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Site-specific water dynamics drives protein 
stability in hydrated deep eutectic solvents
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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 en

vironments 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 labeling and red-edge excitation shift measurement, alongside circular dichroism 

spectroscopy, we reveal that modulation of associated water dynamics distinctly alters the entropic and enthalpic contributions 

to the protein stability. Flexible associated water enhances enthalpic stabilization but promotes entropic destabilization, whereas 

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 multidomain 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.

INTRODUCTION

Biocatalysis and deep eutectic solvents

Two key strategies for efficient biocatalysis involve either suit

able 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 (2–4), was 

recognized with the 2018 Nobel Prize in chemistry. On the 

other hand, ionic liquids (ILs) and deep eutectic solvents 

(DESs), owing to their versatile characteristics, have recently 

been found to keep enzymes stable and active therein (5–10). 

Among these two, DES has certain edges over ILs regarding 

easy, cost-effective, and atom-economical synthesis 

(9,11,12). Because of all these superior qualities, there has 

been an upsurge in studies exploring enzymatic behavior in 

DES and hydrated DES in recent times (6,13–19). However, 

most reports focus on enzyme stability and activity in DESs 

without investigating the underlying reasons for enzyme stabi

lization in these unconventional media.

Theories of enzyme stability in DES

Enzyme stability in DES is often attributed to the network-like 

structure of DESs, which is primarily formed through exten

sive hydrogen bonding (15,20,21). Such a structure creates a 

protective environment that sustains enzyme stability and ac

tivity (20,22–24). Additionally, the high viscosity of DESs 

may restrict enzymes’ conformational flexibility, preserving 

their structural integrity (25–27). Specific hydrogen bonding 

and ionic interactions between DES components and amino 

acid residues of an enzyme further influence enzyme confor

mation and stability (15,20,21). Recently, Fernandez et al. re

ported that bovine serum albumin and lysozyme can adopt 

compact globular folds, intermediate states, or unfolded 
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chains depending on the chemical composition of the DES 

(28). 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 (29,30).

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 α-chymotrypsin show higher 

thermal stability in ChCl-urea DES; yet, lysozyme is desta

bilized in the same DES (22,31–33). Moreover, in ChCl- 

urea DES, α-chymotrypsin stabilizes up to 0.25 g⋅mL− 1; 

but its thermal stability decreases at higher DES concentra

tions (34). Cytochrome C, studied by Papadopoulou et al., 

exhibits a concentration-dependent activity reversal in 

several DES, including in ChCl-EG, ChCl-Gly, and ChCl- 

urea DESs (35). Our group has also reported DES concen

tration-dependent thermal stability and activity of the 

enzymes (30,36,37). These observations challenge tradi

tional 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 with anhydrous 

DESs (15,31,38–40). Multiple studies have shown that even 

minimal amounts of water can restore enzyme functionality 

that is otherwise absent in anhydrous DESs (39–41). In fact, 

several reports further highlight that an optimal level of water 

is crucial for enhancing enzyme function within DESs 

(19,42,43). Very recently, Fernandez et al. demonstrated that 

water modulates enzyme behavior in a nonmonotonic fashion, 

with optimal hydration levels favoring specific conformations 

(44). Collectively, these findings emphasize the critical role of 

water in regulating enzyme behavior in hydrated DES media. 

Specifically, water in the immediate surroundings that directly 

interacts with the protein surface, referred to as associated wa

ter (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 (45–51). Inspired by these find

ings, we hypothesize that modulation of associated water 

dynamics could significantly impact enzyme stability and ac

tivity in hydrated DESs (36,37).

Previous studies and their shortcomings

Very recently, we have experimentally shown that less flex

ible associated water in the presence of hydrated acetamide- 

urea-sorbitol DES stabilizes an enzyme (bromelain) through 

the entropic component, but it destabilizes it through the 

enthalpic component (36). The flexible associated water 

dynamics influence the thermal stability of bromelain in 

exactly the opposite way (36). Our hypothesis explained 

both the positive and negative effects of DES on bromelain 

(36). However, to generalize this hypothesis, further investi

gations 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 DESs, 

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) 

(Fig. 1), we may be able to determine their specific influence 

(if any) on enzyme thermal stability. To probe hydration dy

namics, we employ a steady-state fluorescence technique 

FIGURE 1 Systems of this study. (a) The chem

ical structures of the hydrogen bond acceptor 

(choline chloride) and donors (glycerol and 

ethylene glycol) of the used DESs in this study. 

(b) 3D structure of human serum albumin (PDB: 

1ha2), where specific sites for domain-specific 

fluorescence labeling are highlighted.
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popularly called red-edge excitation shift (REES), which 

has been used as an indicator of water dynamics (52–55). 

Given HSA’s multidomain structure, site-specific fluores

cence labeling allowed us a unique opportunity to examine 

different domains individually (Fig. 1) (56–58). 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.

MATERIALS AND METHODS

Materials

HSA, 7-diethylamino-3-(4-maleimidophenyl)− 4-methylcoumarin (CPM), 

tetramethylrhodamine-5-maleimide (TMR), ChCl, glycerol, and ethylene 

glycol were obtained from Sigma-Aldrich (St. Louis, MO) and used as 

received. Analytical grade di-sodium hydrogen phosphate and sodium dihy

drogen phosphate (Merck, India) were used to prepare the buffer (pH 7.4). 

p-Nitrophenyl coumarin ester (NPCE) was synthesized following the previ

ous synthesis procedure reported by our group (57). Dialysis membrane 

tubing (12-kD cutoff) was from Sigma-Aldrich and activated before use 

following the procedure given by Sigma-Aldrich, and centrifugal filter units 

(Amicon Ultra, 10-kD cutoff) were from Merck Millipore, Germany. 

HPLC-grade dimethyl sulfoxide (DMSO) was from S.D. Fine Chemicals, 

India.

