. In 

addition to associated water dynamics around the protein, internal protein dynamics 

is also a controlling factor of various cellular phenomena 76–81. Among these, 

microsecond protein dynamics is one of the most important factors in controlling 
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enzymatic activity and signal transduction. However, its modulation in DESs is 

scarcely studied in the literature 45,47.  

Herein, we aimed to understand the intricacy of protein behavior in a DES as a part 

of our ongoing effort to achieve a holistic physical insight into why proteins remain 

stable and active in DESs. We have chosen human serum albumin (HSA) as a model 

protein that has been extensively characterized in the native state and under different 

conditions of chemical and thermal stress 13,70,82–85 and can be site-selectively tagged 

to observe site-specific information 86,87. HSA is the major transport protein in the 

human circulatory system 88, making the choice of HSA even more relevant. In the 

past, most of the experiments carried out to understand protein behaviour in DESs 

were done in ionic DESs 28,36,39,41,89,90. However, for many practical purposes 

involving hydrophobic solutes, ionic DESs will not be a good choice. Non-ionic 

DESs can overcome this problem, and in recent years, such non-ionic DESs have 

gained attention in various fields 91–93. Therefore, understanding protein behaviour 

in non-ionic DESs is important. DES formed by acetamide, and urea is one of the 

most studied non-ionic DES 94,95, but it is not liquid at room temperature which limits 

its applicability 96. We have reported earlier that adding sorbitol as a third component 

lowers the freezing point of the system 97. This ternary DES with a composition of 

0.5Ac/0.3Ur/0.2Sor remains in a liquid state even at 280 K. Because of this, we 

chose 0.5Ac/0.3Ur/0.2Sor DES for the present study. 

In this work, we measured the solvation dynamics around the domain-I of HSA in 

0.5Ac/0.3Ur/0.2Sor DES as a function of the degree of hydration using the TDFSS 

method. Analysis concerning individual components of solvation, water contents, 

and viscosity modulation is discussed, which might provide physical insight into 

enzymatic behavior in DES. Secondly, we reported microsecond side-chain 

dynamics of domain-I of HSA with DES at various degrees of hydration. Thirdly, 

we have measured the thermal stability of HSA in the DES as a function of water 

content. More importantly, some control experiments with constituent solutions give 

us much-needed information regarding the retention of the DES structure with water 

dilution. 
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4.2. Results and Discussion: 

4.2.1. Hydrated DES or aqueous solution of DES constituents 

There are debates in the literature on the preservation of the DES network in the 

presence of water 34,98–100. Generally, for high water content, DESs lose their typical 

structure and become a simple aqueous solution of the constituents 98–100. Hence, it 

is important to investigate if the hydrated DES in this study is merely an aqueous 

solution of its constituents. We separately prepared the hydrated DES solution and 

mixed all three constituents of DES in water, maintaining the same component 

concentrations as in hydrated DES. From 70% (v/v), the constituents were found to 

be insoluble in the required amount of water. This simple observation implies that 

from 70% (v/v) onwards, DES in the water system is not merely an aqueous solution 

of the DES constituents, but rather a hydrated DES with the retention of the DES 

network. Next, we measured the translational diffusion of rhodamine 6G (R6G) in 

both the hydrated DES and aqueous solution of DES constituents using fluorescence 

correlation spectroscopy. From the measured translational diffusion time (𝜏𝐷) we 

calculated microviscosity using the Stokes-Einstein equation ( 𝐷𝑡 =
𝑘𝐵𝑇

6𝜋𝜂𝑅
; where 

‘𝐷𝑡’ is the translational diffusion coefficient, ‘𝑘𝐵’ is the Boltzmann’s constant, ‘𝑇’ 

is the temperature, ‘𝑅’ is the molecular radius of the probe, and ‘𝜂’ is the viscosity, 

and,  𝜏𝐷  ∝  
1
𝐷𝑡
⁄ ).  
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Figure 1. (a) Representative fluorescence intensity autocorrelation curves of R6G in hydrated 

DES and component solution of the same concentration as in hydrated DES, (b) Micro viscosity 

of the hydrated DES (green) and constituent solution (red) keeping the same concentration as 

in hydrated DES. Black bars are representing the differences between the viscosity of hydrated 

DES and component solution. The error bar represents the standard deviation of the mean of 

three independent experiments.  

 

Figure 1 depicts that up to 30 % (v/v) DES in water, the microviscosity remains 

similar to that in the solution of constituents in water. However, from 30 % (v/v), a 

clear difference in the microviscosity of the hydrated DES and the component 

solution is visible. This experiment suggests that up to 30 % (v/v) DES in water is 

probably an aqueous solution of the constituents of the DES. However, beyond that, 

it is surely a hydrated DES where the property cannot be achieved just by mixing 

the solution of DES constituents. We have earlier compared the proteolytic activity 

of bromelain in both hydrated 0.5Ac/0.3Ur/0.2Sor DES and aqueous component 

solution and observed a significant enhancement of activity at lower concentration 

(up to 40% v/v) in the former case 45. However, a slight increase in the proteolytic 

activity compared to pure buffer at lower concentrations of DES constituent solution 

was also observed 45. Therefore, there is a hint that a synergistic action from the 

individual components might also play a role. Nevertheless, the significant positive 

effects on bromelain activity in hydrated DES probably arise due to the hydrogen-

bonded network of the DES which might still exist even at such low concentrations 

of DES. Similar retention of the network-like structure of choline chloride/urea and 
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choline chloride/1,2-propane-di-ol DES was found up to 83 mol% and 50 % (v/v) of 

water, respectively 98,100. Thus the structure retainment in the case of hydrated DES 

depends on the nature of the constituents. In our case, probably some portions of 

network-like DES structure maintain their integrity even at very low concentrations 

(~20-30% v/v) of DES 45.  

 

4.2.2. Solvation dynamics of hydrated DESs using transient absorption 

spectroscopy: 

It is well known that dynamics of solvent play a significant role in many chemical 

and biological processes. However, experimental studies on the solvation dynamics 

of hydrated DES are limited in the literature 101,102. Having established that the 

properties of hydrated DES cannot be achieved just by mixing the solution of DES 

constituents (at least beyond 30% v/v DES), we measured solvation dynamics at 

various concentrations of the DES in water using the solvatochromic coumarin 343 

probe with femtosecond transient absorption spectroscopy in the absence of the 

protein. We could not go beyond 70% (v/v) DES concentration as the data quality 

becomes very poor due to scattering in the sample. The representative time-resolved 

stimulated emission spectra for different concentrations of the DES can be found in 

Figure 2.  

From the collected data we constructed the solvent response function (see Figure 3a) 

using the equation mentioned in the Figure 3a. The solvent response functions were 

well described by a bi-exponential function (𝑆(𝑡) = 𝑎1𝑒
−𝑡

𝜏1 + 𝑎2𝑒
−𝑡

𝜏2) yielding the 

faster (𝜏1) and the slower time components (𝜏2) of solvation as 190 fs and 1.4 ps, 

respectively, in the case of buffer (Figure 3c, 3d). We observed a gradual slowdown 

of average solvation dynamics with increasing DES concentration (Figure 3b). This 

is expected as the viscosity increases with the addition of DES in water (Figure 3e). 

However, the faster time component remains almost unchanged. We have quantified 
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the extent of viscosity dependence on solvation dynamics (𝜏𝑠) using the Stoke-

Einstein relation as 

𝜏𝑠 ∝ (
𝜂

𝑇
)
𝑝

          (1) 

 

 

Figure 2. Time-resolved stimulated emission spectra of C 343 in (a) buffer, (b) 30% (v/v), (C) 

50% (v/v), and (d) 70% (v/v) hydrated DES concentrations. 

 

where, 𝜂 is the viscosity and 𝑇 is the temperature of the medium 103. 𝑝 value signifies 

the coupling of the dynamics to the viscosity of the medium 104,105, which can be 

readily obtained from the log-log plot, as per equation 2.  
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log(𝜏𝑥) = 𝑝 log (
𝜂

𝑇
) + log𝐶        (2) 

 

Expectedly, the average solvation time follows the medium viscosity (p~1). 

Component analysis reveals that the slower component of solvation is also viscosity 

coupled (p~1). However, the faster time component remains almost unchanged 

(p~0). (Figure 3c, 3f, and Table 1).  
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Figure 3. (a) Solvent response function of C 343; and variation of (b) average solvation times, 

(c) faster time components, (d) slower time components with different degrees of hydrated 

0.5Ac\0.3Ur\0.2Sor DES in the absence of protein, (e) viscosity of different concentrations of 

0.5Ac/0.3Ur/0.2Sor DES in the buffer, (f) log-log plot of individual timescales of solvation 

dynamics of hydrated 0.5Ac\0.3Ur\0.2Sor DES with the temperature reduced viscosity.  

 

Table 1. Biexponential fitting parameters of the solvent response function, S(t), of 

C-343 in the presence of different concentrations of hydrated 0.5Ac/0.3Ur/0.2Sor 

DES. 

DES 

concentration 

𝑎1(%) 𝜏𝑆1 (ps) 𝑎2 (%) 𝜏𝑆2 

(ps) 

𝜏𝑎𝑣𝑔 

(ps) 

0 49.6 0.19 50.4 1.41 0.80 

10 49.3 0.13 50.7 1.30 0.72 

20 43.2 0.16 56.8 2.46 1.47 

30 50.4 0.18 49.6 4.32 2.23 

40 56.4 0.15 43.6 4.62 2.10 

50 54.3 0.16 45.7 7.91 3.70 

60 58.0 0.15 42.0 22.2 9.41 

70 49.6 0.15 50.4 37.3 18.85 

 

This result suggests that a bulk water-like ambiance around the probe might still 

exist even in the presence of 70% (v/v) DES, where the viscosity is very high. At the 

same time, the addition of DES to the buffer significantly alters medium properties 

(like microviscosity, average solvation time, etc.). The impact of this result can be 

extended in the case of protein where the immediate water near the protein surface 

which is in direct interaction with the protein can influence many important 

enzymatic properties like stability and activity 53,55,56. We hypothesized that although 

biological observations are always system-specific, one general way of keeping 
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protein stable and active in viscous DESs might be through retaining this 

unperturbed portion of water around it. 

 

4.2.3. Associated Water Dynamics of HSA with Increasing DES content:  

To understand the associated water dynamics around the protein, we measured the 

solvation dynamics of CPM tagged to HSA in buffer, and in the presence of different 

concentrations of 0.5Ac/0.3Ur/0.2Sor DES. The time-resolved emission spectra 

(TRESs) at different DES concentrations are shown in Figure 4. The solvent 

response function and the average solvation time are shown in Figure 5, and the time 

components are tabulated in Table 2.  

The average solvation time of CPM-tagged HSA in water is ~2.2 ns, which gradually 

increases upon the addition of DES and becomes ~3.4 ns for 90% (v/v) DES in water 

(Figure 5b). Initially, we thought that it might be a direct/straightforward 

consequence of increasing medium viscosity with increasing DES concentration. 

However, the viscosity change for the 90% DES is ~83 times (from ~1 cP in water 

to ~83 cP in 90% DES) (see Table 2). Therefore, the extent of the increase in the 

solvation time with increasing DES concentration is negligible compared to that of 

the viscosity increment. It hints that HSA can maintain the associated water structure 

around it even in the presence of high concentrations of DES.  
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Figure 4. Time resolved emission spectra (TRES) of CPM labelled HSA with different degrees 

of hydrated (0.5Ac\0.3Ur\0.2Sor) DES. Black dashed line represents the steady state (SS) 

emission spectra of CPM labelled HSA at the respective DES concentration. 
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Figure 5. (a) Solvent response function and (b) average solvation time of CPM labeled HSA 

in buffer and different concentrations of 0.5Ac/0.3Ur/0.2Sor DES. The error bar represents the 

standard deviation of the mean of three independent experiments. 

 

Table 2: Biexponential fitting parameters of the solvent response function, S(t), of 

CPM, tagged HSA in the presence of different concentrations of 0.5Ac/0.3Ur/0.2Sor 

DES and the viscosity of different concentrations of 0.5Ac/0.3Ur/0.2Sor DES in the 

buffer. 

DES 

concentration 

%(V/V) 

𝒂𝟏  𝝉𝑺𝟏 (ps) 𝒂𝟐  𝝉𝑺𝟐 (ns) 𝝉𝑺𝒂𝒗𝒈 (ns) Viscosity 

(cP) 

0 0.49 170±10 0.51 4.08±0.10 2.16±0.03 0.98±0.04 

10 0.51 160±15 0.49 4.02±0.24 2.05±0.13 1.19±0.05 

20 0.46 160±10 0.54 4.13±0.22 2.30±0.05 1.31±0.04 

30 0.40 130±20 0.60 4.00±0.10 2.45±0.04 1.54±0.08 

40 0.40 150±10 0.60 4.14±0.17 2.54±0.07 1.68±0.10 

50 0.38 130±20 0.62 4.09±0.10 2.58±0.05 4.23±0.55 

60 0.34 160±10 0.66 4.29±0.10 2.89±0.19 7.27±1.00 

70 0.33 170±10 0.67 4.68±0.15 3.20±0.08 16.14±0.80 

80 0.37 230±20 0.63 4.65±0.20 3.01±0.09 30.16±1.00 

90 0.31 250±20 0.69 4.81±0.22 3.40±0.11 83.30±1.50 
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4.2.4. Component analysis suggests the first solvation shell remains 

unperturbed with DESs: 

A deeper insight could be gained from the individual component analysis. In the 

experimental result, the bi-exponential solvent response functions were comprised 

of a sub-nanosecond (130-250 ps) and a few nanoseconds (3-5 ns) time components. 

The faster sub-nanosecond time component originates from the water molecules 

residing in the immediate vicinity of the protein surface, commonly termed 

biological water 49,51,53,106,107. The longer timescale represents the contribution from 

polar residues of the protein, coupled motion between the amino acid side-chain 

fluctuations and water molecules, and the overall tumbling motion of the protein 

48,49,51,107. The variation of faster (𝜏𝑆1) and slower (𝜏𝑆2) time components of solvation 

are represented in Figure 6a and Figure 6b. Like in the case of solvation dynamics 

of hydrated DES in the absence of protein, here also the faster time component 

remains unaltered up to 70% DES. It suggests an unperturbed first solvation shell 

around HSA up to 70% DES. Beyond that, the associated water dynamics gets 

slightly affected. However, these changes are also insignificant concerning the 

significant viscosity change of the medium.  

 

 

Figure 6. The variation of (a) faster time component and (b) slower time component of CPM 

tagged HSA in the presence of different concentrations of 0.5Ac/0.3Ur/0.2Sor DES in the 

buffer. The error bar represents the standard deviation of the mean of at least two independent 

experiments. 
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To quantify how much the solvation dynamics and its individual components are 

coupled to the viscosity of the medium, here also we have constructed the log-log 

plot (see Figure 7). The slope of the log-log plot for the fast component is almost 

zero, implying this to be viscosity independent. This means that the associated water 

dynamics around the protein is not modulated at all with the addition of DES. The 

slow component also shows a very weak viscosity coupling.  

 

 

Figure 7. Log-log plot of individual timescales and average solvation time of CPM labeled 

HSA with the temperature-reduced viscosity of different concentrations of 0.5Ac/0.3Ur/0.2Sor 

DES in the buffer. 

 

This result is remarkable. It suggests that at least in the first solvation shell, water 

structure is maintained at least up to 70% (v/v) of DES. Protein, therefore, feels only 

an aqueous environment, even at this concentration of DES, where the macroscopic 

properties of the system, like viscosity, change drastically (up to 16 times at 70% 

DES). It is almost axiomatic that water plays an important role in dictating every 

protein property. Especially, the associated water, which directly interacts with a 

protein, should have a huge effect on protein properties 48,50,53,55. Our result implies 

that the character of this associated water remains unperturbed in the presence of 

DES. It might have an enormous implication in the field of biocatalysis and provides 

a clue that enzymes remain active and stable in DES by keeping its associated water 
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structure intact. Previously, Hayyan’s group suggested a similar mechanism to 

explain the stability and activity of an enzyme in the DES using MD simulation 29. 

Our findings likely represent the first experimental support in favour of such a 

mechanism. 

 

4.2.5. Associated water dynamics of HSA in component solution: 

We also measured the solvation dynamics of HSA in the aqueous solutions of DES’s 

constituents and compared the results with hydrated DES. All the time-resolved 

emission spectra (TRESs) can be found in Figure 8.  

As the microviscosity (Figure 1b) in the case of hydrated DES is more than the same 

concentration of aqueous solution of constituents, the dynamics are expected to be 

affected less in the latter case compared to the former. We observed a monotonous 

slowing down of solvation dynamics with an increase in the constituent 

concentration, though the faster time component, which represents the associated 

water dynamics around HSA, remains unaltered (Figure 9 and Table 3). The extent 

of slowing down in the solvation dynamics is almost similar to that in hydrated DES. 

This observation is very surprising considering that at least above 30% (v/v) 

hydrated DES is different from the aqueous solution of DES components in terms of 

macroscopic and microscopic properties (Section 3.1.). 

We propose that DES or hydrated DES keep protein stable and active by maintaining 

the associated water around it and at the same time providing an alternate media 

where the physical properties can be fine-tuned as per the requirement. Proteins also 

remain stable and active in the presence of various osmolytes, ILs, and 

macromolecular crowders. In a previous report, we have shown that associated water 

dynamics play a key role in controlling protein stability in the crowded milieu 50. We 

suggest that associated water property might be one of the principal governing 

factors in controlling protein behavior in the presence of any additives.  
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Figure 8. Time-resolved emission spectra (TRES) of CPM labelled HSA in the presence of 

different concentrations of constituent’s solution of 0.5Ac/0.3Ur/0.2Sor DES.  

 

 



Chapter-4   257 
 

 

Figure 9. (a) Solvent response function, (b)variation of average solvation time, (c) variation of 

faster time component and (d) variation of the slower time component of CPM tagged HSA in 

the presence of buffer and different concentrations of constituent’s solution of 

0.5Ac/0.3Ur/0.2Sor DES. Solid lines in (a) represent fitting by a bi-exponential function. “* 

(Asterix)” points could not be measured as the constituents remain insoluble at those 

concentrations. The error bar represents the standard deviation of the mean of at least two 

independent experiments. 

 

Table 3. Biexponential fitting parameters of the solvent response function, S(t) of 

CPM, tagged HSA in the presence of different concentrations of constituent solution 

of 0.5Ac/0.3Ur/0.2Sor DES. 

DES concentration 

%(V/V) 

𝒂𝟏  𝝉𝑺𝟏 (ps) 𝒂𝟐  𝝉𝑺𝟐 (ns) 𝝉𝑺𝒂𝒗𝒈 (ns) 

0 0.49 170±10 0.51 4.08±0.10 2.16±0.03 

10 0.50 140±15 0.50 4.11±0.16 2.12±0.02 

20 0.47 160±10 0.53 4.17±0.11 2.28±0.02 

30 0.46 160±15 0.54 4.20±0.09 2.34±0.09 
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40 0.46 170±15 0.54 4.25±0.08 2.37±0.04 

50 0.40 140±10 0.60 4.00±0.09 2.45±0.05 

60 0.34 155±20 0.66 4.37±0.16 2.94±0.03 

 

 

4.2.6. Protein structural modulation and solvation dynamics 

One may debate whether the constancy of solvation dynamics results merely from 

the conservation of the HSA’s associated water structure in the presence of DES or 

whether the water structure and protein structure are regulated to keep the solvation 

dynamics constant. When a protein changes its conformation or structure, the bulk 

water molecules are expected to interact with the hydration layer to a different 

extent, resulting in a change in the solvation dynamics. To investigate if such an 

alteration plays a key role in the modulation of solvation dynamics, we performed a 

steady-state emission study of CPM attached to HSA that provides the local 

environment around it and estimated the hydrodynamic radii of HSA with the 

addition of DES using FCS. We also presented previously reported changes in the 

emission maximum and hydrodynamic size of CPM-tagged to HSA with the addition 

of guanidinium hydrochloride (GnHCl) 85,87, as a control to understand the extent of 

change in the presence of DES. GnHCl is a common denaturing agent, and with an 

increase in the concentration, it destabilizes the native conformation of any protein 

108. The effect of GnHCl-induced denaturation of HSA is well reported in the 

literature by various groups, including ours 83–85,87,109,110. The change in the emission 

maximum and hydrodynamic radius with GnHCl concentration is plotted here to 

show the extent of the effect exerted by DES on the structure of HSA in comparison 

to a common denaturing agent, which is supposed to unfold the protein. Our 

experiment shows a slight blue shift in the emission spectrum in the presence of 

different concentrations of DES (Figure 10a, 10c, and Table 4). While a blue shift 

can indicate minor structural compaction, it is also plausible that this shift is due to 

the presence of the less polar DES components in the immediate solvation shell of 

the protein. Also, there is virtually no change in the hydrodynamic radii of HSA up 
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to 30% of DES. However, beyond that, the size of the protein increases with an 

increase in the DES content of the medium (Figure 10d and Table 4). This observed 

increase in the hydrodynamic radius likely suggests a combination of factors; firstly, 

a partial disruption of the HSA structure, and secondly, the potential association of 

some bulkier DES components with the protein's surface. The emission and FCS-

related raw data can be found in Figures 10a and 10b. This increase in the size of 

HSA suggests a disruption of HSA structure with the addition of DES, although the 

change is not much (39 Å in the buffer to 49 Å in 80% DES) compared to the 

chemical denaturation (63 Å in 6 M GnHCl). This means although the 

hydrodynamic radius of HSA starts to increase around 40% (v/v) DES, it surely does 

not reach the completely unfolded state even in the presence of the highest 

concentration of the DES used here. 

Obviously, the alteration of protein conformation at the higher DES concentration 

might affect its solvation dynamics. However, when a protein opens up due to its 

structural alterations, more bulk water molecules are expected to interact with the 

hydration layer of the protein surface, thus accelerating the process 87,111. On the 

other hand, for higher DES concentrations, the water dynamics in the present case 

did not speed up. This suggests that despite a slight but definitive structural 

alteration, it does not severely affect the water structure modulation. 
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Figure 10. (a) Intensity normalized emission spectra of CPM tagged to HSA in the presence 

of hydrated 0.5Ac\0.3Ur\0.2Sor DES. (b) Normalized fluorescence intensity autocorrelation 

curve of TMR tagged HSA in the presence of differently hydrated 0.5Ac\0.3Ur\0.2Sor DES. 

(c) Steady-state emission maxima of CPM labeled HSA in different concentrations of 

0.5Ac/0.3Ur/0.2Sor DES in buffer (grey). (d) Hydrodynamic radius of HSA with DES 

concentrations (grey). The data points shown in red have been taken from REF-85 and 87 and 

represent the emission maxima and hydrodynamic radius with GnHCl concentration in the 

respective figures. The error bar represents the standard deviation of the mean of three 

independent experiments. 

 

Table 4. Steady-state emission maxima of CPM-tagged HSA, hydrodynamic radii 

(see Supplementary Material for calculation), and conformational fluctuation time 

of TMR-tagged HSA in different concentrations of 0.5Ac/0.3Ur/0.2Sor DES in 

buffer.  