Protein labeling

CPM and TMR were site-specifically tagged to the only free cysteine-34 

group of HSA, and the tyrosine-411 residue was selectively labeled to 

NPCE using previously reported procedures (37,56,58). We followed 

almost similar procedure for tagging with all the three dyes. Briefly, 

40 mg of HSA was dissolved in 9.8 mL of 50 mM phosphate buffer 

(pH∼7.4 for CPM and TMR tagging and pH∼8.0 for NPCE tagging), 

and 0.2 mL of the corresponding dye solution in HPLC grade DMSO 

was added dropwise with continuous stirring. We have kept the concentra

tion of the dye solution, for CPM and TMR, in such a way that in the final 

solution, the molar ratio became HSA:dye = 1:1.2. However, for NPCE, 

HSA:dye = 1:0.87 was kept, avoiding tagging of NPCE at multiple sites 

(56,59). The reaction mixture was stirred for 12 h at 25◦C, followed by dial

ysis at 5◦C using 1000 mL of 15:1 (v/v) phosphate buffer (50 mM (pH 7.4)) 

and DMSO and changing the dialysis media four times a day for the first 

4 days. After that, dialysis was done twice in 24 h with only phosphate 

buffer till the complete removal of untagged dye (as measured by the ab

sorption and emission spectrum of the dialysis medium). The CPM/TMR/ 

NPCE-tagged HSA was then concentrated using the 10-kDa cutoff centrif

ugal filtration unit. The tagging efficiency is calculated to be 88%, 75%, and 

70% for the CPM-tagged, TMR-tagged, and NPCE-tagged HSA, respec

tively, from the ratio of the concentration of protein to dye in the CPM/ 

TMR/NPCE-tagged HSA (30). As in many previous reports, we have 

proved that CPM/TMR/NPCE tagging does not significantly perturb 

conformation and thermal stability of HSA; we have directly proceeded 

with the differently labeled HSA for this study (37,56,59).

Preparation of choline chloride-ethylene glycol 

and choline chloride-glycerol DESs

To prepare the DES, we followed previous reports (34,60,61). Briefly, the 

constituents were mixed in a sealed container with mole fractions of 0.33 

ChCl with 0.66 ethylene glycol or 0.66 glycerol. The mixture was gradually 

heated to 80◦C with continuous stirring. Note that choline chloride was 

recrystallized in ethanol and dried in a vacuum oven for 12 h before 

use; ethylene glycol and glycerol were used as received. After 1 hour, a 

clear DES solution was formed. This DES was stored and used for all 

experiments, with precautions taken to prevent the incorporation of 

moisture.

Protein sample preparation

We used 50 mM (pH 7.4) phosphate buffer for all the experiments. HSA 

samples in experimental media are equilibrated overnight. The concentra

tion of HSA is measured using its molar absorption coefficient of 36,500 

M− 1cm− 1 at 280 nm (58). We used untagged HSA for temperature-depen

dent circular dichroism (CD) spectroscopy measurements, and CPM-tagged 

and NPCE-tagged HSA were used for both excitation wavelength-depen

dent and temperature-dependent emission studies. However, for the fluores

cence correlation spectroscopy (FCS) study, we have used TMR-tagged 

HSA because of the availability of a limited LASER facility. HSA concen

tration was kept at ∼2 μM for the CD spectroscopy, ∼5 nM for the FCS 

study, and ∼5 μM for the steady-state fluorescence study. In all the cases, 

the protein is taken from a concentrated aqueous stock, and the concentra

tions of proteins and the DES in all the hydrated DES samples are main

tained by making up the volume with aqueous buffer of pH∼7.4. No 

experiments were conducted in anhydrous DES.

Circular dichroism spectroscopy

We recorded circular dichroism spectra using a commercial CD spectrom

eter (J-815, Jasco, Japan) using a 2-mm pathlength cuvette. The tempera

ture was varied from 298 K to 358 K, and the samples were equilibrated 

for 15 min at each temperature before the measurement. Data were 

collected in a wavelength range between 190 nm and 260 nm with an inte

gration time of 1 s. Spectra were accumulated over three scans.

Steady-state absorption and emission study

We recorded steady-state absorption and emission spectra using a commer

cial double-beam spectrophotometer (UV-2450, Shimadzu, Japan) and 

spectrofluorometer (FluoroMax-4, Jobin-Yvon, USA), respectively, using 

a 2-mm pathlength cuvette, and the temperature was maintained using an 

external controller with 50.5 K precision.

Determination of melting temperature (Tm) from 

the thermal unfolding curve

The temperature-dependent change CD signal at 222 nm was taken as an 

indicator of thermal unfolding of HSA in the absence and presence of 

ChCl-EG and ChCl-Gly DES. For domain-specific unfolding, tempera

ture-dependent fluorescence emission maxima (λex = 375 nm for CPM- 

tagged HSA and λex = 435 nm for NPCE-tagged HSA) are used to analyze 

the thermal unfolding of HSA. The fraction unfolded at each temperature 

was calculated using Eq. (1) or Eq. (2), depending on the experiment, as 

in the following (44):

fu =
θ222 − θN

222

θU
222 − θN

222

(for CD experiment) (1) 

or

fu =
λmax − λN

max

λU
max − λN

max

(for emission experiment) (2) 
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The fraction unfolded (fu) parameter, plotted against the temperature, 

yielded the HSA melting curve at each DES concentration. In the above 

equation, θN
222 and λN

max represent the CD signal at 222 nm and the emission 

maximum of the native/folded states of the protein, respectively. Whereas, 

θU
222 and λU

max represent the CD signal at 222 nm and the emission maximum 

of the fully denatured/unfolded states of the protein, respectively. Native/ 

folded and denatured/unfolded states are taken as the lowest and highest 

values of the CD signal at 222 nm or emission maxima in the thermal dena

turation experiment, respectively. The denaturation of protein is considered 

to be a cooperative phenomenon, and thus, the denaturation pathway fol

lows a sigmoidal nature. Keeping this in mind, here the denaturation plots 

are fitted with a sigmoidal function given in Eq. (8) (49,51).

y = yN +
yN − yU

1+ e

(Tm − T)

d

(3) 

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), and yU represents the signal corresponding to the unfolded state 

of the protein at high temperature and is taken as 1 (i.e., fU = 1). Tm repre

sents the melting temperature, 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, whereas larger values indi

cate a broader transition. Note, melting temperature (Tm) is defined as the 

temperature at which half the protein population is unfolded, i.e., fu =

0.5, and it indicates the stability of the enzyme.

Thermodynamic analysis of thermal unfolding 

data

The thermal unfolding of HSA follows a two-state reversible process 

(62,63) and also from a simple look into the stability curves indicates 

that a clear two-state model (N↔U) can be applied to get the thermody

namic parameters. The equilibrium constant, Keq, for the unfolding of the 

protein can be written as follows (49,62,64,65):

Keq =
fU

fN

; (4) 

where fN and fU are the fraction of protein in the native and unfolded states, 

respectively. If yU and yN are the corresponding emission maxima, then one 

can represent the emission maxima signal of any point as follows (64):

y = yNfN + yUfU = yN

1

1+ Keq

+ yU

Keq

1+ Keq

(5) 

Combining Eqs. (4) and (5), we get

Keq =
yN − y

y − yu

=
λN

max − λmax

λmax − λU
max

(6) 

Thus, ΔG0 can be calculated as

ΔG = − RT ln Keq (7) 

Also, we know that

ΔG = ΔH − TΔS (8) 

∴ΔG = − RT ln Keq = ΔH − TΔS (9) 

The standard enthalpy change (ΔH) and entropy change (ΔS) are deter

mined from the intercept and slope of ΔG versus T plot. Previously, such a 

model has been used in many reports to yield thermodynamic parameters of 

HSA (59,62–64). To quantify the effect of DES on the extent of stabiliza

tion of HSA, we calculated the differential entropy and enthalpy of unfold

ing as mentioned in Eqs. (10) and (11).

ΔΔH = ΔHDES − ΔHbuffer (10) 

ΔΔS = ΔSDES − ΔSbuffer (11) 

The differential free energy can be defined as

ΔΔG = ΔGDES − ΔGbuffer (12) 

A positive value of ΔΔG signifies that the system is likely to be in the 

native state in DES compared with the buffer. As ΔΔG = ΔΔH-TΔΔS, a 

positive value of ΔΔH will be a stabilizing contributor, and a positive value 

of ΔΔS will be destabilizing.

Fluorescence correlation spectroscopy study

We have performed FCS measurements in a home-built setup. The instru

mentation and analysis method can be found in our previous papers and 

Section S1 of the supporting material (62,64,66,67). Briefly, we measured 

the diffusion time of TMR-tagged HSA and a standard fluorophore (rhoda

mine 6G in the present study) in buffer and in different concentrations of 

two DESs (ChCl-EG and ChCl-Gly) employing FCS. Using this informa

tion and the reported value of the diffusion coefficient of rhodamine 6G 

(R6G) in water (68) (Dt = 4.14 × 10− 6 cm2 s− 1) and the hydrodynamic 

radius of R6G (7.7 Å) in pH 7.4 buffer, the hydrodynamic radius of HSA 

can be calculated at every experimental point according to the following 

equation.

rHSA
H = rR6G

H ×
τHSA

D

τR6G
D

(13) 

The change in the refractive index is compensated for by changing the 

objective collar position and setting it to have the highest G(0) and, conse

quently, the lowest τD value for each of the samples. In this way, we main

tain the lowest detection volume.

To determine the micro-viscosity, we measured the translational diffu

sion time (τD) of R6G in buffer, DES in water, and in the corresponding 

constituent aqueous solutions. According to the Stokes-Einstein equation 

(66), the diffusion coefficient (Dt) is inversely proportional to the viscosity 

(η) of the medium at a constant temperature. The diffusion coefficient can 

be related to the inverse of the diffusion times (τD) as Dt∝ 1/τD. This means, 

τD∝η. Thus, the viscosity of an unknown solution can be obtained from the 

ratio of diffusion times in the unknown solution and in a reference medium 

of known viscosity (here, water) as follows (69):

τD;unknown solution

τD;water

=
Viscosity of unknow solution

Viscosity of water
(14) 

Moreover, as this diffusion occurs at the micron length, it is called micro- 

viscosity.

RESULTS AND DISCUSSION

Thermal stability of HSA in the presence of 

choline chloride-based hydrated DES

To investigate the thermal stability of HSA in the 

presence of hydrated choline chloride-based DESs, choline 
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chloride-ethylene glycol [1:2] (ChCl-EG) and choline chlo

ride-glycerol [1:2] (ChCl-Gly), we performed temperature- 

dependent CD spectroscopic measurements. The CD spectra 

of HSA in buffer (Fig. 2 a) display a clear temperature-depen

dent shift, with a minima (negative peak) at 222 nm. Temper

ature-dependent CD spectra of HSA in the presence of 

different concentrations of the DES are represented in 

Fig. S2 of the supporting material. Monitoring the CD signal 

at 222 nm against temperature (Fig. 2 b) allowed us to compute 

the fraction of unfolded protein (fu) (Fig. 2 c) using Eq. (1) and 

consequently the melting temperature using Eq. (3).

Comparison of the thermal unfolding curves of HSA for 

varying concentrations of ChCl-EG (Fig. 2 d) and ChCl- 

Gly (Fig. 2 e) clearly indicates a nonmonotonic change in 

the melting temperature (Fig. 2 f). Data reveal that at 25% 

(v/v) DES, the thermal stability of HSA improves in both 

systems. For higher ChCl-Gly DES concentration, the ther

mal 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 

destabilization of HSA has been observed (Fig. 2 f). Park 

et al. reported that the enhanced thermal stability of lyso

zyme in choline chloride-based DES positively correlates 

with the number of − OH groups in hydrogen bond donors 

(22). Different DESs with sugars and polyols also showed 

similar observations for other proteins (29,70–72). Consis

tent with this trend, a higher stability is observed for 

ChCl-Gly compared with ChCl-EG. This observation might 

be attributed, at least in part, to the additional –OH group 

present in glycerol. Although 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.

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 DES, we sought to 

individually recognize the entropy (ΔS) and enthalpy (ΔH) 

of thermal unfolding at each DES concentration. According 

to our proposed associated water stabilization mechanism 

(AWSM) (36,49,62,64), 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 en

thalpic stabilization is expected to result in an increase in the 

FIGURE 2 Thermal stability of HSA using circular dichroism (CD) spectroscopy. (a) Representative CD spectra of HSA in buffer at different temperatures 

(298–358 K). (b) Temperature-dependent change in the CD signal at 222 nm. (c) Variation of fraction unfolded (fu), which has been calculated using the 

equation mentioned in the inset, as a function of temperature. Comparison of the thermal unfolding curve of HSA in presence of various concentrations 

of choline chloride-ethylene glycol (ChCl-EG) and choline chloride-glycerol (ChCl-Gly) DESs are shown in (d) and (e), respectively. Each melting curve 

was fitted using the sigmoidal function to get the melting temperature of HSA at each DES concentrations. (f) Comparison of the melting temperature (Tm) of 

HSA in the presence of different concentrations of ChCl-EG and ChCl-Gly DESs. The error bar represents the standard deviation of the mean of three in

dependent experiments.