DES 

concentration 

(% V/V) 

Emission 

Maxima (nm) 

Hydrodynamic 

Radii (Å) 

Conformational 

Fluctuation 

time (𝝉𝑹) (μs) 

0 463.0± 1.0 38.2±2.6 27.0±6.6 

5 462.8±0.7 36.6±2.6 32.4±3.7 

10 462.8±0.6 36.5±1.9 32.0±4.8 
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15 462.6±0.6 36.4±1.8 36.0±7.9 

20 461.9±0.7 36.0±2.0 31.8±6.7 

25 461.8±0.8 37.8±3.5 34.0±5.1 

30 462.2±0.5 40.4±3.1 29.0±6.9 

35 462.3±0.6 42.9±3.0 32.0±7.2 

40 462.3±0.9 46.0±2.6 45.0±9.1 

45 462.1±0.8 46.5±3.4 60.0±10.4 

50 462.5±1.0 46.8±2.9 71.0±9.6 

55 462.4±0.5 47.1±3.6 80.0±7.0 

60 462.3±0.6 47.0±3.0 85.0±9.7 

65 462.0±0.7 47.2±2.8 90.0±6.3 

70 461.8±0.7 47.5±3.3 95.0±7.9 

80 461.3±1.0 49.0±3.5 110±10.0 

90 461.0±0.8 * * 

* We could not measure the hydrodynamic radius and 𝜏𝑅 at 90% DES, as the data 

quality of HSA becomes very poor at this concentration 

 

4.2.7. Conformational fluctuation of HSA in the presence of hydrated DESs 

Besides the water dynamics, the intrinsic protein dynamics or conformational 

fluctuation dynamics can also play a role in dictating protein properties 76,77,79,80. It 

is well-accepted that the protein structure is not rigid, instead, it is an average of 

several closely related structural conformations 112. The interconversion timescale 

between these conformations is known as conformational fluctuation time. Many 

studies confirmed the role of such inherent dynamics on enzymatic activity 

77,80,112,113. Experimentally, the conformational fluctuation dynamics of proteins in 

the presence of DES have not been explored in detail. There are few studies of the 

conformational fluctuation dynamics of proteins in ILs 13,114, but probably only one 

or two studies reported the conformational dynamics of a protein in the case of DES 
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47,115. In our previous work, we correlated the flexible active site dynamics of 

bromelain to the superior proteolytic activity in the presence of a DES 45. 

For the present case, we also have analyzed the conformational fluctuation dynamics 

from the FCS autocorrelation function (see Figure 10b). This fluctuation is a very 

local phenomenon and represents the ease of the concerted chain motion 

dynamics.84,85,116 Because of this dynamics, the electron-rich amino acid residues 

around TMR (tagged in the domain-I of HSA) move close and away from the probe, 

thus modulating its fluorescence behaviour, and can be observed in the FCS 

experiment.82,85 In the buffer, the measured value of conformational fluctuation time 

is 27 μs, which is following the previous report 85. With the addition of DES, the 

conformational fluctuation dynamics become progressively slower (see figure 11 

and table 4), significantly beyond ~30% DES. There could be various reasons for 

such modulations. Firstly, with increasing DES concentration, the viscosity of the 

medium increases, and this increased friction might slow down the side chain 

dynamics. However, the extent of slowing down of conformational dynamics 

involving domain-1 of HSA (~4 times) is much less than the increment of viscosity 

(~30 times) as we move from buffer to 80% DES. Secondly, the size of HSA 

increases (especially beyond 30% DES), so the surrounding electron-rich residues 

that quench TMR fluorescence now need to move a greater distance, and it might 

increase the timescale of such movement. However, in our previous publications, 

we showed that such a relationship between protein size and conformational time 

scale might not always hold 78,117,118. At this stage, it is tough to predict the exact 

reason for such a trend, but it might have a key implication on its behaviour 77,119. 

To note, a similar modulation of conformational flexibility was observed for another 

protein: bromelain in the same DES 45. 
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Figure 11. The variation of conformational fluctuation time of HSA as a function of 

0.5Ac/0.3Ur/0.2Sor DES concentration in the buffer. The error bar represents the standard 

deviation of the mean of three independent experiments. 

 

The conformational fluctuation dynamics and solvation dynamics are two very 

different information about protein and its surrounding solvent, respectively. 

Obviously, the internal protein dynamics depend on the rigidity of the surrounding 

solvent (associated water) and therefore there might be a correlation between them. 

Previously, a correlation has been established between internal protein dynamics in 

nanosecond timescale and solvation dynamics 120. However, the correlation between 

microsecond conformational fluctuation and solvation is not known. Apparently, the 

rigid associated water structure should hinder side-chain dynamics, therefore an 

increase in the conformational fluctuations time should be associated with an 

increase in solvation time. Our results also indicate the same. Up to 40% DES, both 

parameters remain almost constant. However, beyond that there is an increase in 

both the solvation and conformational fluctuations time. Moreover, the dependence 

of conformational fluctuations on DES concentration (~ 4 times increment from 0 to 

80% DES) is much steeper than that of the solvation time (~1.5 times increment 

from 0 to 90% DES). At this point, it is very difficult to ascertain the reason behind 

this. One possible explanation could be that both these parameters depend strongly 

on the protein structural modulation in the presence of DES. At higher DES 

concentrations, HSA is somewhat unfolded. For unfolded protein because the 
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exchange channel between associated and bulk water increases, solvation time 

decreases. However, for unfolded protein, because the distance between the tagged 

dye and the neighbouring amino acids increases, the conformational fluctuations 

time might increase. Another possibility may lie in the time scale and length scale 

of the dynamics. Solvation dynamics occur in the sub-picosecond to the nanosecond 

time scale and in the sub-nanometre length scale, whereas conformational 

fluctuations occur in the microsecond time scale and nanometre length scale. This 

difference in the time and length scale of these two dynamics might respond to a 

perturbation (viscosity change for example) differently. 

 

4.2.8. Effect of DES content on the stability of HSA 

Next, to understand the stability of HSA in the presence of DES, we have used 

steady-state fluorescence spectra of CPM-tagged HSA to obtain the melting curve 

of HSA (see Figures 12) in the presence of different DES contents. Generally, with 

denaturation, the protein becomes unfolded, and as a signature, any solvatochromic 

probe attached to the protein shows a red shift in the emission maximum. 

Representative steady-state fluorescence spectra are provided in Figures 12a-c. From 

the shift of emission spectra, we have calculated the fraction unfolded at each 

temperature using the equation, 𝑓𝑈 =
𝜆𝑒𝑚−𝜆𝑁

𝑒𝑚

𝜆𝑈
𝑒𝑚−𝜆𝑁

𝑒𝑚. In this equation, 𝜆𝑒𝑚 is the emission 

maxima of CPM-tagged HSA at any temperature; 𝜆𝑁
𝑒𝑚 and 𝜆𝑈

𝑒𝑚 are the emission 

maxima of the native and unfolded state of HSA, respectively. As the thermal 

unfolding curve of HSA was not saturating, choosing the unfolded state from those 

data is very difficult. However, the GnHCl-induced chemical denaturation curve of 

HSA shows a hint of saturation and reached a totally unfolded state at 6 M GnHCl. 

So, we constructed the normalized melting curves (fraction unfolded) at each degree 

of hydrated DES (Figure 12), considering the lowest emission maxima as the native 

and the emission maxima of the 6 M GnHCl as the unfolded state of HSA. The 

temperature at which the fraction unfolded and folded becomes equal, i.e., fraction 
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unfolded = 0.5, can be considered as melting temperature. However, we restrained 

ourselves from extracting any melting temperature or thermodynamic entity from 

these curves, as the curves do not get saturated and reached the plateau, even at the 

highest temperature (373 K) used in this study. From the melting curves (Figure 

12g), one could conclude that at low concentrations of DES (up to 30%), the change 

in the stability is less, but beyond that, a significant decrease in the stability is 

observed. Such decreasing stability can be a direct consequence of structural 

alteration of the HSA at higher DES concentration. We have seen an increase in the 

hydrodynamic radius of the HSA beyond 30% of DES. However, at the lower DES 

concentration, where the structure remains unperturbed and associated water 

dynamics do not change much, DES retains most of the stability of HSA. At very 

high concentrations of DES (80-90%) the associated water dynamics also slightly 

get perturbed along with the protein structure, which is probably responsible for the 

significant stability loss.  

Next, we also measured the thermal stability of HSA in the constituent aqueous 

solution keeping the concentrations of each of the constituents same as in hydrated 

DES. Representative raw data and the melting curves are presented in Figures 12d-

f and 12h. We found that at lower concentrations (up to 40%) the thermal stability 

curves of HSA both in the hydrated DES and component solution match well. 

However, after 40% the stability is a little higher in the case of hydrated DES than 

in component solutions (see Figure 12i). Probably the network-like structure of DES, 

which surely exists in the higher DES concentrations, has some protective role 

towards HSA.  

Recently, we experimentally showed a strong correlation between protein stability 

and associated water structure modulation 50. A pre-requisite of such correlation is 

that the added perturbation does not change the structure much. As this condition is 

not fulfilled in this case, any direct correlation of stability with associated water 

dynamics is not possible at this stage. In the future project, we will examine whether 
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a correlation between stability and associated water structure holds good in DES 

medium. 

 

 

Figure 12. Representative intensity normalized temperature-dependent emission spectra of 

CPM tagged to HSA in the presence of, (a)-(c) differently hydrated 0.5Ac\0.3Ur\0.2Sor DES; 

and (d)-(f) solution of constituents of 0.5Ac\0.3Ur\0.2Sor DES. Melting curves in terms of 

fraction unfolded of CPM-tagged HSA at, (g) different concentrations of 0.5Ac/0.3Ur/0.2Sor 

DES in the buffer, and (h) different concentrations of constituent’s solution in buffer. The solid 

lines are the eye guides. Note that emission maxima in the presence of 6M GnHCl have been 

taken as the totally unfolded state in calculating fraction unfolded curves at each DES 

concentration. Variation of the fraction unfolded with increasing concentration of GnHCl (dark 

green) was plotted with respect to the similar colour-coded top axis (green). The error bar 

represents the standard deviation of the mean of three independent experiments. (i) Comparison 

of melting curves of HSA in presence of similar concentrations of hydrated DES (circle and 

solid lines) and in its component’s solution (triangle and broken lines). 
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4.3. Comparison of Our Results in the Light of Previous Literature: 

The most thoroughly studied enzyme in DES is probably lipase 16,28–30,39–

41,43,61,62,65,121. The biocatalysis by lipase in DES has been first reported by Gorke et 

al. 39. It was found that 12% urea led to a loss of 70% enzymatic activity of lipase. 

However, in choline chloride/urea (containing 66% urea) DES, merely less than 1% 

of enzymatic activity is lost and the stability of the enzyme was found to be higher 

in the DES than in the corresponding component solution 39. Monhemi et al. with 

the help of MD simulation pointed out that an alteration of hydrogen bonding of 

water with the protein surface might have a role in modulating the enzyme stability 

and activity in such urea-based DESs 65. Durand et al. observed that the addition of 

up to 20% water improves the lipase activity at least 10 times in choline 

chloride/urea DES 40. However, in another study, Zhou et al. reported the deleterious 

effect of choline chloride/urea DES on Candida antarctica lipase B catalyzed 

epoxidation reaction, whereas choline chloride/sorbitol DES stood out as an efficient 

media for the same reaction 122. These hints that activity and stability depend very 

much on the nature of protein and DES. Esquembre et al. were the first to examine 

the concentration effect of hydrated choline chloride/urea and choline 

chloride/glycerol DESs on hen egg lysozyme and found that aqueous dilution from 

the neat DES leads to refolding of the thermally denatured state of lysozyme and the 

activity was also recovered 36. On the other hand, Zeng et al. reported refolding of 

thermally unfolded lysozyme with increasing betaine/urea DES concentration 123. 

Various other experimental and simulation studies delineated the superiority of 

hydrated DESs over neat DESs 36–38,42–44,124,125. There are few reports on bovine 

serum albumin (BSA) in urea-based DESs as well. The extraction efficiency of BSA 

in hydrated choline chloride/urea and betaine/urea DES was found to be more than 

in ILs and these DESs also keep the conformation of the protein intact 126. However, 

the effect of neat DES on BSA was found to be detrimental 32. Venkatesu and co-

workers have recently reported BSA in a solvent system comprised of 

macromolecular crowders and DES together. Interestingly the combination of 
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choline chloride/urea with polyethylene glycol showed an elevated melting 

temperature of BSA than individual crowder or DES 127. However, to the best of our 

knowledge, there is no report deciphering the enzymatic properties of HSA in any 

DES. Here we used a non-ionic DES (0.5Ac/0.3 Ur/ 0.2 Sor) at different degrees of 

hydration. Previously the structure, activity, and dynamics of proteolytic enzyme 

bromelain were reported in this same hydrated DES by our group 45. We found that 

at all DES concentrations, enzymatic activity was retained. Moreover, at lower DES 

concentrations (up to 30% v/v) the proteolytic activity even increases compared to 

that in buffer and then it decreases with a further increase in the DES concentration. 

In this report, we measured the solvation dynamics of HSA in the same hydrated 

DES. To the best of our knowledge, this is probably the first experimental report on 

the solvation dynamics of any protein in DES. We found that associated water 

around the protein does not alter up to 70% v/v DES. We also found that the thermal 

stability of HSA does not change much up to 30% DES and then decreases with 

increasing DES concentration. This study provides a clue that enzymes remain active 

and stable in DES by keeping their associated water structure intact. However, any 

direct correlation of stability with associated water dynamics is not possible at this 

stage because structural alteration of the HSA at higher DES concentration (beyond 

30%) can also influence the stability. An increment in protein hydrodynamic radius 

with DES addition was reported in the case of cellulase enzyme in the presence of 

ChCl-lactic acid DES 128. Previously, Kist et al. also found a similar deleterious 

effect on the thermal stability of ribonuclease A with increasing concentration of 

choline chloride/urea DES 129. Overall, the enzymatic property in DES depends on 

both the nature of DES constituents and proteins. Through this study, we want to 

emphasize considering associated water dynamics modulation in order to understand 

the protein behaviour in hydrated DES. Also, the associated water property might be 

one of the principal governing factors in controlling protein behavior in the presence 

of any additives. 
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4.4. Overall Understanding and Conclusions 

Herein, we contemplated the modulation of solvation dynamics/conformational 

fluctuation dynamics around domain-I of HSA and the thermal stability of HSA in 

0.5Ac/0.3Ur/0.2Sor DES with varying degrees of hydration to understand the 

intricacy of protein behaviour in DES. Also, from control experiments, we proved 

that at least beyond 30 % (v/v) DES it is surely a hydrated DES, the properties of 

which cannot be achieved just by mixing the solution of DES constituents. 

The main findings can be summarised as follows: (i) We have measured the 

solvation dynamics of the hydrated DES system in the absence of protein using 

transient absorption spectroscopy and found that the average solvation time follows 

the medium viscosity but a portion of water remains bulk-like. (ii) Solvation 

dynamics around domain-I of HSA with increasing DES content slows down very 

slightly with respect to the huge viscosity increment (~83 times at 90% DES). 

Component analysis of solvation dynamics suggests that the first solvation shell 

remains unperturbed at least up to 70% DES. (iii) Although the mixture of individual 

components differs from hydrated DES in terms of microviscosity, the alteration of 

solvation dynamics of domain-I of HSA shows similar behaviour to that in hydrated 

DES. (iv) The microsecond conformational fluctuation dynamics of domain-I of 

HSA is unperturbed up to ~30% DES, and beyond that, it becomes gradually slower. 

(v) The thermal stability of HSA gradually decreases with the addition of DES. The 

effect is more prominent in the DES constituent’s solution than in the same 

concentration of hydrated DES. Probably the network-like structure of DES plays 

some protective role against thermal stress.  

Overall, this report is a part of our ongoing effort to achieve a holistic physical 

insight into why proteins remain stable and active in DES. The significance of water 

in any biophysical event is nearly beyond dispute. Especially, the biological water 

that directly interacts with the protein is a critical controlling factor. Herein, we 

showed that HSA maintains the associated water structure around it in the hydrated 

DES. Singularly, the first solvation shell around HSA remains unperturbed. Protein, 
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therefore, feels only an aqueous environment in the presence of DES, although the 

macroscopic properties of the solvent change significantly. We feel that this result 

is not expected considering current knowledge. Our result is probably the first 

experimental proof that protein remains stable and active in DES by keeping its 

associated water structure intact. We understand that a huge effort is necessary to 

generalize our claim by taking different DESs and proteins. We also acknowledge 

that a comparison of complete solvation dynamics, thermodynamic stability 

parameters, and enzymatic activity are essential. Our future works are aimed at this. 
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Abstract 

Hydrated deep eutectic solvents (DESs) are recognized for their potential in 

biocatalysis due to their tunability, biocompatibility, greenness, and ability to keep 

protein stable and active. However, the mechanisms governing enzyme stability and 

activity in DESs remain poorly understood. Herein, using bromelain as the model 

enzyme and acetamide(0.5)/urea(0.3)/sorbitol(0.2) as the model DES, we provide 

experimental evidence that modulation of associated water plays a key role in 

dictating protein stability and activity in hydrated DES. Specifically, rigid associated 

water at higher DES concentrations (beyond 40% v/v) stabilizes bromelain through 

entropy but destabilizes it through enthalpy. On the other hand, flexible associated 

water dynamics at lower DES concentrations result in an opposite thermodynamic 

outcome. Importantly, the bulk water dynamics cannot explain the stability trend, 

which emphasizes the critical role of water near the protein surface. Strikingly, 

associated water dynamics also correlates strongly with bromelain's proteolytic 

activity. An increasing flexibility of the associated water dynamics leads to the 

enhancement of the activity. This is the first study to experimentally link associated 

water dynamics to enzyme behaviour in hydrated DES, offering insights that could 

guide future developments in solvent engineering for enzyme catalysis. 
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5.1. Introduction 

Until mid-1980s, it was believed that proteins remained stable and active only in 

aqueous media, thus limiting their use in biocatalysis 1,2,5. This paradigm shifted with 

the success of engineered enzymes, using directed evolution, which maintained 

stability and activity in organic solvents 2–5. In addition to protein engineering, 

environmental/solvent engineering may also lead to the tailored performance of 

specific enzymes for biocatalysis 1,6–8. Deep eutectic solvents (DESs) have emerged 

as promising biocatalytic media due to their unique characteristics, such as ease of 

synthesis, greenness, tunability (making extraction and product isolation easier), and 

biocompatibility (Scheme 1) 9–15. Furthermore, many conceivable combinations of 

constituents result in a huge library of deep eutectic systems, indicating that DES 

has the potential to revolutionize this field 16. Numerous reports show that apart from 

the aqueous medium, proteins remain stable and active in such media as well 12,15,17–

31. and even sometimes show superior activity over the buffer 15,19,24,28,32–35. 

However, only a handful of reports delve into the mechanism behind retained protein 

stability and activity in DESs, and a thorough understanding is very much missing 

in the literature 36–39.  

It was believed that DES stabilizes proteins primarily through unique interactions 

between its components and amino acids of the protein through the formation of a 

hydrogen-bond network and ionic interactions 36,40,41. These interactions can reduce 

electrostatic repulsion between charged amino acid residues to maintain a native-

like structure 38,42. A recent report utilized DES-protein interaction to precisely 

control the conformational landscape of proteins 43. Some reports discussed the 

influence of constituents’ nature and the hydrogen bonding strength between 

constituents on the structural and functional properties of some proteins 24,36,38,44. 

DES media might provide a unique microenvironment that maintains the enzyme's 

native-like state through specific interactions between its components 36,38,39,44,45. 

Some DESs might enhance enzyme stability due to their specific thermal properties 

46–48. A recent study by Sun et al. found that the physical properties of the DES, like 

density, viscosity, refractive index, etc., affect the catalytic activity and thermal 
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stability of the cytochrome P450 enzyme 29. Our group also reported that protein 

properties like hydrodynamic radius and internal dynamics, along with media 

properties like polarity and viscosity, profoundly affect the enzymatic activity of 

bromelain 28. 

A careful introspection into the previous literature reveals that enzymes in hydrated 

DESs show superior stability and activity than the neat DESs 26–28,30,33,49. Moreover, 

hydrated DES also overcomes the challenges of protein incorporation in 

predominantly viscous DES (Scheme 1), along with offering an edge for tailoring 

solvent properties 27,50,51. The necessity of water in almost all biological processes is 

axiomatic, and studies have established the role of water52–56, mainly the water near 

the protein surface (which is commonly termed associated or biological water), in 

governing proteins’ stability and activity 57–64. For example, using terahertz 

spectroscopy, Heyden et al. showed that less flexible water dynamics with 

disaccharides lead to higher stability compared to monosaccharides 65. We recently 

showed that the stabilization of papain by osmolytes is associated with slowing down 

water dynamics, whereas faster water dynamics accompany destabilization 58. 

Similar results were obtained by Hishida et al 56. Zewail group also published many 

reports in this same line 53,59,62,66,67. There are a few reports that considered water 

dynamics modulation in the presence of macromolecular crowder as well to explain 

the stability of a protein 57,61,63,68,69. Generally, it is observed that flexible hydration 

dynamics around the protein lead to a loss in protein stability and vice versa 58,62,66,70. 

Moreover, many reports hypothesized the presence of a protection layer by DES 

around protein, which protects the protein from thermal stress 25,36,38,44. 

In addition to the immense role of water in protein’s stability, the role of water is 

necessary for its function 59,61,63,67. Few studies in the literature tried to correlate 

enzyme activity with the water structure 59,61,63,67,71,72. For example, a study on -

chymotrypsin in the presence of poly-ethylene glycol crowder revealed that flexible 

hydration dynamics is linked to the enzyme's active state 61. Sykora et al. used 

protein engineering on haloalkane dehalogenase and found that water dynamics is a 

key to its function despite successful structural changes 73. A mechanistic study 
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reveals that flexible water dynamics favor product formation from the enzyme-

substrate complex for bromelain in the presence of a macromolecular crowder 63. 

Many reports even showed that a small amount of water dramatically improves the 

functionality of enzymes inside anhydrous DES 30,37,41,74. This further highlights the 

importance of water modulation around protein surfaces. Therefore, we proposed 

that the consideration of associated water dynamics is essential in understanding 

protein behavior in DESs, hydrated DESs, or any other medium. 

However, the modulation of water structure and dynamics in the case of DESs is 

almost unexplored. Our group was the first to experimentally observe the associated 

water dynamics around a protein (human serum albumin, HSA) in the hydrated DES 

20. We showed that associated water dynamics remain largely unaltered with the 

change in hydration level, although the solvent properties like viscosity and polarity 

change drastically 20. We hypothesized that this unperturbed associated water might 

be responsible for protein stability and activity inside hydrated DES, in general 20. 

In this report, we move one step ahead, to measure the stability and activity of a 

proteolytic enzyme, bromelain, in acetamide/urea/sorbitol DES as a function of 

hydration level and establish a novel relationship between protein stability and 

activity with associated water dynamics (Scheme 1). This ternary DES, composed 

of acetamide, urea, and sorbitol, was chosen for its non-ionic nature, ability to remain 

liquid even at 280 K, and the molecular-level understanding established in our earlier 

reports 20,28,75,76. Here, we used the fluorescence based time-dependent fluorescence 

Stokes shift (TDFSS) method to study associated water dynamics in the immediate 

vicinity of the protein 52,77,78. No note, other routinely used techniques to measure 

water dynamics, like nuclear magnetic resonance (NMR), dielectric relaxation (DR), 

and quasi-elastic neutron scattering (QENS), capture signals from the entire system, 

and can only give an average picture 79–81.  
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Scheme 1. (a) The desirable properties of a biocatalytic media. Apart from the low viscosity, 

DES can achieve all the properties that either water or the organic solvent could not. Going 

from the DES to hydrated DES, low viscosity and more tunability can be achieved, making 

hydrated DES a better candidate for a biocatalytic medium. (b) Three-dimensional structure of 

bromelain (PDB ID 1W0Q). (c) Chemical structure of the constituents of the used DES. (d) 

Photograph of prepared DES (0.5 Ac + 0.3 Ur + 0.2 Sor) at room temperature. (e) The aim of 

the present work. Measurement of activity and recognition of the entropic and enthalpic 

components of stability; and the influence of associated water modulation on both. 

 

5.2. Results and discussion 

5.2.1. Thermal stability of bromelain with hydrated DESs 

The emission maximum of tryptophan is highly sensitive to its environment 82,83. 

Buried tryptophan residues in hydrophobic regions exhibit a blue-shifted emission, 

whereas exposed residues show a red-shifted emission, which is due to tryptophan’s 
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higher excited-state dipole moment than the ground state 82,83. This makes 

tryptophan fluorescence a valuable indicator of the protein's folding and unfolding 

82,83. Bromelain contains five tryptophan residues and exhibits intrinsic fluorescence, 

which has been recorded at various temperatures to monitor the thermal denaturation 

in buffer and in the presence of various amounts of 

acetamide(0.5)/urea(0.3)/sorbitol(0.2) (Ac/Ur/Sor) DES (see Figure 1). 

 

 

Figure 1. Temperature-dependent fluorescence emission spectra of bromelain in the presence 

of various concentrations of hydrated 0.5Ac/0.3Ur/0.2Sor DES.The concentrations of the 

hydrated DES are mentioned in the respective figures. 

 

In Figure 2, we have shown the stepwise measurement of melting temperature from 

fluorescence spectra. From the thermal fluorescence spectra of bromelain in the 

buffer in Figure 2a, emission maxima at each temperature were measured by fitting 

with a log-normal function and represented as a function of the temperature in 
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Figure 2b. Figure 2c represents the fraction unfolded (𝑓𝑢) of bromelain in buffer and 

in the presence of various amounts of DES, which are calculated through, 𝑓𝑢 =

𝜆−𝜆𝑁

𝜆𝐷−𝜆𝑁
, where 𝜆𝑁 and 𝜆𝐷 are the emission maximum of the native and denatured 

states, respectively, obtained from the measured data, as shown in Figure 2b. 

Bromelain in the presence of various amounts of DES have been calculated similarly 

and presented in Figure 2d. The melting temperature (𝑇𝑚) is the temperature where 

𝑓𝑢 = 0.5, which has been plotted in Figure 2e for bromelain in buffer and in the 

presence of various amounts of Ac/Ur/Sor DES. In the buffer, bromelain's 𝑇𝑚 is 

found to be ~335 K, which is consistent with the previous report 58. At low DES 

concentrations (up to 40% V/V), bromelain's stability remained largely intact, while 

at higher DES concentrations, bromelain’s thermal stability reduced significantly, 

which is similar to the findings with human serum albumin in the same DES 20. 

Generally, it is believed that interaction between the components of DES and the 

amino acids of the enzyme influences the stability of the enzyme 24,38,44. Previously, 

we have proved that this DES with different hydration levels cannot be considered 

as merely an aqueous solution of its components 20. This implies that the specific 

interaction between DES components and bromelain is not essential for maintaining 

bromelain’s stability and also nullifies the denaturant effect of urea, which is one of 

the components of the used DES. Additionally, viscosity-driven stabilization is also 

not a factor in this case, as higher DES content reduces the protein stability, though 

it leads to an increase in the viscosity. The effect of charge screening and salt bridge 

formation can also be ruled out, as the DES in the present case is non-ionic 75,76. 

However, the hydrophobic effect, dispersion forces, or more general Van der Waals 

interactions in the case of non-ionic DES might influence enzymatic behaviour and 

introduce some destabilization. 
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Figure 2. Thermal stability of bromelain in the presence of different concentrations of hydrated 

DES. (a) Representative steady-state fluorescence spectra of bromelain in buffer at different 

temperatures. (b) Variation of emission maxima of bromelain in the buffer as a function of 

temperature. (c) Variation of fraction unfolded (𝑓𝑢), which has been calculated using the 

equation mentioned in the inset, as a function of temperature. (d) Comparison of the thermal 

unfolding curve for different concentrations of hydrated Ac/Ur/Sor DES. Each curve was fitted 

using the sigmoidal function (equation 10). (e) Comparison of the melting temperature (𝑇𝑚) of 

bromelain in the presence of differently hydrated Ac/Ur/Sor DES. 

 

Several reports on protein stability in DES hypothesized that the network-like 

structure in DES forms a unique solvation shell around the protein that acts as a 

protective layer leading to enhanced stability 36–38,84. However, except for some 

theoretical studies, there is no experimental evidence for this 36,37,41. In our recent 

report, for the first time, we have experimentally shown that human serum albumin 

feels an unperturbed immediate solvation environment even in the presence of a high 

concentration of hydrated acetamide/urea/sorbitol (the same DES used here) DES, 

whereas the viscosity and solvation dynamics of the bulk media change drastically 
20. We proposed that the unperturbed associated water might be responsible for 

maintaining the stability and activity of the protein inside hydrated DES 20. As this 

associated water is in direct interaction with the protein surface, it should profoundly 

affect the stability of the enzyme. To check the validity of the proposal we have 

measured the associated water dynamics. 
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5.2.2. Associated water dynamics of bromelain in hydrated DESs 

Various methods like NMR, neutron scattering, and terahertz spectroscopy can 

measure water dynamics, but they offer an average picture 79–81. Our prime interest 

is the associated water, which interacts directly with the protein surface, as discussed 

above 57,63. Thus, we have used the time-dependent fluorescence Stokes shift 

(TDFSS) method to decipher the modulation of associated water. This method has 

superior spatial and time resolution over other techniques 52,66,77. TDFSS employs a 

solvatochromic probe, which undergoes a change in the dipole moment upon 

photoexcitation. This induces the surrounding solvent molecules to rearrange 

themselves for stabilization of the excited state of the solvatochromic probe. This 

rearrangement time is a measure of the solvation time. In the case of the 

solvatochromic probe labeled to the protein, TDFSS will give information on the 

associated water dynamics of the protein 85,86.  

 

 

Figure 3. Solvation dynamics around bromelain in the presence of various Ac/Ur/Sor DES 

concentrations. (a) Time-resolved emission spectra (TRES) of CPM-tagged bromelain in 

buffer (only a few representative time points have been shown to provide clear visualization). 

(b) Time-dependent shift of emission maxima of CPM-tagged bromelain in the buffer. (c) 

Solvent correlation function, S(t), of CPM-tagged bromelain in the buffer. The equation used 

to form the function is mentioned in the inset. (d) Comparison of S(t)s in the presence of 
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different DES concentrations. The dynamics in the case of 80% DES could not be measured as 

it become too slow to be captured using the time window of 1 ns of fs-fluorescence up 

conversion setup. The variation of (e) solvation time components and respective (f) amplitudes 

of associated water dynamics of bromelain in the presence of different concentrations of DES. 

The error bars represent the standard deviation of the mean of three independent experiments. 

 

 

Figure 4. Time-resolved emission spectra (TRES) of CPM-tagged bromelain in the presence 

of various concentrations of hydrated 0.5Ac/0.3Ur/0.2Sor DES. The concentrations of the 

hydrated DES are mentioned in the respective figures. 

 

In the present case, we site selectively tagged bromelain with a coumarin-based 

(solvatochromic) fluorescent molecule, 7-diethylamino-3-(4′-maleimidylphenyl)-4-

methylcoumarin (CPM), to measure the associated water dynamics. We constructed 

time-resolved emission spectra (TRES) from the collected wavelength-dependent 

fluorescence decays (see Figures 3a, 3b), and evaluated the time-dependent shift of 

the emission maximum of CPM-tagged bromelain in buffer and in the presence of 
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various concentrations of DES. All the TRES of CPM-tagged bromelain in different 

concentrations of DES are given in Figure 4. The solvent response function, S(t)is 

then derived and presented in Figures 3c and 3d, respectively. All the obtained 

solvent correlation functions are best fitted with a tri-exponential function, yielding 

three-time components. The faster time component is in the order of 1-2 ps (𝜏1), the 

second one is around 3-30 ps (𝜏2), and the slowest time component is observed to 

be 30-400 ps (𝜏3). The variation of time components and their contributions are 

shown in Figures 3e, 3f, and Table 1. All three components (τ1, τ2 and τ3), become 

flexible up to 30% DES and then slow down (see Figure 3e) with an increase in the 

DES concentration. 

 

Table 1: Fitting parameters of the solvent correlation function of CPM-tagged 

bromelain (associated water) using femtosecond fluorescence up-conversion 

technique. 

DES 

(% v/v) 

Observed 

Stokes shift 

(cm−1) 

𝝉𝟏(ps) 𝒂𝟏 𝝉𝟐(ps) 𝒂𝟐 𝝉𝟑(ps) 𝒂𝟑 

0 730 1.74±0

.20 

0.60 6.86±0

.50 

0.14 54.5±3

.34 

0.26 

10 815 1.34±0

.31 

0.55 4.53±0

.51 

0.24 29.1±2

.81 

0.22 

20 815 0.95 0.11 2.42 0.48 26.4 0.41 

30 790 0.86±0

.25 

0.11 2.07±0

.50 

0.54 26.0±3

.68 

0.35 

40 650 1.18 0.10 3.12 0.59 46.7 0.30 

50 820 2.16±0

.37 

0.43 18.0±1

.66 

0.36 258±5

0 

0.21 

60 760 2.07 0.31 23.4 0.37 351 0.31 

70 850 2.85±0

.20 

0.26 36.7±3

.80 

0.37 421±4

0 

0.37 
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Although a fair amount of debate exists in assigning the origin of different time 

components of the water dynamics, the most accepted theory is provided by Bagchi 

and co-workers 87–89. According to that theory, the less than 1 ps time component 

usually originates from the free water present near the fluorophore. The component 

in the range of 2-50 ps comes from the water reorientation in the protein hydration 

layer (i.e. the associated water). As a result of coupling between associated water 

and the side-chain dynamics of the protein, another slower time component in the 

range of 50-300 ps might also be observed 87,89.  

In the present study, we observed two time components, 𝜏1 and 𝜏2, in the time range 

of 1-30 ps, and assigned both of them to the dynamics of associated water in the 

protein hydration layer. The slowest component in the range of 30-400 ps is probably 

arising due to the coupling between associated water and side-chain protein 

dynamics. As the time scales of different components are not very distinct, the 

mixing of contributions from different sources is a possibility. Thus, the observed 𝜏1 

might have some contribution from the free water near the fluorescent tag. 

Previously, Zhong and coworkers reported the timescale of associated water 

dynamics of different proteins in similar timescale ranges using the TDFSS 

technique 78,90,91. Overall, our result indicates that in the low DES concentration (up 

to 30% v/v), the associated water dynamics becomes flexible, and at higher DES 

concentrations (after 40% v/v), the associated water becomes increasingly rigid. 

 

5.2.3. The relationship between thermal stability and associated water 

dynamics cannot be explained by traditional theory 

Examining Figure 2e, it can be found that bromelain’s thermal stability remains 

almost the same up to 30% DES, while the flexibility of the associated water 

dynamics increased (Figure 3e). Interestingly, beyond 30% DES, bromelain stability 

drops significantly, while associated water becomes slower (Figure 3e). Prior 

literature, including ours, makes it abundantly evident that proteins typically have 

higher stability when associated water dynamics becomes slower (see Figure 5b) 

56,58,62,70,92,93. For example, papain’s stability increased with more rigid associated 
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water.58 However, in the present study, we observed exactly the opposite behaviour 

beyond 40% (v/v) DES (Figure 5a), challenging the existing hypothesis (Figure 5b). 

This suggests a need to re-evaluate stability in terms of entropic and enthalpic 

contributions rather than overall stability, as we recently suggested 57,63.  

 

Figure 5. The relation between associated water dynamics modulation and thermal stability of 

the enzyme. (a) The plot of the melting temperature of bromelain with different components of 

associated water dynamics, 𝜏𝑆1 , 𝜏𝑆2, and 𝜏𝑆3. (b) Plot of melting temperature with modulation 

of associated water dynamics has been conceptualized based on the consensus present in the 

literature. According to the literature, the melting temperature of an enzyme increases with the 

rigidity of associated water dynamics. The right panel is from the present study, where rigid 

associated water dynamics decrease the melting temperature of bromelain. The error bars 

represent the standard deviation of the mean of three independent experiments. 

 

5.2.4. Recognition of individual entropic and enthalpic contributions of thermal 

stability 

From the thermal unfolding data, we determined the free energy of the unfolding of 

bromelain in various DES concentrations using the equations mentioned in 

Figure 6a. Using the Gibbs-Helmholtz equation, we recognized the individual 

entropic and enthalpic terms of the thermal unfolding of bromelain in buffer 

(Figure 6b) and various DES concentrations (Figure 6c). Taking the thermal 

denaturation of bromelain in the buffer as the baseline, the entropic and enthalpic 

contributions to the stability of bromelain due to DES can be calculated using 

equations 5.1 and 5.2. 

 

∆∆𝐻0 = ∆𝐻𝐷𝐸𝑆
0 − ∆𝐻𝑏𝑢𝑓𝑓𝑒𝑟

0          (5.1)  

∆∆𝑆0 = ∆𝑆𝐷𝐸𝑆
0 − ∆𝑆𝑏𝑢𝑓𝑓𝑒𝑟

0          (5.2) 
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A positive value of ∆∆𝐻0 implies that DES provides stabilization to bromelain 

relative to buffer, whereas a positive value of ∆∆𝑆0 imparts destabilization 

(Figure 6d). Differential entropy and enthalpy values relative to the buffer 

(Figure 6e) revealed that low concentrations of DES cause entropic destabilization 

to bromelain, which shifts to stabilization at higher DES levels. Similarly, enthalpic 

stabilization of bromelain has been seen for lower DES concentrations, which 

becomes destabilizing in nature for higher DES concentrations. Perhaps, we 

observed a clear entropy–enthalpy relationship in the DES-induced stability of 

bromelain, a common phenomenon known as entropy–enthalpy compensation 

(Figure 6f) 94–96. Further, the linear trend of the 𝑇∆∆𝑆 versus ∆∆𝐻 (at 300 K) plot 

with a slope of 0.88 indicates that the overall stability of bromelain with DES at 

various concentrations is dominated by the enthalpic contribution (Figure 6f).  

The entropy–enthalpy compensation seems like a natural consequence of 

thermodynamics: ∆𝐺 =  ∆𝐻 − 𝑇∆𝑆. The question that remains is its physical origin. 

It seems that some common factor modulates both the entropic and the enthalpic 

terms. Water is present in almost all biochemical processes and strongly interacts 

with protein 53–55,88. Considering water’s colossal role, it is intuitive to think that this 

common factor might be water. In fact, in our previous report, we demonstrated that 

modulation of water–protein hydrogen bonds can originate in compensating entropy 

and enthalpy in the crowded milieu 57,63. Following this, we propose that modulation 

of water-protein hydrogen bonds could explain the entropic and enthalpic terms of 

bromelain stability in DES.  
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Figure 6: Individual entropic and enthalpic components of thermal stabilization of bromelain 

in hydrated DES. (a) Variation of bromelain’s emission maximum as a function of temperature. 

The equation for calculating the equilibrium constant and the native and denatured state signals 

is given in the inset of the figure. (b) Schematic for estimating the change in the entropy and 

the enthalpy from the slope and the intercept, respectively, from the unfolding free energy of 

bromelain in buffer. (c) Plot of unfolding free energy of bromelain in the presence of various 

concentrations of AC/Ur/Sor DES as a function of the temperature. (d) Effect of 

positive/negative free energy, entropy, and enthalpy change of protein unfolding compared to 

that in the buffer on the overall stability of the protein. (e) Differential entropic component 

(−𝑇∆∆𝑆), where −𝑇∆∆𝑆 = −𝑇(∆𝑆𝐷𝐸𝑆 − ∆𝑆𝑏𝑢𝑓𝑓𝑒𝑟) and enthalpic component (∆∆𝐻), where, 

∆∆𝐻 = ∆𝐻𝐷𝐸𝑆 − ∆𝐻𝑏𝑢𝑓𝑓𝑒𝑟 for thermal unfolding of bromelain in the presence of different 

concentrations of AC/Ur/Sor DES. (f) Plot of entropic and enthalpic terms of bromelain 

stability. The black line is a linear fit, indicating entropy–enthalpy compensation. The error 

bars represent the standard deviation of the mean of three independent experiments. 

 

5.2.5. Relationship between associated water structure and individual entropic 

and enthalpic contribution of thermal stability:  

To quantitatively determine the relationship between associated water structure and 

individual entropic and enthalpic contribution of thermal stability, we compared 

differential entropy and enthalpy change of unfolding of bromelain against DES 

concentrations with the changes in the time components (Δτ1, Δτ2 and Δτ3) of the 

associated water dynamics of bromelain in Figure 7. An entropic destabilization with 

enthalpic stabilization at lower DES concentrations coincides with more flexible 
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water dynamics, while entropic stabilization with enthalpic destabilization at higher 

DES concentrations aligns with rigid water dynamics. 

 

 
Figure 7. Differential entropy and enthalpy change of bromelain’s unfolding along with the 

changes in the time components (Δτ1, Δτ2 and Δτ3) of associated water dynamics of bromelain 

with varying DES concentrations. The error bars represent the standard deviation of the mean 

of three independent experiments. 

 

Further analysis of entropic and enthalpic changes as functions of Δ𝜏1 (Figure 8a), 

Δ𝜏2 (Figure 8b) and Δ𝜏3 (Figure 8c), shows strong correlations between the 

modulation of the second and third components of the associated water dynamics 

and differential entropic (adjusted R2~0.80 and 0.83, respectively) or enthalpic 

(adjusted R2 ~ 0.80 and 0.82, respectively) components of the stability. However, the 

correlation is slightly weaker (adjusted R2 ~ 0.76 and 0.77 for the entropic and 

enthalpic terms, respectively) for the fastest time component modulation (Δ𝜏1), 

likely due to contributions from the free/bulk-like water in the measured fastest time 

component. 

However, one needs to be assured that such water modulation does not come from 

other sources like conformational changes of the protein. Generally, when a protein 

unfolds, more bulk water molecules are expected to interact with the hydration layer 

of the protein surface 70,97–100. Thus, the overall solvation dynamics is expected to be 

faster 97–100. Our previous work showed that bromelain’s conformation remained 

stable up to 40% v/v Ac/Ur/Sor DES, with only a slight reduction in hydrodynamic 

radius 28. This indicates that up to 40% v/v Ac/Ur/Sor DES, where the media 

viscosity also notably increases compared to buffer, a more rigid water dynamics is 
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anticipated. However, our experiment revealed faster-associated water dynamics, 

confirming that the change in the associated water dynamics is not due to the 

structural alterations of bromelain 28. Similarly, at higher DES concentrations, while 

bromelain slightly unfolds 28, water dynamics surprisingly become more rigid, 

further indicating no prominent role of structural alteration in the modulation of 

associated water dynamics. Therefore, this result suggests that the associated water 

of protein (i.e. those water molecules that are interacting with protein in the protein 

hydration layer) plays a key role in determining the stability of bromelain in DES.  

Basically, at low DES concentrations, the water around bromelain becomes more 

flexible, indicating a weaker hydrogen-bond network. In such cases, the water 

molecules gain higher degrees of freedom, and thus the entropy is gained (∆∆𝑆 =

 +𝑣𝑒), leading to entropic destabilization. Simultaneously, the weakening of the 

hydrogen-bonded network requires some energy (∆∆𝐻 = +𝑣𝑒), leading to 

enthalpic stabilization. At higher DES concentrations, the situation is completely 

opposite. The water around bromelain in such condition becomes rigid, suggesting 

DES-induced strengthening of the protein-water hydrogen-bond network, leading to 

entropic loss of the medium (∆∆𝑆 = −𝑣𝑒) and a negative enthalpic change (∆∆𝐻 =

 −𝑣𝑒), resulting in entropic stabilization and enthalpic destabilization, respectively.  

Up to this, we have established a correlation between the associated water dynamics 

and protein stability in hydrated DES through experiments. However, a key question 

remains: does this effect stem solely from changes in associated water? Since 

associated water dynamics reflect the H-bond strength difference between surface-

bound and free-water 76,99, any change in free water could influence the bound water, 

as well 80,101. Additionally, the protein itself strongly affects the associated water, 

while free water modulation likely depends on the specific perturbation. To explore 

this, we investigated if there is any correlation between bulk dynamics and 

bromelain stability. In our previous report, using transient absorption spectroscopy, 

we presented the dynamics of Ac/Ur/Sor DES at varying hydration levels without 

protein, focusing on bulk water behaviour, and observed two time components 20. 
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Figure 8. In the upper panel the correlation between differential entropic and enthalpic terms 

with a change in the (a) first time component (∆𝜏𝑆1), (b) second time component (∆𝜏𝑆2) and (c) 

third time component (∆𝜏𝑆3) of the associated water dynamics is shown. In the lower panel the 

correlation between differential entropic and enthalpic terms with a change in the (d) first time 

component (∆𝜏𝑆1), (e) second time component (∆𝜏𝑆2), and (f) average solvation time (∆𝜏𝑎𝑣𝑔) 

of the bulk solvation dynamics of hydrated DES in the absence of protein is given. The adjusted 

R2, which tells about the goodness of the correlation, has been mentioned in the respective 

plots. The error bars represent the standard deviation of the mean of three independent 

experiments. 

 

The faster time components remain almost unperturbed up to 70% (v/v) DES, 

whereas the longer time components increase with the increase in the DES 

concentration 20. Note that with the increase in the DES concentration, the average 

solvation time of the hydrated DES (in the absence of bromelain) also becomes 

progressively slower. Here, we plot bromelain's differential entropy and enthalpy of 

unfolding against the time components (∆𝜏1, ∆𝜏2, ∆𝜏𝑎𝑣𝑔) of solvation dynamics of 

hydrated DES at different concentrations. The observed low value of R2 in 
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Figures 8d, 8e, and 8f indicate no significant link between the stability and bulk 

dynamics of the DES media.  

Overall, our results show that in hydrated DES, the associated water dynamics might 

be rigid or flexible depending on the DES concentration. Rigid-associated water 

imparts entropic stabilization and enthalpic destabilization to the protein, whereas 

flexible water imparts entropic destabilization and enthalpic stabilization (Scheme 

2). This enhances our knowledge of why proteins might be stable in DES. Strikingly, 

such stability cannot be explained in terms of the modulation of overall water 

structure, highlighting the critical role of water molecules in the vicinity of the 

protein surface. 

 

 
Scheme 2. Associated water dynamics modulation explains bromelain stability across DES 

concentrations. At initial concentrations of the DES, the associated water becomes more 

flexible, destabilized bromelain through entropy, which is compensated by stabilizing 

enthalpy. Whereas, at higher DES concentrations, the associated water becomes more rigid, 

stabilized bromelain through entropy with a concomitant enthalpic destabilization. 

 

5.2.6. Relationship between associated water dynamics and enzymatic activity: 

Enzyme activity is influenced by many factors like protein structure, conformational 

dynamics, media’s viscosity/polarity, etc. Identifying the major factors that 

influence an enzymatic reaction is very difficult as the reaction involves many steps, 

and many factors combinedly control them 28,102–113. Mechanistic studies on how 

enzymatic activity is controlled in DESs are very limited in the literature 19,28,42,114. 
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Some reports suggest that interactions present between DES components affect 

enzyme structure and function, particularly if the enzyme interacts with the hydrogen 

bonding sites of the DES constituents 41,115,116. Previously, we have shown that along 

with the compact enzyme conformation and flexible active site dynamics of 

bromelain, the physical properties like viscosity and polarity of the hydrated DES 

play a key role in influencing the enzymatic activity 28. The consensus regarding the 

correlation of protein activity with water dynamics suggests that flexible associated 

water dynamics might influence enzymatic reactions 61,63,67. Experimentally, very 

few reports are available where a correlation between activity and dynamics has been 

made 59,61,67. Verma et al. have shown flexible water dynamics with increasing 

crowder concentration reflects better enzymatic activity 61. Reports from the Zewail 

group also follow a similar trend 59,67. However, in the presence of deep eutectic 

solvents, such a correlation has never been made. 

 

 
Figure 9. (a) Schematic representation of the proteolytic activity of bromelain using denatured 

casein as a substrate. (b) A plot of the relative activity of bromelain and the relative time 

components of associated water dynamics of bromelain against DES concentration. Correlation 

between change in relative activity with a change in the (c) first time component (∆𝜏𝑆1), (d) 

second time component (∆𝜏𝑆2), and (e) third time component (∆𝜏𝑆3) of the associated water 
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dynamics of bromelain. The error bars represent the standard deviation of the mean of three 

independent experiments. 