Protein Stability and Water Dynamics 

Biophysical Journal 124, 4255–4272, December 2, 2025 4259



flexibility of the associated water molecules. In contrast, 

entropic stabilization and enthalpic destabilization in the 

presence of additives are predicted to retard the water dy

namics (Fig. 3). This relationship can be understood by the 

modulation of the water-protein hydrogen bond network 

measured through its dynamics (46). Enhanced flexibility in 

water dynamics implies a weakened hydrogen bond network, 

which increases the configurational entropy of water relative 

to that in the buffer environment. This results in a net positive 

change in entropy as

ΔΔS = ΔSadditive − ΔSbuffer > 0; (15) 

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 (16) 

ΔΔH = ΔHadditive − ΔHbuffer > 0 (17) 

Together, these suggest that associated water dynamics 

play a critical role in modulating the thermodynamic stabil

ity of proteins.

Using the thermal melting curves and a two-state thermo

dynamic model (Fig. 4 a; Section thermodynamic analysis 

of thermal unfolding data), we have calculated the temper

ature-dependent free energy of unfolding (ΔG) of HSA 

across different concentrations of ChCl-EG and ChCl-Gly 

DES in buffer (Fig. 4 b and c). By applying the Gibbs- 

Helmholtz equation, we extracted entropic and enthalpic 

components of thermal unfolding at each DES concentra

tion. Further, we computed the differential entropy (ΔΔS) 

and enthalpy (ΔΔH) of stabilization compared with that in 

buffer (using Eqs. (10) and (11)) 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

ΔΔG = ΔGDES − ΔGbuffer = ΔΔH − TΔΔS (18) 

A positive value of ΔΔH contributes positively to the 

ΔΔG, which implies that DES contributes to the enthalpic 

stabilization of HSA, whereas a positive value of ΔΔS 

(consequently, a negative value of − TΔΔS that contributes 

negatively to the ΔΔG) 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 Fig. 4 d and e, 

respectively. For up to 50% (v/v) of both ChCl-EG and 

ChCl-Gly DES 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 

versus − TΔΔS gives a straight line with slope ∼0.85 and 

0.83 for ChCl-EG and ChCl-Gly DES, respectively, sug

gesting a strong entropy-enthalpy compensation in the pres

ence of both the DESs (Fig. 4 f). Additionally, the enthalpy 

effect dominates in the overall stabilization process of HSA 

in the presence of both DESs.

Entropy-enthalpy compensation is a widely observed 

phenomenon in biochemical processes (49,50,73,74). In a 

recent study, we reported a similar compensation effect 

for bromelain when exposed to acetamide-urea-sorbitol hy

drated DES (36). We proposed that water, being a common 

factor, modulates both entropic and enthalpic contributions 

in an opposing manner (Fig. 3) (36,49,50). Specifically, we 

found that less flexible associated water in the presence of 

DES stabilizes bromelain through entropy but destabilizes 

it through enthalpy, whereas more flexible associated water 

result in an opposite thermodynamic outcome (Fig. 3). A 

similar compensatory effect has been observed in the pres

ence of macromolecular crowders, where modulation of wa

ter-protein hydrogen bonds (probed through the associated 

FIGURE 3 Associated water reorganization is a 

critical factor that modulates protein stability in 

the presence of additives (here DES). This figure 

has been represented based on the previous reports 

from our group (36,49,50).
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water dynamics) plays a critical role in protein stability 

(49,50). 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 (49–51).

To validate the mechanism (i.e., AWSM) further, we aim 

to investigate solvation dynamics around the protein. We 

employed steady-state fluorescence-based REES to estimate 

site-specific solvation dynamics at two different domains of 

HSA. This approach enables us to generate a residue-spe

cific solvation dynamics map, providing mechanistic in

sights into the interplay between associated water 

dynamics and protein stability in DES environments.

Measurement of red-edge excitation shift as an 

indicator of solvation dynamics

Although NMR and x-ray crystallography can provide in

sights into the water dynamics, their applicability is limited 

(75–78). X-ray crystallography primarily reveals only the 

bound water molecules in the protein crystal (77–79), 

whereas NMR spectroscopy is generally restricted to small 

proteins such as calmodulin and lysozyme (80–82). Other 

advanced techniques, such as Raman and infrared spectros

copy, terahertz spectroscopy, neutron scattering, and 

dielectric relaxation spectroscopy, offer valuable informa

tion on solvation dynamics (83–88). However, these 

methods are often constrained by complex instrumentation 

and analysis, intricate sample preparation, and the require

ment of high sample concentrations (chances of aggrega

tion), making them less ideal for studying large protein 

systems (89–92).

In contrast, REES is a fluorescence-based method that 

is both experimentally simple and highly sensitive to 

solvation dynamics at site-specific fluorophore locations 

(52–55,93,94). Unlike other spectroscopic techniques, 

REES requires only micromolar protein concentrations, 

making it experimentally accessible for a wide range of 

biological studies (52,55,56,95). Moreover, high spatial res

olution of fluorescence makes REES particularly valuable 

for investigating solvent interactions in large and complex 

enzymes (52,55,96,97).

The occurrence of REES depends on the timescale of 

solvent relaxation relative to the fluorescence lifetime 

(95,98,99). When the stabilization of the excited state by 

the surrounding solvent occurs much faster than its fluores

cence 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 

FIGURE 4 Individual entropic and enthalpic components might be positive or negative, depending on the type and concentration of the DES. (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 DESs. 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 DESs. Here, ΔΔH or ΔΔG = ΔHDES or ΔGDES −

ΔHbuffer or ΔGbuffer, 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 (pink) and ChCl-Gly (green) DESs. The black line is a linear fit, and a near-unity slope indicates en

tropy-enthalpy compensation. The error bar represents the standard deviation of the mean of three independent experiments.
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lifetime (τS≥τf), emission occurs before complete solvent 

stabilization, and REES can be observed (Fig. 5) (99).