  

In our earlier report, the proteolytic activity of bromelain in the presence of 

Ac/Ur/Sor DES was found to increase at lower DES concentrations and then 

gradually decrease with DES concentration after 40% (v/v) DES 28. Here, we tried 

to see if there is any correlation present between associated water dynamics and 

enzymatic activity of bromelain in the presence of DES. For that, we remeasured the 

proteolytic activity of bromelain (see Figure 9a) in the presence of Ac/Ur/Sor DES 

of varying concentrations, and the trend of activity with DES concentrations matches 

completely with our previous report 28. At lower DES concentrations, where the 

water is more flexible, the activity was found to be more than in the buffer. At higher 

DES concentrations, the activity drops with an increase in the rigidity of the 

associated water (Figure 9b). Importantly, the relative change of proteolytic activity 

correlates well with the changes in the components of associated water dynamics 

(Figures 9c, 9d, 9e) with an adjusted R2 values of 0.75 and 0.65, and 0.62 for Δ𝜏1, 

Δ𝜏2, and Δ𝜏3 respectively.  

 

 

Figure 10. Correlation between the relative change of bromelain’s proteolytic activity with the 

change in time components of bulk solvation dynamics of hydrated Ac/Ur/Sor DES (in the 

absence of protein). 

 

However, this correlation does not hold at all when we plot the relative change of 

proteolytic activity with solvation dynamics of the hydrated DES media in the 

absence of protein (Figure 10), which delineates the important role of associated 

water in influencing enzyme function. However, the correlation of the associated 
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water dynamics with activity is somewhat poorer than with stability. At this point, it 

is extremely difficult to point out the specific reason. However, as many properties 

of enzymes and media control the activity might lead to a poor correlation. 

Physically, one can think that to digest the substrate (we used casein in the present 

study), both the enzyme (bromelain) and the substrate need to diffuse towards each 

other to make the enzyme-substrate complex. Thus, media viscosity must play an 

important role. With an increase in the DES concentration, the viscosity of the media 

constantly increases 20, which predicts a constant decrease in the activity. However, 

interestingly that has not been observed here. Another important step in the 

enzymatic reaction is the dissociation of the enzyme-substrate complex into the final 

product, and an increase in the rate of product formation leads to an increase in the 

overall activity 117,118. In our recent study, we have shown that in the presence of 

macromolecular crowder the product formation from the enzyme-substrate complex 

correlates strongly with the associated water dynamics of the enzyme 63. In the 

present case also, the flexible associated water around the enzyme at low DES 

concentration might facilitate the product formation and thus enhance the overall 

activity. For the low concentrations of DES where enhanced activity was observed, 

the media polarity also increased a little, which might also facilitate the enzymatic 

reaction 28. Thus, further studies are needed to justify such claims, and our future 

studies will be more focused on that. The observation of enhanced enzymatic activity 

in hydrated DES is fairly common, but until now, no explanation has been provided 

19,29,39,41,119. The present study correlates the same with associated water dynamics, 

which might give a logical heads-up to such observations. 

 

5.3. Summary and conclusions  

DESs and hydrated DESs have all the potential to be fantastic biocatalytic media. 

However, little is understood about how they keep proteins stable and active. 

Through MD simulation, Monhemi et al. proposed that DES creates a protective 

microenvironment around proteins through hydrogen bonding 36, which lacks any 

experimental validation until the present work. Here we showed that the DES-
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mediated change in the protective water layer modulates bromelain's stability and 

activity. Using femtosecond time-resolved fluorescence Stokes shift, we explored 

the impact of associated water dynamics on bromelain in Ac/Ur/Sor DES. Up to 30% 

DES, the water becomes flexible and then rigidifies with an increase in the DES 

concentration. We observed that low DES concentrations destabilize bromelain 

entropically and stabilize it enthalpically, while higher concentrations reverse this. 

We propose that flexible associated water stabilizes bromelain via enthalpy and 

destabilizes via entropy, with the opposite effect for rigid associated water. 

Crucially, the observed stability trends cannot be attributed to bulk water dynamics, 

highlighting the pivotal role of associated/biological water. Moreover, bromelain’s 

proteolytic activity increases at low DES but declines above 40%, which aligns well 

with the change in the associated water dynamics. This report offers a novel 

perspective on how water dynamics influence protein stability and activity, with 

implications for understanding enzyme behavior in DES. Importantly, our 

hypothesis can explain both the positive and negative effects imparted by the DES 

and might also effectively predict the enzyme-specific effects. While more research 

is needed to generalize these findings, our work lays the foundation for future 

studies.  
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Abstract: 

Deep eutectic solvents (DESs) have gained prominence as promising biocatalytic 

media owing to their tunability, cost-effectiveness, and biocompatibility. However, 

a comprehensive mechanistic understanding of protein behavior in such 

environments remains elusive. In this study, we explore the role of associated water 

dynamics in modulating the thermal stability of human serum albumin within 

hydrated choline chloride-glycerol and choline chloride-ethylene glycol DESs. By 

employing domain-specific site-selective fluorescence labelling and red edge 

excitation shift (REES) measurement, alongside circular dichroism spectroscopy, 

we reveal that modulation of associated water dynamics distinctly alters the entropic 

and enthalpic contributions to protein stability. Flexible associated water enhances 

enthalpic stabilization but promotes entropic destabilization, while restricted 

associated water induces the opposite effect, providing a mechanistic basis for the 

entropy–enthalpy compensation. Our findings underscore the necessity of domain-

specific stability measurements in multi-domain proteins and highlight the pivotal 

role of immediate hydration dynamics in protein stabilization within unconventional 

solvent systems. This study offers valuable insights for the rational design of DES-

based biocatalytic systems. 
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6.1. Introduction: 

Biocatalysis and deep eutectic solvents (DESs): Two key strategies for efficient 

biocatalysis involve either suitable engineering of the enzyme to keep it stable and 

active in conventional organic solvents or utilizing tunable solvents that inherently 

support the native enzyme’s stability and activity 1. The first approach, named 

directed evolution 2,3, was recognized with the 2018 Nobel Prize in chemistry. On 

the other hand, ionic liquids (IL) and deep eutectic solvents (DESs), owing to their 

versatile characteristics, have recently been found to keep enzymes stable and active 

therein 4–9. Among these two, DES has certain edges over ILs regarding easy, cost-

effective, and atom-economical synthesis 8,10,11. Because of all these superior 

qualities, there has been an upsurge in studies exploring enzymatic behaviour in 

DESs and hydrated DESs in recent times 5,12–18. However, most reports focus on 

enzyme stability and activity in DESs without investigating the underlying reasons 

for enzyme stabilization in these unconventional media. 

 

Theories of enzyme stability in DES: Enzyme stability in DESs is often attributed 

to the network-like structure of DESs, which is primarily formed through extensive 

hydrogen bonding 14,19,20. Such a structure creates a protective environment that 

sustains enzyme stability and activity 19,21–23. Additionally, the high viscosity of 

DESs may restrict enzymes’ conformational flexibility, preserving their structural 

integrity 24–26. Specific hydrogen bonding and ionic interactions between DES 

components and amino acid residues of an enzyme further influence enzyme 

conformation and stability 14,19,20. Recently, Fernandez et al. reported that bovine 

serum albumin and lysozyme can adopt compact globular folds, intermediate states, 

or unfolded chains depending on the chemical composition of the DES 27. Few 

reports even suggest that various physical properties such as polarity, density, 

refractive index, and surface tension of the DES can also contribute to enzyme 

thermal stability and catalytic activity 28,29.  
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Limitations of the current understandings: Although the above understandings are 

insightful and can explain certain results, they fail to fully account for DES-specific, 

protein-specific, and DES concentration-dependent stability and activity of 

enzymes. For instance, lipase, immunoglobulin G, and -chymotrypsin show higher 

thermal stability in ChCl-urea DES; yet lysozyme is destabilized in the same DES 

21,30–32. Moreover, in ChCl-urea DES, -chymotrypsin stabilizes up to 0.25 g.mL−1; 

but its thermal stability decreases at higher DES concentrations 33. Cytochrome C, 

studied by Papadopoulou et al. exhibits a concentration-dependent activity reversal 

in several DESs, including in ChCl-EG, ChCl-Gly, and ChCl-urea DESs 34. Our 

group has also reported DES concentration-dependent thermal stability and activity 

of the enzymes 29,35,36. These observations challenge traditional stability 

explanations in DES media and indicate the need for a deeper mechanistic 

understanding. 

 

Role of water dynamics modulation in DES-protein milieu: A closer examination 

of the literature highlights that hydrated DESs are generally more effective in 

maintaining enzyme stability and activity compared to anhydrous DESs 14,30,37–39. 

Multiple studies have shown that even minimal amounts of water can restore 

enzyme functionality that is otherwise absent in anhydrous DESs 38–40. In fact, 

several reports further highlight that an optimal level of water is crucial for 

enhancing enzyme function within DESs 18,41,42. Very recently, Fernandez et al. 

demonstrated that water modulates enzyme behavior in a non-monotonic fashion, 

with optimal hydration levels favoring specific conformations 43. Collectively, these 

findings emphasize the critical role of water in regulating enzyme behaviour in 

hydrated DES media. Specifically, water in the immediate surroundings that directly 

interacts with the protein surface, referred to as associated water (which is also 

known as bound water, biological water, and hydration layer), is known to play a 

crucial role in maintaining protein stability and activity 44–50. Inspired by these 

findings, we hypothesize that modulation of associated water dynamics could 

significantly impact enzyme stability and activity in hydrated DESs 35,36.  
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Previous studies and their shortcomings: Very recently, we have experimentally 

shown that less flexible associated water in the presence of hydrated acetamide-urea-

sorbitol DES stabilizes an enzyme (bromelain) through the entropic component but 

destabilizes it through the enthalpic component 35. The flexible associated water 

dynamics influence the thermal stability of bromelain in exactly the opposite way 

35. Our hypothesis explained both the positive and negative effects of DES on 

bromelain 35. However, to generalize this hypothesis, further investigations 

involving different enzymes and DES compositions are necessary. 

 

Objectives of this study: In this study, we examine human serum albumin (HSA) in 

the presence of two choline chloride (ChCl) based DES, ChCl-glycerol [1:2] (ChCl-

Gly) and ChCl-ethylene glycol [1:2] (ChCl-EG), to extend our previous findings on 

enzyme stability in hydrated DESs. By selecting DESs with different hydrogen bond 

donors (glycerol vs. ethylene glycol) (Scheme 1), we may be able to determine their 

specific influence (if any) on enzyme thermal stability. To probe hydration 

dynamics, we employ a steady-state fluorescence technique popularly termed as red-

edge excitation shift (REES), which has been used as an indicator of water dynamics 

51–54. Given HSA’s multidomain structure, site-specific fluorescence labeling 

allowed us a unique opportunity to examine different domains individually 

(Scheme 1) 55–57. We have also studied domain-specific thermal stability. Our 

findings establish a strong correlation between individual entropy and enthalpy 

contributions to the domain-specific stability and the domain-specific REES, 

offering insights that could be valuable for biocatalysis in DESs. 
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Scheme 1. (a) The chemical structures of hydrogen bond donors and acceptors of the used 

DESs (choline chloride-ethylene glycol and choline chloride-glycerol). (b) 3D structure of 

human serum albumin, where different domains are represented with different colours. 

Additionally, the specific sites where fluorescence labelling has been done are shown with red 

and black circles.  

 

6.2. Results and Discussion: 

6.2.1. Thermal Stability of HSA in the Presence of Choline Chloride-based 

Hydrated DESs: To investigate the thermal stability of human serum albumin 

(HSA) in the presence of hydrated choline chloride-based deep eutectic solvents 

(DESs), choline chloride–ethylene glycol [1:2] (ChCl-EG) and choline chloride–

glycerol [1:2] (ChCl-Gly), we performed temperature-dependent circular dichroism 

(CD) spectroscopic measurements. The CD spectra of HSA in buffer (Figure 1a) 

display a clear temperature-dependent shift, with a minima (negative peak) at 

222 nm. Temperature-dependent CD spectra of HSA in the presence of different 

concentrations of DES are represented in Figure 2. Monitoring the CD signal at 

222 nm against temperature (Figure 1b) allowed us to compute the fraction of 

unfolded protein (𝑓𝑢) (Figure 1c) using equation 6.1 and consequently the melting 

temperature using equation 6.2. 

 

𝑓𝑢 =
𝐴222−𝐴222

𝑁

𝐴222
𝑈 −𝐴222

𝑁          (6.1) 

 

where, 𝐴222
𝑁  and 𝐴222

𝑈  represent the absorbance value at 222 nm of the native and 

fully denatured states of the protein, respectively, which are taken as the lowest and 
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highest values of the absorbance in the thermal denaturation experiment. The 

melting temperature is defined as the temperature at which half the protein 

population is unfolded, i.e., 𝑓𝑢 = 0.5, which was determined by fitting the data to 

the following equation.  

 

𝑦 = 𝑦𝑁 +
𝑦𝑁−𝑦𝑈

1+𝑒
(𝑇𝑚−𝑇)

𝑑
⁄

        (6.2) 

 

In the above equation, 𝑦𝑁 represents signal corresponding to the native (folded) state 

of the protein at low temperature, which is taken as 0 (i.e., 𝑓𝑈=0), 𝑦𝑈 represents 

signal corresponding to the unfolded state of the protein at high temperature and 

taken as 1 (i.e., 𝑓𝑈=1). 𝑇𝑚 represents the melting temperature and indicates the 

stability of the enzyme, and d is the slope or cooperativity factor. It describes how 

sharply the transition occurs. Smaller 𝑑 values mean a steeper, more cooperative 

unfolding transition, while larger values indicate a broader transition. 

 

 

 
Figure 1. Thermal stability of HSA using circular dichroism spectroscopy. (a) Representative 

circular dichroism (CD) spectra of HSA in buffer at different temperatures (298 – 358 K). (b) 

Temperature-dependent changes in the CD signal at 222 nm. (c) Variation of fraction unfolded 
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(fu), which has been calculated using the equation mentioned in the inset, as a function of 

temperature. Comparison of the thermal unfolding curve for different concentrations of (d) 

choline chloride-ethylene glycol (ChCl-EG), and (e) choline chloride-glycerol (ChCl-Gly) 

DES. Each melting curve was fitted using the sigmoidal function to get the melting temperature 

of HSA at each DES concentration. (f) Comparison of the melting temperature (𝑇𝑚) of HSA 

in the presence of different concentrations of ChCl-EG and ChCl-Gly DES. 

 

Comparison of the thermal unfolding curves of HSA for varying concentrations of 

ChCl-EG (Figure 1d) and ChCl-Gly (Figure 1e) clearly indicates a non-monotonic 

change in the melting temperature (Figure 1f). Data reveals that at 25% (v/v) DES, 

the thermal stability of HSA improves in both systems. For higher ChCl-Gly DES 

concentration, the thermal stability of HSA keeps increasing and tends to saturate. 

On the other hand, the effect of high concentration of ChCl-EG on HSA is found to 

be completely opposite, where a destabilisation of HSA has been observed 

(Figure 1f). Park et al. reported that the enhanced thermal stability of lysozyme in 

choline chloride-based DES positively correlates with the number of -OH groups in 

hydrogen bond donors 21. Different DESs with sugars and polyols also showed 

similar observations for other proteins 28,58,59. Consistent with this trend, a higher 

stability is observed for ChCl–Gly compared to ChCl–EG. This observation might 

be attributed, at least in part, to the additional –OH group present in glycerol. While 

specific interactions and hydrogen bonding between DES components and protein 

are typically considered to be the primary stabilizing factors, they fail to explain the 

concentration-dependent reversal of thermal stability of HSA in ChCl-EG. 

Moreover, viscosity-driven stabilization cannot account for this trend, as higher 

DES concentrations (which exhibit increased viscosity) result in reduced protein 

stability. 
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Figure 2.  Representative circular dichroism (CD) spectra of HSA in the presence of different 

concentrations of ChCl-EG and ChCl-Gly DESs (the concentrations are mentioned in each 

figure itself) at different temperatures (298 – 358 K). 

 

 

6.2.2. Recognition of Individual Entropic and Enthalpic Terms of Thermal 

Stabilization and Entropy-Enthalpy Compensation: To gain further insights into 

the thermal stability of HSA in the presence of choline chloride-based DESs, we 

sought to individually recognize the entropy (∆𝑆) and enthalpy (∆𝐻) of thermal 

unfolding at each DES concentration. According to our proposed associated water 

stabilization mechanism (AWSM) 35,48,60,61, thermodynamic changes in protein 

systems might be interpreted through the modulation of the dynamics of associated 

water molecules. Specifically, additive-induced entropic destabilization associated 

with enthalpic stabilization is expected to result in an increase in the flexibility of 

the associated water molecules. In contrast, entropic stabilization and enthalpic 

destabilization in the presence of additives are predicted to retard the water 

dynamics (Scheme 2). This relationship can be understood by the modulation of the 

water-protein hydrogen-bond network measured through its dynamics 45. Enhanced 

flexibility in water dynamics implies a weakened hydrogen-bond network, which 
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increases the configurational entropy of water relative to that in the buffer 

environment. This results in a net positive change in entropy as, 

 

∆∆𝑆 = ∆𝑆𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 − ∆𝑆𝑏𝑢𝑓𝑓𝑒𝑟 > 0      (6.3) 

 

indicating entropic destabilization of the system. The reduction in hydrogen-bond 

strength requires energy input, typically in the form of heat. This corresponds to a 

positive enthalpic contribution leading to enthalpic stabilization. 

 

𝑄𝑃 > 0; 𝐻 = 𝑄𝑃 = (
𝑑𝐸

𝑑𝑇
)
𝑃
𝑑𝑇       (6.4) 

∆∆𝐻 = ∆𝐻𝑎𝑑𝑑𝑖𝑡𝑖𝑣𝑒 − ∆𝐻𝑏𝑢𝑓𝑓𝑒𝑟 > 0      (6.5) 

 

Together, these suggest that associated water dynamics play a critical role in 

modulating the thermodynamic stability of proteins. 

 

 

Scheme 2. Associated water reorganization is a critical factor that modulates protein Stability 

in the presence of any additives (here DES). This scheme has been represented based on the 

previous reports from our group 35,48,49. 
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Using the thermal melting curves and a two-state thermodynamic model (Figure 3a), 

we have calculated the temperature-dependent free energy of unfolding (∆𝐺) of 

HSA across different concentrations of ChCl-EG and ChCl-Gly DESs in buffer 

(Figures 3b-c). By applying the Gibbs-Helmholtz equation, we extracted entropic 

and enthalpic components of thermal unfolding at each DES concentration. Further, 

we computed the differential entropy (∆∆𝑆) and enthalpy (∆∆𝐻) of stabilization 

compared to that in buffer to delineate the positive or negative effect of DES on the 

protein in an individual entropic and enthalpic manner. The differential free energy 

of unfolding of the enzyme can be written as, 

 

∆∆𝐺 = ∆𝐺𝐷𝐸𝑆 − ∆𝐺𝑏𝑢𝑓𝑓𝑒𝑟 = ∆∆𝐻 − 𝑇∆∆𝑆     (6.6) 

 

A positive value of 𝛥𝛥𝐻 contributes positively to the ∆∆𝐺, which implies that DES 

contributes to the enthalpic stabilization of HSA, whereas a positive value of 𝛥𝛥𝑆 

(consequently, a negative value of −𝑇∆∆𝑆 that contributes negatively to the ∆∆𝐺) 

suggests entropic destabilization. The concentration-dependent differential entropy 

and enthalpy of stabilization of HSA in the presence of ChCl-EG and ChCl-Gly 

DESs are presented in Figures 3d and 3e, respectively. Up to 50% (v/v) of both 

ChCl-EG and ChCl-Gly DESs in buffer, we observed a steady increase in the 

entropic destabilization and enthalpic stabilization. However, at 75% (v/v) ChCl-

EG and ChCl-Gly DES, the extent of both drastically reduces. Further, a plot of 𝛥𝛥𝐻 

vs −𝑇∆∆𝑆 gives a straight line with slope ~0.85 and 0.83 for ChCl-EG and ChCl-

Gly DESs, respectively, suggesting a strong entropy-enthalpy compensation in the 

presence of both the DESs (Figure 3f). Additionally, the enthalpy effect dominates 

in the overall stabilization process of HSA in the presence of both DESs. 
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Figure 3. Individual entropic and enthalpic components might be positive or negative, 

depending on the type and concentration of the DESs. (a) Variation of the CD signal of HSA 

in buffer at 222 nm with temperature. The equation for calculating the equilibrium constant 

and the native and denatured state signals is mentioned in the figure. Plot of unfolding free 

energy of HSA as a function of the temperature in the presence of various concentrations of 

(b) ChCl-EG, and (c) ChCl-Gly DES. Plot of differential free energy (𝛥𝛥𝐺) at 298 K, 

differential entropic component (−𝑇𝛥𝛥𝑆), and differential enthalpic component (𝛥𝛥𝐻) for 

thermal unfolding of HSA in the presence of various concentrations of (d)ChCl-EG, and (e) 

ChCl-Gly DES. Here, 𝛥𝛥𝐻 𝑜𝑟 𝛥𝛥𝐺 =  𝛥𝐻𝐷𝐸𝑆 𝑜𝑟 ∆𝐺𝐷𝐸𝑆 −  𝛥𝐻𝑏𝑢𝑓𝑓𝑒𝑟  𝑜𝑟 ∆𝐺𝑏𝑢𝑓𝑓𝑒𝑟 , and 

−𝑇𝛥𝛥𝑆 = −𝑇(𝛥𝑆𝐷𝐸𝑆 −  𝛥𝑆𝑏𝑢𝑓𝑓𝑒𝑟) respectively. (f) Plot between entropic and enthalpic 

terms of thermal stability of HSA in the presence of various concentrations of both ChCl-EG 

(violet) and ChCl-Gly (green) DES. The black line is a linear fit, and a near-unity slope 

indicates entropy–enthalpy compensation. 

 

Entropy-enthalpy compensation is a widely observed phenomenon in biochemical 

processes 48,49,62,63. In a recent study, we reported a similar compensation effect for 

bromelain when exposed to acetamide-urea-sorbitol hydrated DES 35. We proposed 

that water, being a common factor, modulates both entropic and enthalpic 

contributions in an opposing manner (Scheme 2) 35,48,49. Specifically, we found that 

less flexible associated water in the presence of the DES stabilizes bromelain 

through entropy but destabilizes it through enthalpy, while flexible associated water 

dynamics result in an opposite thermodynamic outcome (Scheme 2). A similar 
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compensatory effect has been observed in the presence of macromolecular crowders, 

where modulation of water-protein hydrogen bonds (probed through the associated 

water dynamics) plays a critical role in protein stability 48,49. Since associated water 

interacts directly with the protein surface, it likely exerts a significant influence on 

enzyme stability, and our previous studies support this mechanism 48–50.  

To validate the mechanism (i.e., AWSM) further, we aim to investigate solvation 

dynamics around the protein. We employed fluorescence-based red edge excitation 

shift (REES) to estimate site-specific solvation dynamics at two different domains 

of HSA. This approach enables us to generate a residue-specific solvation dynamics 

map, providing mechanistic insights into the interplay between associated dynamics 

and protein stability in DES environments. 

 

6.2.3. Measurement of red edge excitation shift (REES) as an indicator of 

solvation dynamics: While NMR and X-ray crystallography can provide insights 

into the water dynamics, their applicability is limited 64–67. X-ray crystallography 

primarily reveals only the bound water molecules in the protein crystal 66–68, while 

NMR spectroscopy is generally restricted to small proteins such as calmodulin and 

lysozyme 69–71. Other advanced techniques, such as Raman and infrared (IR) 

spectroscopy, terahertz spectroscopy, neutron scattering, and dielectric relaxation 

spectroscopy, offer valuable information on solvation dynamics 72–77. However, 

these methods are often constrained by complex instrumentation and analysis, 

intricate sample preparation, and the requirement of high sample concentrations 

(chances of aggregation), making them less ideal for studying large protein systems 

78–81.  

In contrast, red edge excitation shift (REES) is a fluorescence-based method that is 

both experimentally simple and highly sensitive to solvation dynamics at site-

specific fluorophore locations 51–54,82,83. Unlike other spectroscopic techniques, 

REES requires only micromolar protein concentrations, making it experimentally 

accessible for a wide range of biological studies 51,54,55,84. Moreover, high spatial 
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resolution of fluorescence makes REES particularly valuable for investigating 

solvent interactions in large and complex enzymes 51,54,85,86.  

The occurrence of REES depends on the timescale of solvent relaxation relative to 

the fluorescence lifetime 84,87,88. When the stabilization of the excited state by the 

surrounding solvent occurs much faster than its fluorescence lifetime (𝜏𝑆 ≪ 𝜏𝑓), 

emission predominantly takes place from the fully solvated state, regardless of the 

excitation wavelength, and no REES is observed. However, if solvent relaxation is 

comparable or slower than the excited-state lifetime (𝜏𝑆 ≥ 𝜏𝑓), emission occurs 

before complete solvent stabilization, and REES can be observed (Scheme 3) 88.  

Since REES only manifests under the conditions of restricted solvent mobility, it 

serves as a sensitive probe for solvation dynamics around a fluorophore. 

Additionally, changes in the magnitude of REES in the presence of an additive 

suggest modulation of solvation dynamics within the system. Specifically, increased 

REES indicates slower solvation dynamics, revealing critical insights into solvent-

protein interactions in diverse environments. 

 

Scheme 3. Schematic representation of red edge excitation shift (REES). In a heterogeneous 

distribution of the environment around the fluorophore, photoexcitation at different 

wavelengths excites molecules to different excited states (𝑆1, 𝑆1
′). When the solvation dynamics 

(𝜏𝑠) is faster than the emission lifetime (𝜏𝑓), i.e., 𝜏𝑓 > 𝜏𝑠, then irrespective of the excitation 

wavelength, molecules excited from both un-solvated (𝑆0) and solvated (𝑆0
′ ) ground states have 

sufficient time to reach the same fully relaxed excited state (𝑆1
′). Consequently, signals from 

the unsolvated and solvated populations will merge together, and no REES can be observed. 

However, when the solvation dynamics is slower or comparable to the emission lifetime, i.e., 

𝜏𝑓 < 𝜏𝑠, it does not permit the solvent dipolar realignment before the emission. In this case, 

excitation of the unsolvated population leads to emission from a high-energy, unrelaxed state, 

while excitation at the red edge selectively targets the already solvated population, leading to 

emission from a lower-energy, relaxed state. As a result, signals from the unsolvated and 
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solvated populations will not merge, and red-shifted emissions spectra with longer wavelength 

of excitation (REES) will be observed. 

 

Several reports have proposed that the network-like structure of DES forms a unique 

solvation shell around the protein, thereby influencing protein stability and 

dynamics 19,21–23,89. Our group previously demonstrated that even at high 

concentrations of hydrated acetamide/urea/sorbitol DES, the immediate solvation 

environment of HSA remains unperturbed 36. Additionally, using bromelain in the 

same DES system, we experimentally established that modulation of solvation 

(associated water) dynamics plays a critical role in determining both stability and 

activity 35. In the present study, we aimed to estimate associated water dynamics 

through the measurement of REES. 

REES has previously been recognized as a reliable indicator of dynamics across 

diverse protein systems 51,52,55,82,83,85,86,90,91. Raghuraman et al. created a hydration 

dynamics mapping of K+ channels in their activated and inactivated form employing 

REES 52. Very recently, More et al. used site-specific REES to develop a solvation 

dynamics map of TDP-43 protein during misfolding and aggregation 51. The 

fluorescence lifetime of CPM-tagged HSA (domain I) and NPCE-tagged HSA 

(domain III) in buffer was reported to be around 3.6 ns 55 and 3.7 ns 56, and the 

solvation time was around 2.2 ns 36 and 1.32 ns 56, respectively. Because of the 

comparable solvation time and fluorescence lifetime, an appreciable amount of 

REES has been observed for both domains of HSA. Our group previously reported 

domain-specific REES changes in HSA during chemical denaturation with 

guanidine hydrochloride (GnHCl), demonstrating the effect of environmental 

rigidity on solvent relaxation dynamics 55. Other groups also reported the REES of 

serum albumin protein 92,93. 
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Figure 4. Modulation of hydration dynamics employing REES at different domains of HSA. 

(a) Excitation wavelength-dependent emission spectra of CPM tagged to HSA (domain I) in 

buffer. (b) Shift of the emission maxima of CPM tagged to HSA (domain I) with the change 

in the excitation wavelength. (c) Extent of REES of CPM tagged to HSA (domain I) in the 

presence of various concentrations of ChCl-EG (pink) and ChCl-Gly (green) DES. (d) 

Excitation wavelength-dependent emission spectra of NPCE tagged to HSA (domain III) in 

buffer. (e) Shift of the emission maxima of NPCE tagged to HSA (domain III) with the change 

in the excitation wavelength. (f) Extent of REES of NPCE tagged to HSA (domain III) in the 

presence of various concentrations of ChCl-EG (pink) and ChCl-Gly (green) DES. 

  

Following our previous reports 36,49,55,56, we have selectively tagged two domains of 

the HSA protein with suitable fluorophores. The excitation wavelength dependent 

emission spectra of CPM-tagged HSA (domain I) and NPCE-tagged HSA in buffer 

show a clear red shift with the increase in the excitation wavelength (see Figure 4a 

and Figure 4d, respectively), and the corresponding excitation wavelength 

dependent emission maxima is plotted in Figure 4b and Figure 4e, respectively, 

from which the extent of REES is calculated. All the other raw data, except for buffer 

and relevant plots, are incorporated in Figures 5 and 6. 
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Figure 5. Excitation wavelength-dependent emission spectra of CPM tagged to HSA (domain 

I) in different concentrations of hydrated ChCl-EG (Upper panel) and ChCl-Gly (middle 

panel). (lower panel) Shift of the emission maxima with the change in the excitation 

wavelength in various concentrations of hydrated ChCl-EG (pink) and ChCl-Gly (green) DES. 

The concentrations of the DES are mentioned in each figure itself. 
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Figure 6. Excitation wavelength-dependent emission spectra of NPCE tagged to HSA (domain 

III) in different concentrations of hydrated ChCl-EG (Upper panel) and ChCl-Gly (middle 

panel). (lower panel) Shift of the emission maxima with the change in the excitation 

wavelength in various concentrations of hydrated ChCl-EG (pink) and ChCl-Gly (green) DES. 

The concentrations of the DES are mentioned in each figure itself. 

 

The extent of REES for CPM tagged to domain-I of HSA is found to increase 

progressively with an increase in the DES concentration for both ChCl-EG and 

ChCl-Gly systems (Figure 4c). In contrast, the REES for NPCE tagged to domain-

III of HSA exhibits a non-monotonic trend (Figure 4f) in the presence of both ChCl-

EG and ChCl-Gly DESs. At low DES concentrations (25% v/v), REES of domain-

III decreases, indicating increased flexibility in the nearby water molecules of the 

protein. At higher DES concentrations (50–75% v/v), REES increases again, 

suggesting a restricted solvent environment. The observed domain-specific 
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difference in REES modulation suggests that domain-I experiences progressive 

solvation retardation, whereas domain-III undergoes an initial increase in the 

associated water flexibility, followed by somewhat rigidification at higher DES 

concentrations. 

 

6.2.4. Correlation between entropy and enthalpy of stabilization and associated 

water dynamics of HSA estimated through REES: To examine the correlation 

between the associated water dynamics around the protein and its thermal stability, 

we used ∆𝑅𝐸𝐸𝑆, defined as, 

 

∆𝑅𝐸𝐸𝑆 = 𝑅𝐸𝐸𝑆𝐷𝐸𝑆 − 𝑅𝐸𝐸𝑆𝑏𝑢𝑓𝑓𝑒𝑟       (6.7) 

 

A positive ∆𝑅𝐸𝐸𝑆 value indicates retardation of the dynamics near the probe site. 

Conversely, a negative ∆𝑅𝐸𝐸𝑆 suggests a more flexible solvent environment, 

indicating faster associated water dynamics (Figure 7a). According to the hypothesized 

associated water stabilization mechanism (AWSM), the entropic stabilization (∆∆𝑆 <

0 𝑎𝑛𝑑 − 𝑇∆∆𝑆 > 0) and concomitant enthalpic destabilization (∆∆𝐻 < 0) will be 

associated with less flexible water dynamics than a buffer, and consequently a positive 

∆𝑅𝐸𝐸𝑆 must be observed (Figure 7b). On the other hand, the entropic destabilization 

(−𝑇∆∆𝑆 < 0) and associated enthalpic stabilization (∆∆𝐻 > 0) will be linked to the 

flexible water dynamics than in the buffer, and consequently, a negative ∆𝑅𝐸𝐸𝑆 will 

be observed (Figure 7b). 

Figure 3 suggests a negative ∆𝑅𝐸𝐸𝑆 at low DES concentrations (up to 50% v/v), while 

higher concentrations (75% v/v) of DES should yield less negative or even positive 

∆𝑅𝐸𝐸𝑆. The REES experiment of domain-III of HSA in the presence of both the DESs, 

yields expected results with a negative ∆𝑅𝐸𝐸𝑆 at low DES concentrations (25–50% 

v/v), which become less negative at 75% v/v of DES (Figures 7c,f). In contrast, 

domain-I of HSA exhibited a different trend. In this case, ∆𝑅𝐸𝐸𝑆 is found to be 

positive across all DES concentrations, indicating slower solvation dynamics in the 
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presence of both DESs (Figures 7c,f). Moreover, the magnitude of ∆𝑅𝐸𝐸𝑆  increased 

with increasing DES’s concentration, suggesting a progressive restriction of hydration 

dynamics in domain-I of HSA. These findings highlight the domain-specific 

modulation of hydration dynamics in DES environments. While domain-III 

experiences an increase in the associated water flexibility for low DES concentrations 

and then retards with high DES concentrations, domain-I portrays a monotonic 

retardation of the associated water dynamics. 

To further analyze the relationship, we plotted differential entropic and enthalpic 

changes as a function of ∆𝑅𝐸𝐸𝑆. Domain-I shows no correlation between ∆𝑅𝐸𝐸𝑆 and 

components of thermal stabilization in either ChCl-EG or ChCl-Gly DESs (Figures 7d, 

g). The negative adjusted 𝑅2 values in Figures 7d, g indicate that ∆𝑅𝐸𝐸𝑆 of domain-I 

does not correlate with the overall entropic or enthalpic component of unfolding. 

However, for domain-III, ∆𝑅𝐸𝐸𝑆 and differential entropic and enthalpic terms are 

somehow correlated (Figures 7e, h).  

 

6.2.5. Necessity of domain-specific thermal unfolding of HSA via site-specific 

fluorescence spectroscopy: The unfolding of multi-domain proteins is inherently 

complex as different domains fold and unfold independently, contributing to the global 

structure 94–97. Understanding domain-specific unfolding is therefore crucial to 

elucidate protein stabilization mechanisms 98–100. Human serum albumin consists of 

three distinguishable domains 101. Among which, REES of domains I and III are probed 

in the present study through selective fluorescent tags. Fortunately, through these 

domain-selective fluorescent tags, domain-specific thermal unfolding can also be 

measured. 

Our previous research demonstrated that domain-III of HSA unfolds first, followed by 

domains-I and II, when exposed to guanidine hydrochloride (GnHCl) 98–100,102,103. 

Mohan et al. even reported the domain-specific solvation dynamics of HSA in the 

presence and absence of sucrose during unfolding, revealing different modulation of 

the hydration dynamics across domains 104. Other studies have explored domain-

specific secondary structure and binding properties of HSA 101. Inspired by these 



Chapter-6   351 
 

studies, we aimed to measure domain-specific stabilization of HSA in the presence of 

ChCl-EG and ChCl-Gly DESs. 

 

 
Figure 7. Correlation between the thermal stability of HSA and modulation of REES of two 

different domains of HSA. (a) Schematic representation of the relation between ∆𝑅𝐸𝐸𝑆 and 

the modulation of solvation/hydration dynamics with respect to the buffer. (b) a schematic 

representation of our hypothesis, where entropic destabilization and associated enthalpic 

stabilization suggest faster hydration dynamics (negative ∆𝑅𝐸𝐸𝑆) and the opposite 

thermodynamic outcome, which is entropic stabilization and associated enthalpic 

destabilization, suggests slower hydration dynamics, i.e., positive ∆𝑅𝐸𝐸𝑆. (c) Differential 

entropic component (−TΔΔS) and enthalpic component (ΔΔH) of thermal unfolding of HSA 

and the differential REES (∆𝑅𝐸𝐸𝑆 = 𝑅𝐸𝐸𝑆𝐷𝐸𝑆 − 𝑅𝐸𝐸𝑆𝑏𝑢𝑓𝑓𝑒𝑟) of Domain-I and Domain-III 

in the presence of various concentrations of ChCl-EG. Plot of differential stability components 

(ΔΔH and −TΔΔS) of thermal unfolding of HSA in the presence of various concentrations of 

ChCl-EG DES as a function of the ∆𝑅𝐸𝐸𝑆 of (d) Domain-I, and (e) Domain-III. (f) Differential 

entropic component (−TΔΔS) and enthalpic component (ΔΔH) of thermal unfolding of HSA 

and the differential REES (∆𝑅𝐸𝐸𝑆) of Domain-I and Domain-III in the presence of various 

concentrations of ChCl-Gly DES. Plot of differential stability components (ΔΔH and −TΔΔS) 
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of thermal unfolding of HSA in the presence of various concentrations of ChCl-Gly DES as a 

function of the ∆𝑅𝐸𝐸𝑆 of (g) Domain-I, and (h) Domain-III. No correlation was found in the 

case of ∆𝑅𝐸𝐸𝑆 of Domain-I for both the DESs. 

 

 

Thermal unfolding of domain-I of HSA is monitored through the change in the 

emission characteristics of CPM dye tagged to domain-I of HSA. CPM is a 

solvatochromic dye having high sensitivity to its microenvironment. In native HSA, 

CPM is buried within hydrophobic regions of domain-I, leading to a blue-shifted 

emission. However, upon protein unfolding, CPM becomes exposed to aqueous 

surroundings, causing a red-shifted emission (Figures 8a,b) as its excited-state dipole 

gets stabilized through the polar solvent (water) relaxation 105. This environment-

dependent spectral shift makes CPM fluorescence a sensitive indicator of protein 

unfolding.  

From the thermal unfolding curve of domain-I of HSA in the absence and presence of 

different concentrations of the two DESs, we determined the free energy of the 

unfolding employing a two-state model (Section 1.1.4.2). Using the Gibbs–Helmholtz 

equation, we recognized the individual entropic and enthalpic terms of the thermal 

unfolding (see Figure 8c for buffer, Figure 8d for varying concentrations of ChCl-EG, 

and Figure 8g for varying concentrations of ChCl-Gly). We then calculated the 

differential entropy and enthalpy of thermal unfolding, taking the entropy and enthalpy 

of unfolding in buffer as a baseline. In Figures 8e and 8h, we have plotted differential 

entropy and enthalpy of domain-I unfolding alongside ∆𝑅𝐸𝐸𝑆, across different 

concentrations of ChCl-EG and ChCl-Gly DESs, respectively. Clearly, with the 

entropic stabilization (−𝑇∆∆𝑆 > 0) and concomitant enthalpic destabilization (∆∆𝐻 <

0), a positive ∆𝑅𝐸𝐸𝑆 is observed, which suggests a retarded associated water 

dynamics. Moreover, the highest DES concentrations yielded the strongest positive 

∆𝑅𝐸𝐸𝑆, reinforcing the hypothesis that restriction in the associated water contributes 

to thermal stabilization. Consequently, a very strong correlation between differential 

entropy and enthalpy with ∆𝑅𝐸𝐸𝑆 has been observed in the case of both the DESs 
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(Figures 8f and 8i), which was previously absent when correlated with the entropy and 

enthalpic components of overall stabilization (Figures 7d, 7g). 

 

 
Figure 8. Thermal unfolding of Domain-I of HSA and its correlation with modulation of REES 

of Domain-I in the presence of different DES. (a) Representative steady-state fluorescence spectra 

of CPM-tagged HSA (domain I) in buffer at different temperatures. (b) Variation of emission 

maxima of CPM-tagged HSA in buffer as a function of temperature. (c) Schematic for estimating 

the change in the entropy and the enthalpy from the slope and the intercept, respectively, from 

the unfolding free energy of HSA in buffer. Plot of unfolding free energy of domain-I of HSA in 

the presence of various concentrations of (d) ChCl-EG, (g) ChCl-Gly DES as a function of the 

temperature. Differential entropic component (−TΔΔS) and enthalpic component (ΔΔH) of 

thermal unfolding of Domain-I of HSA and the differential REES (∆𝑅𝐸𝐸𝑆 = 𝑅𝐸𝐸𝑆𝐷𝐸𝑆 −

 𝑅𝐸𝐸𝑆𝑏𝑢𝑓𝑓𝑒𝑟) of Domain-I in the presence of various concentrations of (e) ChCl-EG, (h) ChCl-

Gly DES. Plot of differential stability components (ΔΔH and −TΔΔS) of thermal unfolding of 

HSA as a function of the ∆𝑅𝐸𝐸𝑆 of Domain-I in the presence of various concentrations of (f) 

ChCl-EG, (i) ChCl-Gly DES. 
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To explore the stabilization of domain-III of HSA, we used the solvatochromic feature 

of NPCE tagged to domain-III of HSA. The temperature-dependent emission spectra 

and the shift of emission maxima of NPCE-tagged HSA in buffer are represented in 

Figures 9a and 9b, respectively. Employing the Gibbs-Helmholtz equation in the free 

energy of unfolding vs temperature plots, we have extracted the entropy and enthalpy 

of unfolding in buffer and at each experimental concentration of the two DESs 

(Figures 9c, 9d, and 9g). In figures 9e and 9h, we have plotted differential entropy and 

enthalpy of domain-III unfolding along with the ∆𝑅𝐸𝐸𝑆 of that domain, in the presence 

of different concentrations of ChCl-EG and ChCl-Gly DES, respectively. Negative 

∆𝑅𝐸𝐸𝑆 is consistently observed across all DES concentrations, confirming that the 

associated water dynamics around domain-III become more flexible in DES 

environments. Also, the differential entropy and enthalpy are well correlated as a 

function of ∆𝑅𝐸𝐸𝑆 (Figures 9f and 9i) and the adjusted 𝑅2, which indicates that the 

goodness of fit substantially increases. 

These findings reinforce the hypothesis that associated water dynamics significantly 

influence protein thermal stability, consistent with prior observations in other DESs 

and macromolecular crowders 35,48–50. Moreover, these observations suggest a need for 

domain-specific measurement of thermal unfolding and solvation dynamics in the case 

of multidomain proteins. 

The domain-specific thermal unfolding curves in the presence of different 

concentrations of ChCl-EG and ChCl-Gly DESs for both domains are presented in 

Figure 10.  
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Figure 9. Thermal unfolding of Domain-III of HSA and its correlation with modulation of REES 

of Domain-III in the presence of different DES. (a) Representative steady-state fluorescence 

spectra of NPCE-tagged HSA (domain III) in buffer at different temperatures. (b) Variation of 

emission maxima of NPCE-tagged HSA in buffer as a function of temperature. (c) Schematic for 

estimating the change in the entropy and the enthalpy from the slope and the intercept, 

respectively, from the unfolding free energy of HSA in buffer. Plot of unfolding free energy of 

domain-III of HSA in the presence of various concentrations of (d)ChCl-EG, (g) ChCl-Gly DES 

as a function of the temperature. Differential entropic component (−TΔΔS) and enthalpic 

component (ΔΔH) of thermal unfolding of Domain-III of HSA and the differential REES 

(∆𝑅𝐸𝐸𝑆 = 𝑅𝐸𝐸𝑆𝐷𝐸𝑆 − 𝑅𝐸𝐸𝑆𝑏𝑢𝑓𝑓𝑒𝑟) of Domain-III in the presence of various concentrations of 

(e)ChCl-EG, (h) ChCl-Gly DES. Plot of differential stability components (ΔΔH and −TΔΔS) of 

thermal unfolding of HSA as a function of the ∆𝑅𝐸𝐸𝑆 of Domain-III in the presence of various 

concentrations of (f)ChCl-EG, (i) ChCl-Gly DES. 
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Figure 10. Domain-wise thermal unfolding curve for different concentrations of DESs. The upper 

panel represents the thermal unfolding curve for CPM-tagged (domain I) HSA in the presence of 

different concentrations of (a) ChCl-EG and (b) ChCl-Gly DES. The lower panel represents the 

thermal unfolding curve for NPCE-tagged (domain-III) HSA in the presence of different 

concentrations of (c) ChCl-EG and (d) ChCl-Gly DES. 

 

 

6.2.6. Role of protein conformation in modulating the REES of HSA: Thus far, we 

have demonstrated a correlation between individual entropic and enthalpic terms of the 

domain-wise stability of HSA and the modulation of associated water dynamics around 

that domain probed through REES. However, changes in the protein conformations 

due to the addition of DES can also influence the thermal stability and the associated 

water dynamics. Also, if the protein conformations change significantly due to the DES 

addition, it might affect the extent of REES as well. Protein unfolding generally leads 

to increased water interaction that accelerates the associated water dynamics 99,102,104. 

Our group previously reported that increasing GnHCl concentrations resulted in the 

unfolding of domain-I and domain-III of HSA with a significant decrease in the extent 

of REES 55. Thus, one needs to be assured of the minimal structural changes of the 
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protein in the presence of different hydrated DES to comment on any relationship 

present between stability and REES, and consequently, associated water dynamics. 

To examine whether DES affects the secondary structure of HSA, we performed 

circular dichroism (CD) spectroscopy at different DES concentrations. No significant 

spectral changes were observed with increasing ChCl-EG or ChCl-Gly DES 

concentrations, indicating no substantial alterations in protein conformation 

(Figures 11a, 11b, and 11c). To further assess any DES-induced global tertiary 

structural changes, we used single-molecular level fluorescence correlation 

spectroscopy (FCS) to determine the hydrodynamic radii of HSA in the presence of 

different concentrations of both the hydrated DESs (see Figures 11d-f). We found no 

significant change in the hydrodynamic radii in the presence of ChCl-EG. However, a 

slight compaction in the structure (decrease in the hydrodynamic radius) at 75% (v/v) 

of ChCl-Gly hydrated DES (Figure 11f) is observed. These results collectively confirm 

that structural changes do not play a significant role in DES-mediated domain-specific 

stabilization of HSA and further validate associated water dynamics modulation as the 

key factor influencing protein stability in DES media. 
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Figure 11. No significant conformational change of HSA in the presence of both ChCl-based 

DES. CD spectra of HSA at different concentrations of (a) ChCl-EG, and (b) ChCl-Gly hydrated 

DES. (c) experimental intensity of CD spectra at 222 nm at each DES concentration, which shows 

that the secondary structure is not significantly perturbed throughout the concentration range of 

DES. The normalized correlation function obtained using FCS for TMR-tagged (domain I) of 

HSA in the presence of different concentrations of (d) ChCl-EG, and (e) ChCl-Gly hydrated DES. 

(f) Modulation of hydrodynamic radii of HSA with the concentrations of hydrated DES. 