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 ad

ditive suggest modulation of solvation dynamics within the 

system. Specifically, increased REES indicates slower solva

tion dynamics, revealing critical insights into solvent-protein 

interactions in diverse environments.

Several reports have proposed that the network-like struc

ture of DES forms a unique solvation shell around the 

protein, thereby influencing protein stability and dynamics 

(20,22–24,100). Our group previously demonstrated that 

even at high concentrations of hydrated acetamide/urea/sorbi

tol DES, the immediate solvation environment of HSA re

mains unperturbed (37). Additionally, using bromelain in the 

same DES system, we experimentally established that modu

lation of solvation (associated water) dynamics plays a critical 

role in determining both stability and activity (36). In the pre

sent 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 

(52,53,56,93,94,96,97,101,102). Raghuraman et al. 

created a hydration dynamics mapping of K+ channels 

in their activated and inactivated form employing REES 

(53). Very recently, More et al. used site-specific REES 

to develop a solvation dynamics map of TDP-43 protein 

during misfolding and aggregation (52). 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 (56) and 3.7 ns (57), and the solvation 

time was around 2.2 ns (37) and 1.32 ns (57), respectively. 

Because of the comparable solvation time and fluores

cence lifetime, an appreciable amount of REES has 

been observed for both domains of HSA. Our group pre

viously reported domain-specific REES changes in HSA 

during chemical denaturation with guanidine hydrochlo

ride (GnHCl), demonstrating the effect of environmental 

rigidity on solvent relaxation dynamics (56). Other groups 

also reported the REES of serum albumin protein 

(103,104).

Following our previous reports (37,50,56,57), we have 

selectively tagged two domains of the HSA protein with 

suitable fluorophores (see Section protein labeling). 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 excita

tion wavelength (see Fig. 6 a and d, respectively), and the 

corresponding excitation wavelength-dependent emission 

maxima is plotted in Fig. 6 b and e, respectively, from which 

the extent of REES is calculated. All the other raw data and 

relevant plots are incorporated in Sections S3 and S4 of the 

supporting material.

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 

(Fig. 6 c). In contrast, the REES for NPCE tagged to 

domain-III of HSA exhibits a nonmonotonic trend (Fig. 6 f) 

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 sol

vent environment. The observed domain-specific difference 

in REES modulation suggests that domain-I experiences pro

gressive solvation retardation, whereas domain-III undergoes 

an initial increase in the associated water flexibility, followed 

by somewhat rigidification at higher DES concentrations.

Correlation between entropy and enthalpy of 

stabilization and associated water dynamics of 

HSA estimated through REES

To examine the correlation between the associated water dy

namics around the protein and its thermal stability, we used 

ΔREES, defined as

ΔREES = REESDES − REESbuffer (19) 

A positive ΔREES value indicates retardation of the dy

namics near the probe site. Conversely, a negative ΔREES 

suggests a more flexible solvent environment, indicating 

faster associated water dynamics (Fig. 7 a). According 

to the hypothesized AWSM, the entropic stabilization 

(ΔΔS<0 and − TΔΔS>0) and concomitant enthalpic 

FIGURE 5 Schematic representation of red- 

edge excitation shift (REES). In a heterogeneous 

distribution of the environment around the fluoro

phore, photoexcitation at different wavelengths ex

cites molecules to different excited states (here, 

S1 and S′1). When the solvation dynamics (τs) is 

faster than the lifetime (τf), irrespective of the 

excitation wavelength, emission originates from 

the completely solvent-relaxed state (S′1), and 

emission maxima are independent of the excitation wavelength. Consequently, no REES can be observed. When the solvation dynamics is slower than 

the 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, red-shifted emission spectra and REES can be 

observed.
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destabilization (ΔΔH<0) will be associated with less flexible 

water dynamics than in buffer, and consequently a positive 

ΔREES must be observed (Fig. 7 b). On the other hand, the 

entropic destabilization (− TΔΔS<0) and associated enthalpic 

stabilization (ΔΔH>0) will be linked to the flexible water dy

namics than in buffer, and consequently, a negative ΔREES 

will be observed (Fig. 7 b).

Fig. 4 suggests a negative ΔREES at low DES concentra

tions (up to 50% v/v), whereas higher concentrations (75% 

v/v) of DES should yield less negative or even positive 

ΔREES. The REES experiment of domain-III of HSA in the 

presence of both the DESs yields expected results with a nega

tive ΔREES at low DES concentrations (25%–50% v/v), 

which become less negative at 75% v/v of DES (Fig. 7 c and 

f). In contrast, domain-I of HSA exhibited a different trend. 

In this case, ΔREES is found to be positive across all DES con

centrations, indicating slower solvation dynamics in the pres

ence of both DESs (Fig. 7 c and f). Moreover, the magnitude of 

ΔREES increased with increasing DES concentration, sug

gesting a progressive restriction of hydration dynamics in 

domain-I of HSA. These findings highlight the domain-spe

cific modulation of hydration dynamics in DES environments. 

Although 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 ΔREES. 

Domain-I shows no correlation between ΔREES and com

ponents of thermal stabilization in either ChCl-EG or 

ChCl-Gly DESs (Fig. 7 d and g). The negative adjusted R2 

values in Fig. 7 d and g indicate that ΔREES of domain-I 

does not correlate with the overall entropic or enthalpic 

component of unfolding. However, for domain-III, ΔREES 

and differential entropic and enthalpic terms are somehow 

correlated (Fig. 7 e and h).

Necessity of domain-specific thermal unfolding of 

HSA via site-specific fluorescence spectroscopy

The unfolding of multidomain proteins is inherently com

plex as different domains fold and unfold independently, 

contributing to the global structure (105–108). Understand

ing domain-specific unfolding is therefore crucial to eluci

date protein stabilization mechanisms (109–111). HSA 

consists of three distinguishable domains (112). Among 

these, REESs of domain-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 domain-I and -II, 

FIGURE 6 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) in the buffer 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) in the buffer 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. The error bar represents the standard deviation of the mean of three independent ex

periments.

Protein Stability and Water Dynamics 

Biophysical Journal 124, 4255–4272, December 2, 2025 4263



when exposed to guanidine hydrochloride (GnHCl) 

(109–111,113,114). 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 

(115). Other studies have explored domain-specific second

ary structure and binding properties of HSA (112). Inspired 

by these studies, we aimed to measure domain-specific sta

bilization of HSA in the presence of ChCl-EG and ChCl- 

Gly 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 (Fig. 8 a and b) 

as its excited-state dipole gets stabilized through the polar 

solvent (water) relaxation (116). This environment-depen

dent spectral shift makes CPM fluorescence a sensitive indi

cator of protein unfolding. All the other relevant raw data 

and thermal unfolding curves are represented in Section 

S5 of the supporting material.

FIGURE 7 Correlation between the overall thermal stability of HSA and modulation of REES of two different domains of HSA. (a) Schematic represen

tation 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 stabilization and associated enthalpic destabilization suggest slower hydration dynamics than in buffer (more REES than buffer, 

i.e., positive ΔREES), and the opposite thermodynamic outcome, which is entropic destabilization and associated enthalpic stabilization, suggests faster hy

dration dynamics, i.e., negative ΔREES. (c) Differential entropic component (− TΔΔS) and enthalpic component (ΔΔH) of thermal unfolding of HSA and the 

differential REES (ΔREES = 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 

ΔREES 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 (ΔREES) of domain-I and domain-III in the presence of various concentrations of ChCl-Gly DES. Plot of differential stability 

components (ΔΔH and − TΔΔS) of thermal unfolding of HSA in the presence of various concentrations of ChCl-Gly DES as a function of the ΔREES 

of (g) domain-I and (h) domain-III. No correlation was found in the case of ΔREES of domain-I for both the DESs. The error bar represents the standard 

deviation of the mean of three independent experiments.
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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 (Eq. (1)). Using the Gibbs- 

Helmholtz equation, we recognized the individual entropic 

and enthalpic terms of the thermal unfolding (see Fig. 8 c 

for buffer; Fig. 8 d for varying concentrations of ChCl- 

EG; Fig. 8 g for varying concentrations of ChCl-Gly). We 

then calculated the differential entropy and enthalpy of ther

mal unfolding, taking the entropy and enthalpy of unfolding 

in buffer as a baseline. In Fig. 8 e and h, we have plotted dif

ferential entropy and enthalpy of domain-I unfolding along

side ΔREES, across different concentrations of ChCl-EG 

and ChCl-Gly DESs, respectively. Clearly, with the entropic 

stabilization (− TΔΔS>0) and concomitant enthalpic desta

bilization (ΔΔH<0), a positive ΔREES is observed, which 

suggests a retarded associated water dynamics. Moreover, 

the highest DES concentrations yielded the strongest posi

tive ΔREES, reinforcing the hypothesis that restriction in 

the associated water contributes to thermal stabilization. 

Consequently, a very strong correlation between differential 

entropy and enthalpy with ΔREES has been observed in the 

case of both the DESs (Fig. 8 f and i), which was previously 

absent when correlated with the entropy and enthalpic com

ponents of overall stabilization (Fig. 7 d and g).

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 Fig. 9 a and b, respectively. 

FIGURE 8 Thermal unfolding of domain-I of HSA and its correlation with modulation of REES of domain-I in the presence of different DESs. (a) Repre

sentative 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 domain-I of HSA in buffer. Plot of unfolding free energy of domain-I of HSA in the presence of various 

concentrations of (d) ChCl-EG and (g) ChCl-Gly DESs 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 (ΔREES = REESDES - REESbuffer) of domain-I in the presence of various con

centrations of (e) ChCl-EG and (h) ChCl-Gly DESs. Plot of differential stability components (ΔΔH and − TΔΔS) of thermal unfolding of HSA as a function 

of the ΔREES of domain-I in the presence of various concentrations of (f) ChCl-EG and (i) ChCl-Gly DESs. The error bar represents the standard deviation of 

the mean of three independent experiments.
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The unfolding data in the presence of different concentra

tions of ChCl-EG and ChCl-Gly DESs are presented in 

Section S5 of the supporting material. Employing the 

Gibbs-Helmholtz equation (Eq. (8)) in the free energy of 

unfolding versus temperature plots, we have extracted the 

entropy and enthalpy of unfolding in buffer and at each 

experimental concentration of the two DESs (Fig. 9 c, d, 

and g). In Fig. 9 e and h, we have plotted differential entropy 

and enthalpy of domain-III unfolding along with the ΔREES 

of that domain, in the presence of different concentrations 

of ChCl-EG and ChCl-Gly DES, respectively. Negative 

ΔREES is consistently observed across all DES concentra

tions, confirming that associated water dynamics around 

domain-III become more flexible in DES environments. 

Also, the differential entropy and enthalpy are well corre

lated as a function of ΔREES (Fig. 9 f and i) and the adjusted 

R2, which indicates that the goodness of fit substantially in

creases. These findings reinforce the hypothesis that associ

ated water dynamics significantly influence protein thermal 

stability, consistent with prior observations in other DESs 

and macromolecular crowders (36,49–51). Moreover, these 

observations suggest a need for domain-specific measure

ment of thermal unfolding and solvation dynamics in the 

case of multidomain proteins.

FIGURE 9 Thermal unfolding of domain-III of HSA and its correlation with modulation of REES of domain-III in the presence of different DESs. (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 domain-III of HSA in buffer. Plot of unfolding free energy of domain-III of HSA in the presence 

of various concentrations of (d) ChCl-EG and (g) ChCl-Gly DESs 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 (ΔREES = REESDES - REESbuffer) of domain-III in the presence of 

various concentrations of (e) ChCl-EG and (h) ChCl-Gly DESs. Plot of differential stability components (ΔΔH and − TΔΔS) of thermal unfolding of HSA as 

a function of the ΔREES of domain-III in the presence of various concentrations of (f) ChCl-EG and (i) ChCl-Gly DESs. The error bar represents the standard 

deviation of the mean of three independent experiments.
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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 wa

ter 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 con

formations 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 acceler

ates the associated water dynamics (110,113,115). Our 

group previously reported that increasing GnHCl concentra

tions resulted in the unfolding of domain-I and domain-III 

of HSA with a significant decrease in the extent of REES 

(56). Thus, one needs to be assured of the minimal structural 

changes of the protein in the presence of different hydrated 

DESs 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 CD spectroscopy at different 

DES concentrations. No significant spectral changes were 

observed with increasing ChCl-EG or ChCl-Gly DES con

centrations, indicating no substantial alterations in protein 

conformation (Fig. 10 a–c). To further assess any DES- 

induced global tertiary structural changes, we used single- 

molecule-level FCS to determine the hydrodynamic radii 

of HSA in the presence of different concentrations of both 

the hydrated DESs (see Fig. 10 d–f; Section fluorescence 

correlation spectroscopy study for details). We found no sig

nificant 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 (Fig. 10 f) is observed. These re

sults 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.