 

 

6.3. Summary and Conclusion 

This study elucidates the critical role of hydration dynamics in modulating protein 

stability within hydrated deep eutectic solvents, using human serum albumin (HSA) 

as a model system. By employing circular dichroism (CD) spectroscopy, 

fluorescence-based red-edge excitation shift (REES), and fluorescence spectroscopy, 

we systematically investigated the interplay between solvation dynamics, entropy-

enthalpy compensation, and protein stability in the presence of choline chloride-

based hydrated DESs (ChCl-EG and ChCl-Gly).  

Our findings reveal that, firstly, hydration dynamics can be measured through a 

simple fluorescence-based technique, REES. More importantly, hydration dynamics 

rather than protein conformational changes dictate the thermal stability of HSA in 

choline chloride-based hydrated DESs.  

Secondly, domain-specific unfolding is an important measurement to understand the 

intricate relationship between enzyme stability and hydration dynamics. Strong 

correlations between hydration dynamics (∆𝑅𝐸𝐸𝑆) and stability components 

(−𝑇𝛥𝛥𝑆 and 𝛥𝛥𝐻) affirm hydration-induced protein stabilization in DESs. Domain-

specific REES changes directly correlate with stability trends, reinforcing the 

mechanistic link between hydration dynamics and entropy-enthalpy compensation. 

Thirdly, Domain-specific hydration modulation governs the entropy-enthalpy 

balance of protein stabilization. Domain-I exhibits retarded associated water 

dynamics (positive ∆𝑅𝐸𝐸𝑆), leading to enthalpic destabilization and entropic 

stabilization while Domain-III experiences hydration flexibility (negative ∆𝑅𝐸𝐸𝑆), 

resulting in enthalpic stabilization and entropic destabilization. 
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Fourthly, ChCl-Gly DES exerts a stronger stabilizing effect than ChCl-EG, which 

might be due to differences in hydrogen bond donor interactions owing to a higher 

number of -OH groups present in glycerol relative to ethylene glycol. 

Our results provide a fundamental understanding of protein-DES interactions by 

identifying hydration dynamics as a key determinant of protein stability. The findings 

hold broad implications in the field of biocatalysis, pharmaceutical formulations, and 

protein preservation in DES environments. Future studies should explore how 

hydration modulation can be fine-tuned for optimizing enzyme activity and stability 

in such unconventional solvent systems. 
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Abstract:  

Macromolecular crowding bridges in-vivo and in-vitro studies by simulating cellular 

complexities such as high viscosity and limited space, while maintaining the 

experimental feasibility. Over the last two decades, the impact of macromolecular 

crowding on protein stability and activity has been a significant topic of study and 

discussion, though still lacking a thorough mechanistic understanding. This article 

investigates the role of associated water dynamics on protein stability and activity 

within crowded environments, using bromelain and Ficoll-70 as the model systems. 

Traditional crowding theory primarily attributes protein stability to entropic effects 

(excluded volume) and enthalpic interactions. However, our recent findings suggest 

that water structure modulation plays a crucial role in the crowded environment. In 

this report, we strengthen the conclusion of our previous study, i.e. rigid-associated 

water stabilizes proteins via entropy and destabilizes them via enthalpy, while 

flexible water has the opposite effect. In the process, we addressed previous 

shortcomings with a systematic concentration dependent study using a single-

domain protein and component analysis of solvation dynamics. More importantly, 

we analyse bromelain's hydrolytic activity using the Michaelis-Menten model to 

understand kinetic parameters like maximum velocity (𝑉𝑚𝑎𝑥) achieved by the system 

and the Michalis-Menten coefficient (𝐾𝑀). Results indicate that micro-viscosity (not 

the bulk viscosity) controls the enzyme-substrate (𝐸𝑆) complex formation, where an 

increase in the micro-viscosity makes the 𝐸𝑆 complex formation less favourable. On 

the other hand, flexible associated water dynamics were found to favour the rate of 

product formation significantly from the 𝐸𝑆 complex, while rigid associated water 

hinders it. This study improves our understanding of protein stability and activity in 

crowded environments, highlighting the critical role of associated water dynamics. 
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7.1. Introduction 

Macromolecular crowding: A vital component of cellular complexity:  

The cellular environment is much more complex than the buffer solution that is 

typically used for biochemical studies 1. Macromolecular crowding is probably the 

most essential component of such complexity as it mimics two of the most important 

cellular properties: increased viscosity and reduced accessible space in the cell 1,2. 

Over the past two decades studies have shown that every protein property is affected 

by macromolecular crowding 3–28. At the same time, like in any research field, efforts 

have been dedicated to understanding the mechanism of the macromolecular 

crowded induced alteration of the properties 14,19,29–31. However, because of the 

enormous complexity of the system, an appropriate physical insight with predictive 

power is yet to be achieved. This report aims to gain this crucial mechanistic insight 

into two important protein properties, i.e. stability and activity, in a crowded 

environment. 

 

Traditional vs. modern theories on protein stability in a crowded milieu:  

Protein stability in the crowded milieu results from a delicate balance between 

stabilizing entropic effects and stabilizing/destabilizing enthalpic contributions 32. 

The origin of the entropic effect is associated with the excluded volume. This stems 

from the fact that two solutes cannot access the same space at the same time, thus, 

in the presence of macromolecular crowder a protein can access lesser volume as 

compared to when no macromolecular crowder is present 9,33. The excluded volume 

effect shifts protein unfolding in a direction where protein occupies a lesser volume, 

leading to protein compaction/stabilization 9,30,34. The excluded volume effect 

remains the main pillar, even today, to explain protein stability in a crowded milieu 

1,2,33,35–37. However, many observations of protein destabilization in the crowded 

environment indicate the importance of interaction between the protein and the 

crowder 25,26,38–41. Such interactions have an enthalpic component notwithstanding 

the entropic term 38,42.  
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In recent times, many reports individually recognized the entropic and enthalpic 

components of stabilization 24,26,39,43–46. Such experiments sometimes yield two 

interesting observations, namely- negative entropic component and entropy-

enthalpy compensation 26,43,45,47, which cannot be explained by traditional crowding 

theory (excluded volume effect + interaction). There are some hints, mainly from 

simulation studies, that water structure modulation could explain such observations 

30,36,48. Taking human serum albumin (HSA) and different crowders, we recently 

demonstrated that indeed the consideration of water structure modulation explains 

these two anomalies for protein stability in the crowded milieu 49. Further, we 

suggested that the relationship between the protein stability and the associated water 

structure should be better understood in terms of individual entropic and enthalpic 

components, instead of overall stability 49. 

 

Shortcomings of the previous study:  

However, the generalization of such claims requires a huge effort, taking different 

crowders, proteins, and at a wide concentration range of the crowder. Moreover, a 

correlation of associated water dynamics with the function of the protein is expected, 

which is missing in the literature. Further, our previous study had limitations like- 

(i) used crowders were of different building blocks,  meaning their interactions with 

the protein may vary. Therefore, directly linking the water structure modulation to 

stability modulation is risky in this context. (ii) Mechanism-wise, though it is quite 

expected that there would be a change in the property as one moves from lower to 

higher crowder concentrations 50–52, the same was not done in the previous study. 

(iii) We used multi-domain HSA, which anyway has a very complicated energy 

landscape with domains being independent folding units 53,54, makes the analysis 

quite challenging. We wanted to move forward with a simpler protein with 

systematic changes in the concentration of the crowder used and also to understand 

how the activity is altered in presence of macromolecular crowding. 
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Protein activity: The most important and least understood protein behaviour in 

crowded milieu:  

Protein activity in the crowded milieu is also poorly understood despite many studies 

showing changes in protein function under such conditions 55–64. This hurdle arises 

because protein functions often involve multiple steps, and various factors 

collectively influence activity of a protein in a crowded medium. Excluded volume 

effect, crowder-substrate interactions, changes in the effective concentration of 

enzyme and substrate, altered diffusion coefficient of the enzyme and substrate, and 

critical concentration of crowder are a few of such factors 59,65–71. As a result, protein 

activity can increase, decrease, or remain the same in the presence of 

macromolecular crowders 59,62,64,66–68,70,71. In 2017, Pielak and co-workers reviewed 

protein activity in crowded environments and found no consistent trend: nine reports 

showed increased activity, six showed decreased activity, and another six showed no 

change 65. This inconsistency underscores the need for a deeper mechanistic 

understanding of protein behaviour in crowded milieus. 

 

Our effort in this report to understand protein stability and activity in crowded 

milieu:  

Herein, using bromelain as the model protein and Ficoll-70 as the synthetic crowders 

we (i) aimed to eliminate the shortcomings of our previous report and generalize the 

mechanism of protein stability in a crowded milieu that considers the important role 

of associated water, and (ii) also aims to provide mechanistic insights into protein 

activity in crowded milieu by correlating maximum velocity (Vmax) and Michalis-

Menten coefficient (KM) with important protein and medium properties 60,61,69,72. We 

have schematically presented the aim for this work in scheme 1. 
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Scheme 1. Our effort in this report: Concentration-dependent effect of Ficoll-70 on the stability 

and activity of bromelain. We individually recognized the components of stability and activity 

and tested how solvent structure modulation controls them. 

 

We find that rigid associated water structure stabilizes protein through entropy and 

destabilizes it through enthalpy. Further, micro-viscosity (and not the bulk viscosity) 

controls enzyme-substrate complex formation, while associated water significantly 

influences the rate of product formation. This study enhances our understanding on 

protein stability and activity in crowded environments, highlighting the critical role 

of associated water. 

 

7.2. Results and Discussion 

7.2.1. Modulation of associated water structure with macromolecular 

crowding:  

The nature of the water near a protein, known as associated water or biological water, 

differs significantly from the bulk water 73–76. This water interacts directly with the 

protein surface, and any changes in its structure can profoundly impact the 

biophysical processes 75–78. In the present study, we took bromelain as our model 

protein and tagged it site-selectively with a solvent-sensitive fluorescent molecule 

7-diethylamino-3-(4′-maleimidylphenyl)-4-methylcoumarin (CPM) to measure the 

water dynamics modulation around it using time-dependent fluorescence Stokes 

shift (TDFSS) method in the presence of different Ficoll-70 concentrations. TDFSS 
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has certain advantages over other techniques for the measurement of water 

dynamics. Firstly, the time resolution of this method is much superior to the other 

techniques like NMR 79,80, dielectric relaxation 81, etc., and secondly, it gives 

information about the solvent molecules present in the immediate vicinity of the 

fluorescent probe, those might interact directly with the protein, compared to the 

other techniques, where the information of bulk water and associated water are 

averaged out 76,82. In TDFSS, the solvatochromic probe molecule undergoes a 

significant dipole moment change upon photoexcitation, causing surrounding 

solvents to compensate for this change by rearranging themselves. This 

rearrangement time is roughly a measure of the solvation dynamics 83,84.  

 

 

Figure 1. Time-resolved emission Spectra (TRES) of CPM-tagged Bromelain in the buffer and 

various concentrations of ficoll 70. Here, a few representative time points have been shown at 

each ficoll 70 concentration to provide clear visualization. 
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In the TDFSS method, one constructs the time-resolved emission spectra (TRES) 

and derives the solvent response function (S(t)), which is fitted to a multi-

exponential function. For the present case, all the TRES of CPM-tagged bromelain 

with different Ficoll-70 concentrations are given in Figure 1. The TRES and the 

time-dependent shift of the emission maximum of CPM-tagged bromelain in the 

buffer are shown explicitly in Figure 2a and 2b, respectively, as a representative 

example of how to make the S(t) (Figure 2c) from TRES data. For each cases, the 

constructed S(t) is fitted to a bi-exponential function (Figures 2c-d), yielding 𝜏𝑠1, 

𝜏𝑠2, 𝑎1, 𝑎2, 𝜏𝑎𝑣𝑔, which are tabulated in Table 1 and plotted in Figure 2e-h against 

the Ficoll-70 concentration. 

We observed a decrease in the average solvation time (𝜏𝑎𝑣𝑔) with an increase the 

Ficoll-70 concentration up to 100 gL–1, and then increases. The result is rather 

unexpected as an increase in the concentration of Ficoll-70 increases the viscosity 

of the medium, however, the average solvation time decreases for the initial 

concentration range (see Table 1). The faster solvation component (𝜏𝑠1) decreases 

up to 100 gL–1 Ficoll-70 and then progressively increases. On the other hand, the 

slower solvation component (𝜏𝑠2) gradually increases with an increase in the 

crowder concentration, especially beyond ~75 gL–1. Additionally, the contribution 

of the faster time component (𝑎1) increases up to 125 gL–1 Ficoll-70 and then 

decreases. An exact reverse trend is observed for 𝑎2. Additionally, 𝑎1𝜏𝑠1 and 𝑎2𝜏𝑠2 

follow a similar trend as 𝜏𝑠1 and 𝜏𝑠2. Generally, a large portion (~70% in this present 

study) of solvation dynamics is always missed while measuring it through ps-

TCSPC. However, the missing percentage remains fairly constant over the entire 

concentration range, especially in the lower Ficoll-70 concentration range, where a 

surprising decrease in solvation time was observed (see Table 1). Thus, it will 

probably not impact our conclusion. 
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Figure 2. Solvation dynamics around bromelain become faster at lower Ficoll-70 

concentrations, and then it increases. (a) Time-resolved emission spectra (TRES) of CPM-

tagged bromelain in buffer (only a few representative time points have been shown to provide 

clear visualization). (b) Time-dependent shift of emission maxima of CPM-tagged bromelain 

in the buffer. (c) Solvent correlation function, S(t), of CPM-tagged bromelain in the buffer. 

The equation to form the function is mentioned in the inset. (d) Comparison of S(t)s in presence 

of different Ficoll-70 concentrations. (e) Comparison of the average solvation time (𝜏𝑎𝑣𝑔) of 

CPM-tagged bromelain in presence of different Ficoll-70 concentrations. (f) Comparison of 

the faster time component, 𝜏𝑠1 (upper panel), and the slower time component, 𝜏𝑠2 (lower panel) 

of solvation dynamics in presence of different Ficoll-70 concentrations. (g) Contribution of the 

faster time component, 𝑎1 (upper panel), and slower time component, 𝑎2 (lower panel) of 

solvation dynamics for various Ficoll-70 concentrations. (h) Variation of 𝑎1𝜏𝑠1 (upper panel) 

and 𝑎2𝜏𝑠2 (lower panel) for different Ficoll-70 concentrations. The error bar represents the 

standard deviation of the mean of three independent experiments. 
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Table 1. Biexponential fitting parameters of solvent correlation function (S(t)) for 

CPM-tagged bromelain in the presence of various concentrations of Ficoll-70. 

Ficoll-70 

(gL-1) 

𝒂𝟏 𝝉𝒔𝟏 

(ps) 

𝒂𝟐 𝝉𝒔𝟐 

(ps) 

𝝉𝒂𝒗𝒈 

(ps) 

𝒂𝟏𝝉𝒔𝟏 

(ps) 

𝒂𝟐𝝉𝒔𝟐 

(ps) 

Missing 

% 

0 0.60 160 0.40 1000 496 96 400 73.0 

25 0.62 150 0.38 1010 476 92 384 74.0 

50 0.63 140 0.37 1050 478 89 389 70.0 

75 0.64 140 0.36 1060 469 88 381 72.9 

100 0.67 120 0.33 1180 468 78 389 70.5 

125 0.68 120 0.32 1190 461 82 380 70.0 

150 0.67 130 0.33 1150 465 85 380 71.3 

175 0.66 145 0.34 1260 524 96 428 67.2 

200 0.63 165 0.37 1400 622 104 518 65.8 

225 0.59 180 0.41 1380 670 104 566 63.0 

250 0.6 185 0.4 1330 643 111 532 58.0 

275 0.58 185 0.42 1350 675 108 567 59.0 

 

7.2.2. A control experiment to confidently assign modulation of solvation time 

to the modulation of the associated water structure around bromelain:  

As already mentioned, not only water but any hydrophilic group, including protein 

side chains, can participate in the solvation process 76,84,85. Thus, to verify whether 

structural alteration of bromelain plays a significant role in lowering the solvation 

time, we measured the secondary structural content of bromelain at each Ficoll-70 

concentration employing CD spectroscopy (Figure 3). We found that the secondary 

structure of bromelain remains almost intact upon the addition of Ficoll-70, and thus 

it is concluded that the structural change of bromelain does not play a significant 

role in its stability and associated water dynamics modulation. Furthermore, if 

Ficoll-70 itself were the dominant contributor to bromelain’s solvation-time 

changes, one might expect a monotonic increase or decrease in the solvation time 

with an increase in the Ficoll-70 concentration, which is not the case here. These 

observations therefore support a predominant role for modulation of the associated 

water near the protein, while not excluding weak or non-monotonic polymer–protein 
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interactions, particularly at higher Ficoll-70 concentrations. The rest of the part will 

explain how associated water structure modulation impacts the stability and activity 

of bromelain in the presence of Ficoll-70. 

 

 

Figure 3. Ficoll-70 does not alter the secondary structure of bromelain. (a) CD spectra of 

Bromelain at each Ficoll-70 concentration. (b) Absorbance at 222 nm at each Ficoll-70 

concentration, which shows that the secondary structure remains intact throughout the 

concentration range of Ficoll-70. 

 

7.2.3. Thermal stability of bromelain:  

Using circular dichroism (CD) spectroscopy, we contemplated the thermal unfolding 

of bromelain at different Ficoll-70 concentrations (Figure 4a) 86–88. We have plotted 

the negative peak at 222 nm as a measure of 𝛼-helicity against the temperature 

(Figure 4b) and determined the fraction unfolded at each temperature using the 

equation mentioned in the figure (Figure 4c) 86,87. Figure 4d shows the thermal 

unfolding curves of bromelain at various Ficoll-70 concentrations. Each unfolding 

curve is fitted with a sigmoidal function to determine the melting temperature (𝑇𝑚) 

(see section 4.8 for details). Figure 4e depicts that the melting temperature (𝑇𝑚) of 

bromelain remains fairly constant throughout the Ficoll-70 concentrations used in 

the study. This result is surprising because the traditional excluded volume theory 

predicts a gradual increase in protein stability with an increase in the crowder 

concentration.  
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Figure 4. The thermal stability of bromelain does not change with Ficoll-70. (a) Representative 

circular dichroism (CD) spectra of bromelain in buffer at different temperatures. (b) Variation 

of CD signal of bromelain in buffer at 222 nm with temperature. (c) Variation of fraction 

unfolded (𝑓𝑢), which has been calculated using the equation mentioned in the inset, as a 

function of temperature. (d) Comparison of the thermal unfolding curve for different Ficoll-70 

concentrations. Each curve was fitted using the sigmoidal function (equation 12). (e) 

Comparison of the melting temperature (𝑇𝑚) of bromelain in the presence of different Ficoll-

70 concentrations. 

 

7.2.4. Recognition of individual entropic and enthalpic terms of thermal 

stabilization and inadequacy of traditional crowding theory to explain 

bromelain stability with Ficoll-70:  

From the unfolding data, we determined the free energy of unfolding (Figure 5a) for 

bromelain across Ficoll-70 concentrations using the equations mentioned in Figure 

5, and the free energy of unfolding is found to be almost constant throughout the 

Ficoll-70 concentrations (Figure 5b). Traditional excluded volume effect, even more 

modern and routinely used scaled particle theory (SPT) could not explain such trend 

as shown in Figure 5b.88  
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According to the scaled particle theory, 

 

∆𝐺/𝑅𝑇 =  − ln(1 − 𝜑) + (
𝜑

1−𝜑
) (𝑧3 + 3𝑧2 + 𝑧) + (

𝜑

1−𝜑
)
2

(3𝑧3 +
9

2
𝑧2) +

(
𝜑

1−𝜑
)
3
(3𝑧3)         (7.1) 

 

Where, 𝑧 =
𝑟𝑓

𝑟𝑐⁄  is the ratio of the effective radius of the macromolecular crowder 

(𝑟𝑐) and the radius of the folded conformation of the protein (𝑟𝑓) and 𝜑 is the volume 

occupancies of crowding agents. 

The volume occupancy can be calculated using Equation 2, 

 

𝜑 =
4𝜋(𝑅𝐻)

3𝑁𝐴𝐶

3𝑀𝑊
         (7.2) 

 

Where, 𝑁𝐴 is Avogadro’s number, 𝑀𝑊 is the molecular weight of the crowder, and 

𝐶 is the concentration (w/v) of the crowding agent. 

Using equations 1 and 2, we calculated the free energy of protein in the folded state 

in the presence and absence of crowders and then calculated the differential free 

energy as, 

 

∆∆𝐺 = ∆𝐺𝑐𝑟𝑜𝑤𝑑𝑒𝑟 − ∆𝐺𝑏𝑢𝑓𝑓𝑒𝑟        (7.3) 

 

Following our previous report 49, we felt that individual recognition of entropic and 

enthalpic components of stability might provide additional insights in this case as 
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well and determined the same using the Gibbs-Helmholtz equation, as shown in 

Figure 5c. We observed that at lower Ficoll-70 concentrations, the enthalpic effect 

stabilizes bromelain, while at higher concentrations, it destabilizes bromelain 

(Figure 5d). Surprisingly, the entropic component is destabilizing in the initial 

concentration range of Ficoll-70 (Figure 5e), which completely contradicts the 

classical crowding theory. 

As the overall stability remains unchanged across Ficoll-70 concentrations, one 

expects the entropic effect (due to excluded volume) to be perfectly compensated by 

the enthalpic effect (due to interaction). Indeed, Figure 5f shows a linear relationship 

between ∆∆𝐻0 and −𝑇∆∆𝑆0 with a slope ~0.90, indicating this compensation across 

all crowder concentrations. Additionally, a subtle enthalpic excess in the overall 

stabilization process of bromelain in the presence of the DES was observed. This 

small enthalpic bias could arise from weak polymer–protein interaction at higher 

crowder concentrations. In most biophysical experiments, including those in 

crowded environments, entropy-enthalpy compensation is often observed 89,90. 

However, the physical origin of such compensation cannot be explained using the 

traditional crowding theory. It hints that some common factor modulates both the 

entropic and the enthalpic terms. Water is present in almost all biochemical 

processes, and in our previous report, we have hypothesized how modulation of 

water-protein hydrogen bonds can originate in compensating entropy and enthalpy 

in such systems 49. 

 

7.2.5. Associated water structure modulation explains stability of bromelain at 

different Ficoll-70 concentrations:  

Water strongly interacts with protein and is an active and essential participant in 

deciding the stability, structure, dynamics, and function of biomolecules 49,74–76,91,92. 

In our previous report, we proposed that the associated water reorganization is 

crucial for protein stability 49. Because of this water rearrangement, the interacting 
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water molecules (associated water) might have a higher or lower degree of freedom. 

If the water molecules become flexible, the entropy increases, leading to entropic 

destabilization with a concomitant stabilizing enthalpy 49.  

 

 

Figure 5. Individual entropic and enthalpic components might be positive or negative 

depending on Ficoll-70 concentrations. However, they compensate for each other and change 

with Ficoll-70 concentrations. (a) Variation of bromelain’s CD signal at 222 nm as a function 

of temperature. The equation for calculating the equilibrium constant and the native and 

denatured state signals are mentioned in the figure. (b) Overall free energy change (∆∆𝐺), 

where, ∆∆𝐺 = ∆𝐺𝑓𝑖𝑐𝑜𝑙𝑙 − ∆𝐺𝑏𝑢𝑓𝑓𝑒𝑟. The grey circles (where the black bold line is the eye 

guide) represent the overall free energy change predicted by scaled particle theory (SPT) 

concerning the excluded volume effect only. (c) Schematic for estimating the change in the 

entropy and the enthalpy from the slope and the intercept, respectively, from the unfolding free 

energy. (d) Differential entropic component (−𝑇∆∆𝑆0), where ∆∆𝑆 = −𝑇(∆𝑆𝑓𝑖𝑐𝑜𝑙𝑙 −

∆𝑆𝑏𝑢𝑓𝑓𝑒𝑟) for thermal stabilization of bromelain in the presence of different concentrations of 

Ficoll-70. (e) Differential enthalpic component (∆∆𝐻0), where, ∆∆𝐻 = ∆𝐻𝑓𝑖𝑐𝑜𝑙𝑙 − ∆𝐻𝑏𝑢𝑓𝑓𝑒𝑟 

for thermal stabilization of bromelain in the presence of different concentrations of Ficoll-70. 

(f) Plot between entropic and enthalpic terms of stability. The black line is a linear fit indicating 

entropy-enthalpy compensation. 
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A quick look at Figures 5d and 5e reveals that at low Ficoll-70 concentrations, 

bromelain is destabilized by entropy, and the associated water dynamics around 

bromelain show a hint of more flexibility. Figures 2f and 2h highlight this for the 

faster solvation component. At the higher concentration range, the opposite 

behaviour is observed in both stability and associated water dynamics, indicating a 

correlation between water structure modulation and stability. To explore this further, 

we plotted entropic and enthalpic changes as a function of average solvation time, 

𝜏𝑎𝑣𝑔 (Figure 6a), faster component of solvation time, 𝜏𝑠1 (Figure 6b), 𝑎1𝜏𝑠1 

(Figure 6d), 𝜏𝑠2 (Figure 6c) and 𝑎2𝜏𝑠2 (Figure 6e). We observed a strong correlation 

between 𝜏𝑎𝑣𝑔 and individual entropic (adjusted R2~0.89) or enthalpic terms (adjusted 

R2~0.85), supporting our hypothesis on the importance of water structure 

modulation. More importantly, we get a better correlation between the faster 

component of solvation and entropy (adjusted R2~0.90) or enthalpic component 

(adjusted R2 ~ 0.87) of stability.  

To gain a physical insight into the correlations between the average solvation time 

(and its components) and protein stability, we introspect into the origins of these 

timescales. Although the precise meaning of the individual time components is 

largely debated, a widely accepted theory provided by Bagchi and co-workers 

suggests that the 1-5 ps component originates from the reorientation dynamics of 

water molecules in the hydration layer 93,94. There might be another component of 

20-200 ps arising from the restructuring of the associated water, the water molecules 

residing in the first solvation shell 93–96. The sub-nanosecond to nanosecond region 

is connected to the motion of the secondary structure of the protein, including the 

backbone, side chains and turns, surface, and the core of the protein 76. In the present 

case, the two observed time constants are somewhat well distinguished, and the 

problem of mixing the time components is minimal. In our study, the faster 

component (𝜏𝑠1) significantly influences protein stability, aligning with the 

theoretical expectations. On the other hand, we observed a weak correlation between 

the longer solvation time component and protein stability (with adjusted R2 ~ 0.47 



Chapter-7   391 
 

for entropic and ~0.44 for the enthalpic term) (see Figure 6c). This may result from 

the exchange between associated and bulk water, the involvement of protein internal 

motion on water dynamics, and so on. Our future studies will investigate these 

aspects further.  

 

 

Figure 6. Associated water structure modulation is a key that controls the stability of 

bromelain. Correlation of individual stability components (∆∆𝐻 and −𝑇∆∆𝑆) with (a) average 

solvation time, 𝜏𝑎𝑣𝑔, (b) the faster component of the solvation dynamics (𝜏𝑠1), (c) the slower 

component of solvation dynamics, 𝜏𝑠2, (d) weighted slower solvation time, 𝑎1𝜏𝑠1,  and (e) 

weighted faster solvation time, 𝑎2𝜏𝑠2. Broken lines are the linear fits. (f) Associated water 

dynamics modulation explains bromelain stability across Ficoll-70 concentrations. At initial 

concentrations of Ficoll-70, the associated water structure becomes more flexible, destabilizing 

bromelain through entropy, which is compensated by stabilizing enthalpy. Similarly, at higher 

Ficoll-70 concentrations, the associated water structure becomes more rigid, stabilizing 

bromelain through entropy with a concomitant enthalpic destabilization. 
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In section 2.2, we also showed that protein conformation remains consistent across 

Ficoll-70 concentrations, which eliminates any prominent role of structural 

alteration of protein in dictating its stability and solvation dynamics in the presence 

of Ficoll-70. Therefore, this result suggests that the water in the immediate vicinity 

of the protein (known as the protein hydration layer, PHL), becomes more flexible 

at initial concentrations of Ficoll-70, and that might play a key role in destabilizing 

bromelain at lower Ficoll-70 concentrations through entropy, which is compensated 

by stabilizing enthalpy. Basically, at lower Ficoll-70 concentrations the associated 

water around bromelain becomes more flexible, indicating a weaker hydrogen-bond 

network. In such cases, the water molecules gain higher degrees of freedom, and 

thus, the entropy is gained, leading to entropic destabilization. Concomitantly, the 

weaker hydrogen-bond network engenders a positive enthalpic change leading to 

enthalpic stabilization (recall energy expression from the equipartition principle and 

∆𝐻 = 𝑄𝑃 = (
𝑑𝐸

𝑑𝑇
)
𝑃
𝑑𝑇). Physically, weakening of the hydrogen-bonded network 

requires some energy, making 𝑄𝑃 positive and leading to enthalpic stabilization. 

Conversely, at higher Ficoll-70 concentrations, the associated water becomes more 

rigid, forming a tighter hydrogen-bond network. This rigidity stabilizes the system 

through entropic loss of the medium but leads to a negative enthalpic change, 

causing enthalpic destabilization. 

We have schematically represented this correlation between the modulation of 

entropic and enthalpic components of stability with the changes in associated water 

structure/dynamics for low and high concentrations of Ficoll-70 in Figure 6f. 

Overall, our results support the hypothesis demonstrating that associated water 

structure modulation explains bromelain stability across Ficoll-70 concentrations. 

Component analysis of solvation (which was not possible in our previous report 

because of the convergence problem) provides additional insights. This study also 

overcomes previous limitations by employing a concentration dependent approach 
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with bromelain, a small, single-domain protein. It provides clearer insights into 

solvation dynamics and protein stability, addressing the issues faced in our earlier 

research (see section 1.4). 

While there is a continuous exchange between bulk water and associated water, their 

modulation might not be similar to a given perturbation. For example, in this 

particular case, whereas the associated water dynamics around bromelain become 

more flexible with 100 gL−1 Ficoll-70, overall water dynamics become more rigid at 

this condition. This highlights the need to focus on associated water, not just the 

overall water dynamics, when explaining biological phenomena. Note that, at the 

same condition, the associated water around human serum albumin (HSA) becomes 

more rigid 49. unlike bromelain. Interestingly, HSA is stabilized by entropy and 

destabilized by enthalpy, which is the opposite of bromelain's response. This result 

points towards the generality of our proposal and could explain protein-specific 

effects. 

 

7.2.6. Modulation of the hydrolytic activity of bromelain with macromolecular 

crowding: We also investigated bromelain’s hydrolytic activity towards p-

nitrophenyl acetate (pNPA) (Figure 7a) in the presence of different Ficoll-70 

concentrations. We observed a gradual decrease in the overall activity with an 

increase in the Ficoll-70 concentration (Figure 7b). At lower Ficoll-70 

concentrations (up to 100 gL–1), the decrease in bromelain's activity was minimal. 

Despite significant measurement error, this trend aligns with previous studies, such 

as those by Pielak and Chowdhury group, which reported similar effects with other 

proteins with varying crowder concentrations 56,57,65. 

As mentioned earlier, understanding protein activity in the crowded milieu is 

difficult as it does not follow any specific trend 65. Reports suggest that protein 

activity can increase, decrease, or remain the same in the presence of 

macromolecular crowders 22,50,58,59,66,97,98. Factors e.g. excluded volume effect, 
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changes in the effective concentration of enzyme and substrate, decreased diffusion 

of the enzyme and the substrate, size and shape of crowder, crowder-substrate 

interactions, critical concentration of crowder, etc. can collectively influence the 

enzymatic activity making the situation more complex 22,50,58,59,62,66,97–99. However, 

we thought that recognition of the individual steps of the enzymatic reaction (as has 

been done in the case of stability) might provide additional insights. 

 

 

Figure 7. (a) Schematic representation of bromelain catalyzed para-nitrophenyl acetate 

(pNPA) hydrolysis, (b) Change in hydrolytic activity of bromelain with increasing Ficoll-70 

concentration. The solid line is the eye guide. 

 

7.2.7. Michaelis-Menten equation and determination of KM and Vmax to gain 

better insights: We applied the simplest and widely used Michaelis-Menten model 

to gain mechanistic insights into the enzymatic activity of bromelain in the presence 

of Ficoll-70 (see sections 4.10 and 4.11 for details) 60,69,71. According to this model, 

the inverse of the initial rate is written as 

 

1

𝑉0
=

𝐾𝑚

𝑉𝑚𝑎𝑥

1

[𝑆]
+

1

𝑉𝑚𝑎𝑥
         (7.4) 

 



Chapter-7   395 
 

where, 𝐾𝑚 =
𝐾−1+ 𝐾2

𝐾1
  and 𝑉𝑚𝑎𝑥 = 𝐾2[𝐸]0, where, [𝐸]0 and [𝑆] are the enzyme and 

substrate concentrations, respectively. A higher value of 𝐾𝑚 describes that the 

coming together of enzyme and substrate to form the enzyme-substrate complex is 

less favourable, leading to a loose binding. On the other hand, the maximum velocity 

(𝑉𝑚𝑎𝑥) achieved by the system or 𝐾2 (the turnover number) signifies the rate at which 

enzyme-substrate complex dissociates to form the product. 

We have estimated 𝑉0 from the time-dependent formation of the product monitored 

through the absorbance measurement for different substrate concentrations 

(Figure 8a). A plot of 
1

𝑉0
 vs. the inverse of substrate concentrations (

1

[𝑆]
), the 

Lineweaver-Burk plot produces a straight line (Figure 8b), suggesting the 

correctness of applying the Michaelis-Menten equation in the present case 

(Figure 8c). 𝐾𝑚 and 𝑉𝑚𝑎𝑥 are determined from the slope and intercept, respectively. 

An increase in the enzymatic reaction rate is generally associated with an increase 

in the 𝑉𝑚𝑎𝑥 and a decrease in the 𝐾𝑚 value 69. On the other hand, a decrease in 

enzymatic reaction rate is characterized by a decrease in the 𝑉𝑚𝑎𝑥 and an increase in 

the 𝐾𝑚 value 69,71.  

Figures 8d and 8e represent the variation in relative 𝑉𝑚𝑎𝑥 and 𝐾𝑚 with increasing 

Ficoll-70 concentration. It represents an interesting case. At higher concentrations 

of Ficoll-70, 𝑉𝑚𝑎𝑥 decreases and 𝐾𝑚 increases. However, at initial concentrations of 

Ficoll-70, 𝐾𝑚 increases, but 𝑉𝑚𝑎𝑥 also surprisingly increases. Similar trends were 

observed in a few previous reports as well, for example, Basso group reported that 

for reductase activity 𝑉𝑚𝑎𝑥 increases up to 100 gL–1 concentration of PEG 100.  
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Figure 8. Individual recognition of 𝐾𝑚 and 𝑉𝑚𝑎𝑥 in hydrolysis of pNPA catalysed by bromelain 

with and without Ficoll-70. (a) Change in the absorbance of the product (pNP) formed with 

time in the presence of bromelain in buffer at varying substrate (pNPA) concentrations. (b) 

Representative Lineweaver-Burk plot between the inverse of the initial reaction rate of 

bromelain in buffer and the inverse of substrate concentration where 𝑉𝑚𝑎𝑥 and 𝐾𝑀 can be 

calculated from the intercept and the slope of the linear fit. (c) Lineweaver-Burk plot in the 

presence of different Ficoll-70 concentrations. (d) Variation of relative 𝑉𝑚𝑎𝑥 with increasing 

Ficoll-70 concentration. (e) Variation of relative 𝐾𝑀 with increasing Ficoll-70 concentration. 

 

7.2.8. 𝑲𝑴 prominently depends on micro viscosity: 

The general scheme of Michaelis-Menten enzyme kinetics can be written as 

 

𝐸 + 𝑆 
𝑘−1
←   

   𝑘1
→   𝐸𝑆

𝑘2
→𝐸𝑆‡ → 𝐸 + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡      (7.5) 

 

The enzyme-substrate complex dissociation constant (𝐾𝑑) for a high value of 𝑘−1 is 

related to 𝐾𝑀 as 
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𝐾𝑑 =
𝑘−1

𝑘1
≈ 𝐾𝑀         (7.6) 

 

The corresponding free energy of the process is given by 

 

∆𝐺𝑀 = −𝑅𝑇𝑙𝑛
1

𝐾𝑑
 ≈ RT ln 𝐾𝑚       (7.7) 

 

∆𝐺𝑀 can be referred to as the “entrance channel” of the substrate in which the ES 

complex is formed 60,71. A negative value of ∆𝐺𝑀 (see Table 2 and Figure 9a) ensures 

the process is energetically favourable  60,71. With increasing Ficoll-70 concentration, 

the ∆𝐺𝑀 increases suggesting that enzyme-substrate complex formation becomes 

progressively less favourable with crowding, and concomitantly, the dissociation of 

the enzyme-substrate complex becomes more and more feasible. 

 

Table 2. Kinetics and energetics of bromelain catalyzed hydrolysis of pNPA at 

various concentrations of Ficoll-70. 

Ficoll-70 

(g/L) 

𝑲𝑴 

(µM) 

Relative 

𝑲𝑴 

∆𝑮𝑴  

(kcal mol-1) 

𝒌𝟐 (s-1) Relative 

𝒌𝟐 

∆𝑮‡ 

(kcal mol-1) 

0 5165 1.00 -3.11 0.057 1.00 19.15 

50 5948 1.15 -3.02 0.061 1.07 19.11 

100 8569 1.66 -2.81 0.082 1.43 18.94 

150 11791 2.28 -2.62 0.079 1.38 18.97 

200 13057 2.53 -2.56 0.056 0.98 19.17 

250 14222 2.75 -2.51 0.030 0.52 19.54 

275 16011 3.10 -2.44 0.022 0.38 19.72 
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Figure 9. 𝐾𝑀 and 𝑉𝑚𝑎𝑥 prominently depends on micro viscosity and associated water 

dynamics, respectively. (a) Schematic representation of free energy changes during bromelain 

catalysed hydrolysis of para-nitrophenyl acetate (pNPA) in the absence and presence of Ficoll-

70 derived from Michaelis–Menten model. (b) Correlation of 𝐾𝑀 with the bulk and micro-

viscosity of the solution. (c) Correlation of 𝑉𝑚𝑎𝑥 with faster time component of solvation 

dynamics. (d) Relation of activity, 𝐾𝑀, 𝑉𝑚𝑎𝑥 with microviscosity and associated water 

dynamics. 

 

Various factors can alter 𝐾𝑚. The two most important factors in the present case 

could be excluded volume effect and increased viscosity with crowding. If the role 

of excluded volume is prominent, then with increasing crowding, the enzyme-

substrate complex formation would be more energetically favourable. Earlier, Pal 

and co-workers observed similar observations in the case of enzymatic reaction of 

chymotrypsin in the presence of a PEG as a macromolecular crowder 71. However, 

in the present case, we see exactly the opposite effect, i.e. an increasing trend of 𝐾𝑚 

with increasing Ficoll-70 concentration. 
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Figure 10. (a) Normalized intensity autocorrelation function of rhodamine 6G (R6G) dye at 

various Ficoll-70 concentrations, (b) diffusion time of R6G dye with the concentration of 

Ficoll-70, and (c) Bulk and microviscosity of the Ficoll-70 concentrations where activity is 

measured. 

 

We have measured the microviscosity of the crowder solution employing 

fluorescence correlation spectroscopy and found an expected trend of increasing 

viscosity with an increase in the Ficoll-70 concentration. Briefly, we measured the 

diffusion time of a standard fluorophore (rhodamine 6G in the present study) in 

buffer and in different concentrations of Ficoll-70 employing FCS. According to the 

Stokes-Einstein equation 101, diffusion coefficient, 𝐷𝑡 =
𝑘𝐵𝑇

6𝜋𝜂𝑟
; where 𝑘𝐵 is the 

Boltzmann constant, 𝜂 is the viscosity, 𝑟 is the spherical radius of the probe 

molecule. The diffusion coefficients can be related to the inverse of the diffusion 

times (𝜏𝐷) as 𝐷𝑡  ∝  1/𝜏𝐷. This means, 𝜏𝐷 ∝  𝜂. Thus, the ratio of diffusion time in 

any solution in which viscosity is to be measured and a solution media of known 

viscosity (in this case, water) can give the viscosity of the unknown solution 102. 

 

𝜏𝐷,𝐹𝑖𝑐𝑜𝑙𝑙−70

𝜏𝐷,𝑤𝑎𝑡𝑒𝑟
=

𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝐹𝑖𝑐𝑜𝑙𝑙−70

𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
       (7.8) 

 

The increased viscosity due to Ficoll-70 (see Figure 10) might slow down the ES 

complex formation, leading to an increase in 𝐾𝑚. Therefore, there might be a 
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correlation between 𝐾𝑚 and viscosity. We have also measured the bulk viscosity 

using a viscometer. A plot of relative 𝐾𝑚 vs. bulk viscosity (Figure 9b) indicates a 

hint of correlation but is not very strong (adjusted R2 ~ 0.86). This might be because 

solute diffusion in crowded media does not generally follow bulk viscosity 103–105. 

The length scale of translational diffusion (through which bromelain and pNPA 

should come together) occurs in the micrometer (µm) range 106. Fluorescence 

correlation spectroscopy measures the diffusion dynamics of a fluorophore in the 

µm length scale 85,107–109, and therefore, we used FCS to measure the microviscosity 

(i.e., viscosity at micrometer length scale) and plotted it against 𝐾𝑚 (Figure 9b). All 

the related raw data are provided in Figure 10. To our delight, we observe a stronger 

correlation (adjusted R2~0.95) between microviscosity and 𝐾𝑚. This result signifies 

that enzyme-substrate complex formation definitely has some dependency on the 

solution microviscosity (see Figure 9d). However, a direct correlation of the micro-

viscosity of the solution to a bulk thermodynamic property, 𝐾𝑚, at this point is not 

totally explainable and might be a little far-fetched. Future studies with different 

systems might give better insights. 

 

7.2.9. 𝑽𝒎𝒂𝒙 prominently depends on the associated water dynamics: 

As discussed in the previous sections, the associated water structure of the protein 

becomes more flexible (manifested through faster solvation dynamics) in the same 

concentration range where 𝑉𝑚𝑎𝑥 increases. Thus, it may be speculated that the 

associated water structure of protein might play a significant role in controlling the 

rate of product formation from the enzyme-substrate complex. Figure 9c illustrates 

the correlation between the change in the faster time component of solvation and 

𝑉𝑚𝑎𝑥 (adjusted R2~0.92).  

To understand the physical basis of this correlation, we need to understand what 

𝑉𝑚𝑎𝑥 basically signifies. Maximum velocity (𝑉𝑚𝑎𝑥) is related to the rate constant of 
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the reaction in which the intermediate complex (ES) reaches the transition state 

(𝐸𝑆‡) at the expense of free energy ∆𝐺‡ and then eventually forms the product 

(equation 5) 60,71. From the transition state theory, ∆𝐺‡ can be written as 

 

∆𝐺‡ = −𝑅𝑇 𝑙𝑛 (
ℎ

𝐾𝐵𝑇
𝐾2)        (7.9) 

 

Here, ∆𝐺‡ refers to the exit channel in which the product is formed by dissociating 

the enzyme-substrate complex  60,71. ∆𝐺‡ is positive. Its value decreases up to 100 

gL–1 Ficoll-70 and increases thereafter (see Table 2 and Figure 9a), suggesting that 

Ficoll-70 facilitates the exit channel at lower Ficoll-70 concentrations but restricts 

the same at higher Ficoll-70 concentrations. We propose that the higher flexibility 

of associated water at lower Ficoll-70 concentrations makes the exit channel 

favourable at lower Ficolll-70 concentrations, whereas, at higher Ficoll-70 

concentrations, the greater rigidity of associated water hinders such exit (Figure 9d). 

 

7.3. Summary and Conclusions: 

In this article, we examined the effect of macromolecular crowding on the stability 

and activity of enzyme with a focus on how these depend on associated water 

dynamics. Traditional crowding theory attributes protein stability as an interplay 

between stabilising entropic effects (excluded volume) and stabilising or 

destabilising enthalpic interactions. However, it fails to explain observations like 

destabilising entropic contribution and entropy-enthalpy compensation. Recently, 

we proposed that water structure modulation might play a crucial role in dictating 

protein stability in a crowded environment, which also explains these anomalies. 

However, our proposal needed generalization. In this article, we addressed the issues 

and deciphered that the role of associated water dynamics on bromelain’s stability 
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and activity in presence of Ficoll-70. Surprisingly, up to 100 gL–1 of the Ficoll-70, 

the associated water becomes flexible, and then it increasingly rigidifies. 

Recognizing individual entropic and enthalpic components of thermal stabilization, 

we found low Ficoll-70 concentrations cause entropic destabilization and enthalpic 

stabilization, while higher concentrations have the opposite effect. Overall, we 

proposed that rigid associated water stabilizes bromelain via entropy and destabilizes 

via enthalpy, while flexible associated water has the opposite effect (Scheme 3). In 

the process, we addressed previous shortcomings with a systematic concentration-

dependent study using a single-domain protein, bromelain, and component analysis 

of solvation dynamics. 

More importantly, here, we provide mechanistic insight into the disputed topic of 

enzymatic activity in crowded media. Unlike other properties, protein activity does 

not follow a general trend in crowded environments, as the protein function often 

involves multiple steps and various factors collectively influence them. We observed 

that the hydrolytic activity of bromelain remains constant at low Ficoll-70 

concentrations but decreases as concentration increases. For further insight, we 

analysed the activity using the Michaelis-Menten model and determined the 

maximum velocity (𝑉𝑚𝑎𝑥) achieved by the system and Michalis-Menten coefficient 

(𝐾𝑀). Results indicate that with an increase in the Ficoll-70 concentration, the 

Michalis-Menten coefficient increases, hindering the formation of the enzyme-

substrate complex. This contradicts the traditional crowding theory, which predicts 

easier formation due to reduced volume. Our results suggest that the micro-viscosity, 

and not the bulk viscosity, dictates the process of enzyme-substrate complex 

formation (Scheme 2). Additionally, 𝑉𝑚𝑎𝑥 increases up to 100 gL–1 Ficoll-70 and 

then decreases. Interestingly, this trend aligns with associated water dynamics, 

resulted in a strong correlation between 𝑉𝑚𝑎𝑥 and associated water dynamics. We 

proposed that flexible associated water dynamics at low Ficoll-70 concentration 

favour the rate of product formation from the enzyme-substrate complex, while the 
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rigid associated water dynamics at high Ficoll-70 concentration impede the same 

(Scheme 2).  

Overall, our study highlights the critical role of water in dictating protein stability 

and activity in a crowded environment, which is often overlooked. For protein 

stability in crowded milieu, our work can explain observations where traditional 

crowding theory falls short. We should consider the modulation of associated water 

structure, where rigid water stabilizes protein by entropy and destabilizes it through 

enthalpy, and flexible water has the opposite effect. For protein activity in crowded 

media, there was only a little understanding. Our study bridged this gap through 

conclusions like microviscosity of the medium controls enzyme-substrate complex 

formation, and flexible water dynamics favour product formation, whereas rigid 

water dynamics impede it.  

This report enhances our understanding of protein behaviour in crowded 

environments, offering a novel perspective on the relationship between protein 

stability, activity, and associated water dynamics. While further research is needed 

to generalize the mechanism, this study provides a foundation for exploring how 

water dynamics influence protein function, potentially sparking extensive future 

research in this area. 

 

 

Scheme 2. The critical role of water beyond protein and macromolecular crowders to explain 

protein stability and activity in a crowded milieu. In the case of protein stability, one should 

consider the modulation of associated water structure, where rigid water stabilizes protein by 

entropy and destabilizes through enthalpy, whereas the flexible water has the opposite effect. 