Structural nature of DES-water mixtures and role 

of individual components

The persistence of the hydrogen-bonded network in DES-wa

ter mixtures has been a subject of considerable debate in the 

DES research community (117–120). Literature reports sug

gest that beyond a certain threshold of water, the system 

increasingly resembles an aqueous solution of the individual 

components of the DES. For example, Hammond et al. re

ported that the DES network of ChCl-urea system is retained 

FIGURE 10 No significant conformational change of HSA in the presence of both ChCl-based DESs. CD spectra of HSA at different concentrations of (a) 

ChCl-EG and (b) ChCl-Gly hydrated DESs. (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 DESs. Solid lines represent fitting with the equa

tion. S3. (f) Modulation of hydrodynamic radii of HSA with the concentrations of hydrated DES. The error bar represents the standard deviation of the mean 

of three independent experiments.
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up to ∼42% (W/W) of water (119). Using NMR, Ferreira 

et al. found that the nanostructure of ChCl-glycerol DES re

mains intact up to ∼35% (W/W) water (118). Through den

sity, refractive index, and thermal expansion coefficient 

measurements along with DFT study, Rozas et al. demon

strated that for ChCl-ethylene glycol DES, the fundamental 

features of the eutectic structure are maintained up to 

∼30% (W/W) water (117). Using reported densities (61), 

these thresholds correspond to ∼68% (V/V) ChCl-glycerol 

DES in water and ∼72% (V/V) ChCl-ethylene glycol DES 

in water. Therefore, the 75% (V/V) DES compositions in 

the present study are very much within the above limit, where 

DES-specific structuring is largely maintained.

To further probe whether such structuring persists in our 

systems, we compared the micro-viscosity estimated from 

the translational diffusion of rhodamine 6G in hydrated 

DESs and in aqueous solutions of DES constituents of the 

same concentration as in hydrated DES using FCS. Previ

ously, for hydrated acetamide-urea-sorbitol DES, our group 

has shown that from 30% (V/V) DES in water, the micro- 

viscosity of hydrated DES differs appreciably from the mi

cro-viscosity of the aqueous solution of DES constituents of 

the same concentration as in hydrated DES, which suggests 

the existence of a network-like DES structure at such con

centrations (37). For the present case, the estimated mi

cro-viscosities of hydrated DESs and those of the aqueous 

solution of DES constituents of the same concentration as 

in hydrated DES are depicted in Fig. 11 (see Section S6

of the supporting material for relevant data). It is evident 

that for 50% (V/V) and above DES in water, the micro-vis

cosities of hydrated DESs are more compared with those in 

the aqueous solution of DES constituents of the same con

centration as in hydrated DES, suggesting the retention of 

DES-specific hydrogen-bonded structure, which cannot be 

reproduced by simply mixing the components in water.

We next examined whether individual DES constituents 

contribute similarly to protein stability and water dynamics 

as in the case of DESs. Thermal stability (Fig. 12 a) was 

measured for HSA in the presence of choline chloride, 

ethylene glycol, and glycerol individually at concentrations 

matching those in the hydrated DESs. All the relevant raw 

data and the melting curves can be found in Section S7 of 

the supporting material. Ethylene glycol had a negligible 

impact on Tm at all concentrations tested, whereas choline 

chloride produced a small but concentration-independent in

crease in the Tm. On the other hand, glycerol induced a 

modest concentration-dependent change in the Tm value. 

Nevertheless, these effects of the individual components 

are minor and do not approach the magnitude or trend of sta

bility observed in hydrated DES. REES measurements (see 

Sections S8 and S9 of the supporting material) for both do

mains I and III (Fig. 12 b) likewise showed negligible 

changes for all component solutions, in sharp contrast to hy

drated DESs (Fig. 6 c and f).

Together, these results demonstrate that the effects 

observed in hydrated DESs are not simply the sum of 

individual component contributions. Rather, they arise 

from a synergistic interplay between DES constituents and 

the preserved DES network, which collectively modulate 

protein-associated water dynamics and stability. Although 

molecular-level quantification of hydrogen-bonding interac

tions (e.g., MD simulation or NMR study) would provide 

additional mechanistic detail, such studies are beyond the 

scope of the present work and are planned for future inves

tigations. Moreover, we want to emphasize that the persis

tence of a bulk DES network is not the central focus of 

the present work. Our mechanistic conclusions are based 

on the correlation between protein-associated water dy

namics (measured via REES) and thermal stability, which 

is unrelated to the intact hydrogen-bonded network of the 

DES-water system at the bulk scale.

CONCLUSION

This study elucidates the critical role of hydration dynamics 

in modulating protein stability within hydrated DESs, using 

FIGURE 11 Comparison of micro-viscosity of 

the hydrated DES (dark shade) and the aqueous so

lution of DES constituents of the same concentra

tion as in hydrated DES (light shade) for (a) 

choline chloride-ethylene glycol DES and (b) 

choline chloride-glycerol DES systems. The error 

bar represents the standard deviation of the mean 

of three independent experiments.
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HSA as a model system. By employing CD spectroscopy, 

fluorescence-based REES, and fluorescence spectroscopy, 

we systematically investigated the interplay between solva

tion 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 tech

nique, REES. More importantly, hydration dynamics rather 

than protein conformational changes dictate the thermal sta

bility of HSA in choline chloride-based hydrated DESs.

Secondly, domain-specific unfolding is an important mea

surement to understand the intricate relationship between 

enzyme stability and hydration dynamics. Strong correla

tions between hydration dynamics (ΔREES) 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 en

tropy-enthalpy compensation.