Micro-viscosity of the medium controls the formation of enzyme-substrate complex, however, 
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the modulation of associated water controls the product formation from the enzyme-substrate 

complex, where flexibility of associated water favours the process. 
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8.1. Summary of Chapter 3:  

In this chapter we have measured the spatial and dynamic heterogeneity of a novel 

non-ionic DES, 0.5Ac/0.3Ur/0.2Sor DES, using a range of spectroscopic techniques. 

Additionally, we have compared the heterogeneity of our DES with the already 

reported acetamide based non-ionic DESs. The key observations from this study are 

outlined below. 

 

Principal observations and insights of this chapter 

i) Although deep eutectic solvents (DESs) are widely recognized for their 

inherent spatial and dynamic heterogeneity, most existing studies have 

primarily focused on ionic DESs. This is largely due to the ease of their 

formation, driven by strong ionic interactions between constituent 

molecules. However, from an application standpoint, non-ionic DESs are 

particularly valuable, especially due to their enhanced ability to solubilize 

hydrophobic compounds, making them highly relevant in areas such as drug 

delivery, extraction, and sustainable chemistry. Among these, the acetamide–

urea system is one of the most extensively studied non-ionic DESs; however, 

its lack of liquidity at room temperature limits broader applicability. 

Interestingly, the addition of sorbitol to the acetamide–urea mixture results 

in a ternary DES (0.5Ac/0.3Ur/0.2Sor DES) that remains liquid even at 

temperatures as low as 280 K, significantly enhancing its usability. In this 

chapter, I examine this novel sorbitol-based ternary DES, synthesized by our 

group, and investigate its spatial and dynamic heterogeneity using a 

combination of spectroscopic techniques. 

 

ii) To probe the structural characteristics of the ternary DES system 

(0.5Ac/0.3Ur/0.2Sor), we employed a comprehensive set of spectroscopic 

techniques, including red-edge excitation shift (REES), solvation dynamics, 
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rotational relaxation, dielectric relaxation, and single-molecule fluorescence 

correlation spectroscopy (FCS). Our findings reveal clear evidence of both 

spatial and dynamic heterogeneity within this system. Notably, the 

significant shift in the excitation wavelength-dependent emission maxima of 

the solvatochromic dye Coumarin 153 (C153) highlights pronounced spatial 

heterogeneity in the local microenvironments of the DES. 

 

iii) The fractional viscosity decoupling of average solvation time (p ≈ 0.4) 

indicates pronounced dynamic heterogeneity in the nanometer length and 

picosecond–nanosecond timescale of solvation dynamics. Dielectric 

relaxation (DR) measurements probing the medium’s inherent dynamics 

similarly show substantial decoupling (p ≈ 0.41). The average rotational time 

of the probe, reflecting anisotropy on the nanometer and nanosecond scale, 

also exhibits viscosity decoupling (p ≈ 0.6), suggesting a definite but 

comparatively weaker dynamic heterogeneity. In contrast, translational 

dynamics measured by single-molecule FCS, operating at micrometer length 

and microsecond–millisecond timescales—revealed the strongest viscosity 

decoupling (p ≈ 0.3), indicating pronounced heterogeneity at larger 

spatiotemporal scales. Collectively, these findings highlight that the 

observed dynamic heterogeneity is strongly dependent on both the length 

and timescale of the measurement technique. 

 

iv) I have also compared the extent of heterogeneity across three acetamide-

based non-ionic DESs: acetamide–urea (0.66Ac/0.33Ur), acetamide–urea–

PEG (0.55Ac/0.36Ur/0.09PEG), and acetamide–urea–sorbitol 

(0.5Ac/0.3Ur/0.2Sor). Among these, the sorbitol-based DES exhibited the 

highest degree of decoupling in all dynamic measurements, followed by the 

PEG-containing system, while the binary acetamide–urea DES showed the 

least. These findings suggest an additive induced heterogeneity as both 

sorbitol (a solid additive) and PEG-300 (a liquid additive) enhance dynamic 
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heterogeneity in the Ac/Ur matrix. However, the effect is significantly more 

pronounced with sorbitol, highlighting its stronger influence on the 

structural and dynamic complexity of the system. 

 

v) Although dynamic heterogeneity has long been observed in ionic liquids and 

DESs, its relevance to biocatalysis and reaction mechanisms remains 

underexplored. When an enzyme exhibits activity, it typically relies on the 

diffusion of large biomolecules, a process expected to be significantly 

hindered by the high viscosity of DESs. However, our findings suggest 

otherwise. The lowest viscosity coupling parameter (p ≈ 0.33) for 

translational motion indicates that solutes experience much reduced 

resistance, implying that medium viscosity may not hinder diffusion as 

expected. To probe deeper, we analyzed solvation dynamics by separating 

fast and slow components. The shorter time component, which is attributed 

to the immediate solvation shell, shows strong viscosity decoupling (p ≈ 

0.16), suggesting this local environment remains intact even in viscous DES. 

This may explain why DESs, despite their high viscosity, can still support 

efficient biocatalysis: they preserve the enzyme’s microenvironment while 

modulating bulk physical properties, thereby maintaining both stability and 

activity. 

 

Limitations and future directions 

i) While our study demonstrates that additive-induced heterogeneity is more 

pronounced with the inclusion of a solid component (sorbitol) compared to 

a liquid additive (PEG 300), literature reports suggest that liquid additives 

can also lead to greater decoupling. Therefore, such conclusions should not 

be generalized based on limited data. More comprehensive research is 

needed to systematically explore additive-induced heterogeneity, especially 
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since incorporating water or other solvents into a DES is a common practice 

in the field. 

 

ii) This study reveals a length- and timescale-dependent heterogeneity, 

consistent with observations in other DESs and ionic liquids. However, the 

underlying origins of this behavior remain poorly understood, highlighting 

the need for more extensive and systematic investigations. 

 

iii) The component-wise analysis of solvation dynamics and the observed 

viscosity decoupling across all dynamic measurements suggest a possible 

explanation for the remarkable stability and activity of proteins in viscous 

DES. However, to validate this hypothesis, studies involving real enzymes 

are essential. Future research incorporating actual biocatalysts may offer 

deeper insights into the molecular basis of this phenomenon. 

 

8.2. Summary of Chapter 4:  

In this chapter, I have investigated solvation dynamics, conformational fluctuation 

dynamics, and stability of human serum albumin (HSA) in hydrated 

0.5Ac/0.3Ur/0.2Sor DES of varying concentrations to understand the intricacy of 

protein behaviour in DES. The main findings of this study are summarized below. 

 

Principal observations and insights of this chapter 

i) In our previous work, viscosity decoupling and solvation dynamics analysis 

indicated an unperturbed solvent environment around the probe. This is 

particularly relevant for proteins, where the integrity of the immediate 

solvent environment (known as biological water) is crucial for stability and 

function. Despite significant changes in bulk properties like viscosity and 
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polarity upon DES addition, the local solvation environment appears largely 

unaffected. In this chapter, solvation dynamics around domain I of HSA 

slowed only marginally, even with an ~83-fold increase in viscosity at 90% 

0.5Ac/0.3Ur/0.2Sor DES, supporting this observation. 

 

ii) The fast hundreds of picosecond solvation component arises from coupled 

motion between water molecules near the protein surface known as 

associated/ biological water, and side chain motion, while the slower 

component reflects protein-side chain motions and polar residue dynamics. 

In this study with HSA, the fast component remains unchanged despite 

increasing DES concentration. Moreover, its near-zero slope in a log-log plot 

against viscosity confirms viscosity independence, indicating that water 

dynamics in the immediate solvation shell remain intact even up to 70% 

(v/v) DES. This suggests the protein experiences an aqueous-like 

environment, which may explain the preserved stability and activity of 

enzymes in DESs, offering important implications for biocatalysis. 

 

iii) Using transient absorption spectroscopy, we measured solvation dynamics 

of the hydrated DES media in the absence of protein and found that the 

average solvation time closely follows medium viscosity, unlike the case 

with protein. This contrast highlights the unique, tunable nature of DES 

environments. 

 

iv) This chapter also addresses the debated question of whether the DES 

network is preserved in hydrated systems. By measuring micro viscosity 

using FCS, we compared hydrated DES with a simple aqueous mixture of 

its components at identical concentrations. From 30% (v/v) DES onward, 

distinct differences in micro viscosity emerge, indicating above this 

threshold, a DES network is retained which cannot be achieved just by 

mixing the constituents in water. 
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v) Although the component mixture and hydrated DES differ in micro 

viscosity, the solvation dynamics of HSA domain I show similar behaviour 

in both, highlighting the critical role of associated water in preserving 

protein behaviour regardless of the additive. 

 

vi) An important but underexplored aspect in DES research is the microsecond-

scale conformational fluctuation dynamics that governs protein activity. In 

this study, domain I of HSA shows unperturbed fluctuations up to ~30% 

DES, beyond which the dynamics gradually slow, likely due to increased 

viscosity and a corresponding rise in protein size. 

 

vii) The thermal stability of HSA decreases with increasing DES concentration, 

with a more pronounced effect in the component solution than in the 

corresponding hydrated DES. This suggests that the structured network of 

DES may offer some protection against thermal stress. 

 

Limitations and future directions 

i) Despite observing an unperturbed immediate solvent environment, this 

study found a gradual decrease in the thermal stability of HSA with 

increasing DES concentration. This may be attributed to slight 

conformational changes or partial unfolding of the protein at higher DES 

levels (above 30% v/v). However, this interpretation remains speculative. 

Future studies should focus on systems where protein conformation remains 

unchanged upon DES addition, allowing for more definitive conclusions. 

 

ii) Although the preservation of associated water around the protein in DES was 

clearly demonstrated in this study, the implication of this observation in 
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protein behaviour has not been observed. A proper mechanism where how 

the modulation of this associated water will influence the protein stability in 

the presence of DES is required. 

 

iii) Protein function is one of the most important parameters that has been 

affected by DES or hydrated DES. However, this study does not address that 

aspect. Future work should aim to uncover the mechanistic basis of how 

DESs modulate protein function, providing a more comprehensive view of 

their utility in biocatalysis. 

 

8.3. Summary of Chapter 5: 

In this chapter, I have tried to address the limitations of the previous chapter. Herein, 

using bromelain as the model enzyme and hydrated 0.5Ac/0.3Ur/0.2Sor as the model 

DES, we provide experimental evidence that modulation of associated water plays a 

key role in dictating protein stability and activity in hydrated DES. The major 

conclusions drawn from this chapter are listed below. 

 

Principal observations and insights of this chapter 

i) Using femtosecond fluorescence up conversion (TDFSS technique) this 

study reveals, in hydrated 0.5Ac/0.3Ur/0.2Sor DES, associated water around 

bromelain becomes more flexible at lower DES concentrations (≤30% v/v) 

and rigidifies at higher concentrations (>40% v/v), highlighting a non-

monotonic modulation. 

 

ii) Contrary to previous literature, bromelain stability decreased at higher DES 

concentrations despite the rigidity of associated water, challenging the 

assumption that rigid hydration always enhances stability. This suggests a 
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need to re-evaluate stability in terms of entropic and enthalpic contributions 

rather than overall stability. 

 

iii) The rigid associated water at higher DES concentrations (beyond 40% v/v) 

stabilizes bromelain through entropy but destabilizes it through enthalpy. On 

the other hand, flexible associated water dynamics at lower DES 

concentrations result in an opposite thermodynamic outcome. The work 

suggests a plausible mechanism of enthalpy–entropy compensation through 

DES-induced changes in associated water dynamics. 

 

iv) No correlation was found between bromelain behaviour and bulk water 

solvation dynamics, affirming the dominant influence of the water near the 

protein surface (associated water). 

 

v) This is the first study to experimentally correlate associated water dynamics 

with both protein stability and proteolytic activity in a DES environment. 

Bromelain activity increases in flexible hydration environments (low DES) 

and decreases with retarded hydration (high DES), reinforcing the role of 

associated water in facilitating enzymatic function. 

 

vi) The effects of DESs or any additives on protein stability and activity are 

highly specific to both the protein and the additive. The same DES may 

stabilize one enzyme while destabilizing another, and different DESs can 

have varying impacts on the same protein. However, since our hypothesis 

centres on the role of associated water, which is the water that are directly 

interacting with the enzyme surface, it offers a unifying framework to 

explain these protein- and DES-specific behaviours. 
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Limitations and future directions 

i) The findings are based on a single enzyme (bromelain) in a single hydrated 

DES. Broader studies across diverse protein and various DESs are required 

for generalizing our hypothesis. Future works should focus on this. 

 

ii) While correlations between hydration dynamics and protein function are 

shown, the poorer correlation for activity suggests additional factors are at 

play. Also, the precise mechanism by which associated water influences 

catalysis remains speculative. More comprehensive kinetic studies like 

Michaelis-Menten analysis and controlled hydration environments may 

clarify this. 

 

iii) Although from the modulation of associated water dynamics, we are 

suggesting the modulation of the hydrogen bonding network of the enzyme, 

this is an indirect measurement. The hypothesis on hydrogen-bond network 

alteration remains unquantified. Methods like FTIR, 2D-IR, or 

computational hydrogen-bond analysis could offer more direct evidence. 

 

8.4. Summary of Chapter 6: 

In the previous two chapters, I examined HSA and the enzyme bromelain in the same 

hydrated DES system, 0.5Ac/0.3Ur/0.2Sor DES. As we stated, our hypothesis lacks 

from a generalization with different DESs. To address this, the current chapter 

explores two of the most widely studied DESs, choline chloride–glycerol (1:2) and 

choline chloride–ethylene glycol (1:2), using HSA as the model protein. By 

employing red edge excitation shift (REES), which captures the excitation-

dependent shift in emission maxima, we investigated the solvation dynamics around 

the protein and correlated them with its stability in these distinct DES environments. 

The main findings of this study are summarized below. 
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Principal observations and insights of this chapter 

i) Both the DESs, ChCl-glycerol and ChCl-ethylene glycol stabilizes the 

protein up to 50% (v/v) DES. However, at higher DES concentrations (75% 

v/v), ChCl-EG shows some detrimental effects whereas ChCl-Gly continues 

to stabilize the protein. 

 

ii) REES results reveal that Domain-I of HSA experiences progressive 

solvation retardation (positive 𝛥𝑅𝐸𝐸𝑆 with respect to buffer), while 

Domain-III shows a non-monotonic trend—initial hydration flexibility 

(negative 𝛥𝑅𝐸𝐸𝑆 with respect to buffer) followed by rigidification at higher 

DES concentrations. 

 

iii) Recognition of individual entropy-enthalpy of thermal unfolding shows 

clear entropy–enthalpy compensation.  The correlation between solvation 

dynamics and stability was strong in Domain-III but absent in Domain-I 

when only global unfolding data was considered. This highlights the need 

for domain-specific analysis in multidomain proteins. 

 

iv) The modulation of solvation dynamics correlates well with the entropic and 

enthalpic components of domainwise thermal unfolding. The study finds that 

hydration flexibility around Domain-III (reflected in negative ΔREES) leads 

to enthalpic stabilization and entropic destabilization, while rigid hydration 

(positive ΔREES) around Domain-I produces the opposite thermodynamic 

trend reinforcing the mechanistic role of surrounding water in protein 

unfolding. 

 

v) Even within the same protein, hydration dynamics and their thermodynamic 

consequences vary by domain. This finding is significant for understanding 
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enzyme behaviour in DES media, especially in proteins with multiple 

functional or folding domains. 

 

vi) This chapter also reinforces the simple fluorescence-based REES as a 

sensitive, low-sample, site-specific approach to map hydration shell 

dynamics around proteins. 

 

vii) Most importantly, this chapter extends the hypothesis from Chapter 5 (on 

bromelain in Ac/Ur/Sor DES) by confirming that hydration shell dynamics 

modulate protein stability across different proteins and DES systems, 

establishing this principle as potentially generalizable. 

 

viii) Unlike in other chapters, structural analyses using CD and FCS confirm that 

HSA retains its native conformation in both ChCl-EG and ChCl-Gly DESs. 

This reinforces our conclusion that thermal stability changes are primarily 

driven by alterations in hydration dynamics. 

 

 

Limitations and future directions 

Although this chapter generalizes the hypothesis of associated water modulation in 

controlling protein behaviour in DESs and covers the limitations of the previous 

chapters to a certain extent, some limitations still exist.  

i) Both ChCl-glycerol and ChCl-ethylene glycol DESs primarily stabilize the 

protein. Including a DES with contrasting, destabilizing behavior would 

serve as a valuable negative control to further validate the hydration-based 

stabilization mechanism. 

 

ii) Although hydration shell dynamics are inferred and correlated with stability, 

they were assessed indirectly through REES. Direct measurement of 
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solvation timescales using time-resolved techniques such as TDFSS could 

offer deeper mechanistic insight and strengthen the conclusions. 

 

iii) This chapter centres on protein stability. However, incorporating enzymatic 

activity would reveal whether hydration dynamics similarly influence 

function in ChCl-based DESs. 

 

iv) Furthermore, while this chapter suggests higher thermal stabilization of HSA 

with the greater number of hydroxyl groups in glycerol versus ethylene 

glycol, the precise origin of this effect remains to be definitively proven. 

This could be elegantly achieved by designing experiments that compare 

DESs with the same effective number of hydroxyl groups but different 

constituents, such as 1:2 choline chloride:glycerol and 1:3 choline 

chloride:ethylene glycol. Such a study would provide more definitive, 

molecular-level insight into how HBD-HBA stoichiometry truly governs the 

protein's microenvironment and stability. 

 

v) While hydration dynamics are highlighted, specific interactions between 

DES constituents and protein amino acid residues are not probed. MD 

simulations or other experimental studies could clarify these interactions. 

 

vi) The study infers hydration behaviour from dynamic measurements but does 

not directly visualize hydrogen bonding networks. Future work 

incorporating computational simulations, vibrational spectroscopy, 

advanced NMR (NOESY, HOESY), and/or small-angle neutron scattering 

techniques might provide structural perturbations of hydration shells in the 

presence of DESs. 
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8.5. Summary of Chapter 7: 

To further generalize the hypothesis that associated water modulation governs 

protein stability and activity, this chapter explores a biologically relevant system 

using macromolecular crowding. Crowding mimics the intracellular environment, 

making this study not only a conceptual extension but also biologically meaningful. 

Here, bromelain and Ficoll-70 (MW ~70,000 Da) were used as the model enzyme 

and crowder, respectively. Enzyme stability and activity were assessed across 

varying concentrations of Ficoll-70, while associated water dynamics near the active 

site were measured using time-dependent fluorescence Stokes shift (TDFSS) and 

correlated with both functional and structural parameters. 

 

Principal observations and insights of this chapter 

i) The solvation time around bromelain first decreases (indicating more 

flexible water) with increasing Ficoll-70 up to ~100 g/L, then increases again 

(indicating rigidification) with increasing crowder concentrations. 

 

ii) The melting temperature of bromelain remains nearly constant, but a 

decomposition into enthalpic and entropic components reveals that at low 

Ficoll-70 concentrations, stabilization is enthalpic and destabilization is 

entropic, while at high concentrations, the trend reverses. This entropy–

enthalpy compensation cannot be explained by classical crowding theory. 

 

iii) The faster solvation time (ps scale), attributed to associated water dynamics, 

correlates strongly with both enthalpy and entropy changes reinforcing the 

mechanistic link between water structure and stability. Consistent with the 

previous chapters, this study reinforces the conclusion of our previous study, 

i.e., rigid-associated water stabilizes proteins via entropy and destabilizes 

them via enthalpy, while flexible water has the opposite effect. 
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iv) This chapter addresses two key observations, namely, negative entropic 

contributions and entropy–enthalpy compensation in the presence of 

crowders through the lens of associated water dynamics. These phenomena 

cannot be fully explained by classical crowding theories based on excluded 

volume and interaction effects, reinforces the need to consider hydration 

shell modulation. Moreover, CD spectroscopy confirms that bromelain’s 

secondary structure is preserved across the full range of Ficoll-70 

concentrations, indicating observed changes arise from hydration dynamics, 

not conformational shifts. 

 

v) This chapter also provides mechanistic insights into one of the 

underexplored phenomena of protein activity in crowded milieu. By 

distinguishing the steps of enzyme catalysis through Michaelis-Menten 

analysis and correlating them with microviscosity and associated water, the 

study offers rare mechanistic clarity on why enzymatic activity varies so 

unpredictably in crowded media.  

 

vi) Michaelis-Menten analysis of bromelain activity reveals that the increasing 

Ficoll-70 concentration leads to an increase in 𝐾𝑀, indicating hindered 

enzyme-substrate complex formation which is more closely correlated with 

micro viscosity measured via FCS than the bulk viscosity. Another 

parameter from the analysis is 𝑉𝑚𝑎𝑥, which shows a non-monotonic 

modulation with crowder concentration. 𝑉𝑚𝑎𝑥 increases at low Ficoll-70 

concentrations (where associated water is more flexible) and decreases at 

high concentrations (where associated water becomes rigid), suggesting that 

flexible associated water facilitates the catalytic step of product release. 

 

vii) Most importantly, this chapter validates that regardless of additive type 

(synthetic crowders or DESs), protein stability and function is critically 
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modulated by the flexibility or rigidity of the hydration shell, and this effect 

can explain both the protein and additive specific effect. 

 

Limitations and future directions 

Although this chapter addresses several limitations of the previous ones and helps 

generalize the hypothesis, certain constraints still remain and can be resolved 

through future investigations. 

 

i) Although this study itself is a generalization of the proposal but still some 

scopes left unattended. The study focuses on one protein (bromelain) and 

one synthetic crowder (Ficoll-70). Generalizing the findings requires testing 

with multiple proteins and different crowder types (e.g., PEG, proteins, 

polysaccharides). 

 

ii) The strong correlation between microviscosity and 𝐾𝑀, and between 

hydration flexibility and 𝑉𝑚𝑎𝑥, is well-documented here, but the mechanistic 

link, especially how viscosity and local water dynamics affects the protein 

needs further theoretical exploration. Systematic studies by keeping one 

parameters constant (viscosity or dynamics) at each time could provide 

meaningful insights. 

 

iii) While solvation dynamics are measured with TDFSS, the structural changes 

in the hydration shell (e.g., hydrogen bond networks) are inferred, not 

directly visualized. Future studies using neutron scattering or ultrafast IR 

techniques could provide higher-resolution insights. MD simulations could 

strengthen the proposed mechanism by visualizing the hydration shell under 

varying crowding conditions. Integrating computational results would 

provide molecular-level confirmation of experimental findings. 
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Through the collective insights presented in Chapters 3 to 7, this thesis advances a 

unified understanding of how associated water dynamics, rather than bulk solvent 

properties or conformational changes, critically govern protein stability and activity 

in complex environments like deep eutectic solvents (DESs) and crowded media. 

Beginning with the characterization of a novel non-ionic DES, we established that 

dynamic heterogeneity, especially at the nanoscale, is intrinsic to DES systems and 

can preserve local environments conducive to protein function. Building on this, the 

role of associated water was elucidated in both DESs and macromolecular crowders, 

revealing consistent entropy–enthalpy compensation and hydration modulation as 

fundamental determinants of protein behavior. Importantly, these findings were 

shown to transcend specific systems—validated in different DES types, with two 

different proteins, and in biologically relevant crowded conditions. Despite these 

advances, the complexity of hydration shell dynamics still presents open questions. 

A key limitation of this work is that it provides an indirect, dynamic picture of the 

solvation shell; therefore, a top priority for future work must be to obtain a direct, 

molecular-level visualization of its composition. Future studies integrating advanced 

structural techniques, such as NOESY NMR, SANS, with molecular dynamics (MD) 

simulations will be instrumental in refining this framework by explicitly quantifying 

the relative abundance of water versus DES components at the protein interface. 

Ultimately, this work lays the groundwork for rational design of DESs and 

biomimetic environments tailored for protein stabilization and biocatalysis. 
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