Thirdly, domain-specific hydration modulation probably 

governs the entropy-enthalpy balance of protein stabiliza

tion. Domain-I exhibits retarded associated water dynamics 

(positive ΔREES), leading to enthalpic destabilization and 

entropic stabilization, whereas domain-III experiences hy

dration flexibility (negative ΔREES), resulting in enthalpic 

stabilization and entropic destabilization.

Fourthly, ChCl-Gly DES exerts a stronger stabilizing ef

fect than ChCl-EG, which might be attributed, at least in 

part, to differences in hydrogen bond donor interactions 

arising from the higher number of –OH groups in glycerol 

compared with ethylene glycol.

Fifthly, by comparing the thermal stability and REES of 

HSA in the presence of individual DES components, this 

study shows that the effects observed in hydrated DESs do 

not arise from the components in isolation, but from a syn

ergistic interplay of constituents together with the DES-like 

network structure, which critically modulates associated 

water dynamics and protein stability.

Overall, our results provide a fundamental understanding 

of protein-DES interactions by identifying hydration dy

namics (associated water dynamics) as a key determinant 

of protein stability. Although this work focuses on HSA in 

DES-water mixtures, previous studies from our group 

have validated AWSM across different proteins (e.g., 

bromelain) and additives (DES, crowders). This suggests 

that AWSM represents a general framework for understand

ing how modulation of associated water dynamics influ

ences protein stability. Future work should extend these 

analyses to enzymes with active sites that are highly sensi

tive to solvent-induced hydration changes, enabling predic

tion and design of DES compositions tailored for both 

stability and catalytic performance.
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Section S1: FCS setup and analysis 

 

We have performed fluorescence correlation spectroscopic (FCS) measurements on an 

instrument built in our laboratory (1–3). We have used an inverted microscope (IX-71, 

Olympus, Japan) with a 60X 1.2 NA water-immersion objective (UplanSApo, Olympus, Japan) 

in this setup. The sample was kept on a cover slip (Blue Star, Polar Industrial Corporation, 

India) on the microscope sample platform. A 532 nm (MGL-III-532-5mW, DreamLaser, 

China) laser source was used to create a confocal observation volume. The data has been 

collected from the 40 μm above the upper surface of the cover slip within the created 

observation volume. The emitted photons, collected using the same objective, travel through a 

dichroic mirror (ZT532rdc, Chroma Tech. Corp., USA, for 532 nm excitation), emission filter 

(605/70m, Chroma Tech. Corp., USA) and divided into two parts using a 50:50 beam splitter 

and directed to two detectors (SPCM-AQRH-13-FC, Excelitas Tech. Inc., Canada) through 

multimode fiber patch chord (M67L01 25/50/100 μm 0.10 NA, ThorLabs, USA). The detected 

photons through two detectors were correlated using a correlator card (FLEX990EM-12E, 

correlator.com, USA) and displayed using the LabVIEW platform on a computer. Assuming a 

Gaussian detection volume, for a single-component diffusive system without any additional 

reaction, the fluorescence intensity correlation function can be written as (4, 5) 

 

𝐺(𝜏) = !
"
&1 + #

#!
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$!
&1 + #

%"#!
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$!/'

       (S1) 

 

In the above equations, 𝜏( is the time constant for diffusion, N is the average number of 

particles in the observation volume, 𝜔 = )
*
 is the ratio of the longitudinal to transverse radius 

of the 3D Gaussian volume.  

In the presence of a reaction component with time constant 𝜏+, which contributes to the 

fluorescence intensity fluctuations in the observation volume in addition to the diffusion, the 

equation is modified to (4, 5) 
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Where, 𝐾 = ,$%
,%$

= -%
-$

 is the equilibrium constant for the reaction- 𝐴 ⇌ 𝐵 with forward and 

backward rate constants of 𝑘./ and 𝑘/., respectively.  

If the system exhibits singlet-triplet conversion, one more reaction component (𝜏0) will add up 

as (4) 
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where 𝑝 is the fraction of the dye molecules in the triplet state. 

 

We measured several fluorescence intensity correlation curves of rhodamine 6G (𝑅6𝐺) at 

varying concentrations in water and fitted them globally employing equation 1 to determine 

the value of 𝜔. While calibrating the value of 𝜔, the diffusion coefficient (𝐷2) of 𝑅6𝐺 in water 

has been taken to be 4.14 × 10−6 cm2 s−1 (6). For a particular set of experiments, while fitting 

the data with equations 2 or 3, the same value of 𝜔 has been used. The value of transverse 

radius (𝑟) of the observation volume is calculated using 

 

𝑟 = ;4𝜏(𝐷2          (S4) 

 

where, 𝜏( is the diffusion time and 𝐷2 is the diffusion coefficient of the molecule. The 

observation volume of our FCS setup is estimated to be ~ 0.8 fL (using 50 μm fiber patch 

chord) using 

 

𝑉344 = 𝜋
(
"𝑟'𝑙          (S5) 

 

In the presence of DES, the refractive index and the viscosity of the solution may change 

significantly, which need to be corrected to get the diffusion coefficient. The refractive index 

change is compensated by changing the objective collar position to achieve the lowest diffusion 

time value for each of the samples (7). In this way, we maintain the lowest detection volume 

attainable for each sample. We have rectified the effects of viscosity changes through 

performing control experiments at every experimental point taking 𝑅6𝐺 as the fluorophore. 

𝑅6𝐺 is a rigid molecule and will not undergo any structural changes when exposed to aqueous 
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solution of additives. In this way, any changes in its diffusion time through the detection 

volume will be solely because of differences in the medium viscosity. Using this information 

and the reported value of the hydrodynamic radius of 𝑅6𝐺 (7.7 Å) in pH 7.4 buffer, we have 

calculated the hydrodynamic radius of HSA at every experimental point using the following 

equation. 

 

𝑟556. = 𝑟5+78 ×
#!
)*$

#!
#+,          (S6) 

 

As in this case we have used TMR-tagged HSA and TMR is known to have a triplet 

photophysics in the µs timescale along with the known conformational fluctuation time, we 

have used the equation 3 (that contains two time constants, 𝜏+ and 𝜏0, apart from the diffusion 

time, 𝜏() for fitting the autocorrelation curves of protein in the presence of different DES 

concentrations. For the control experiment, where only rhodamine has been taken, the equation 

2 have been used because of the presence of triplet timescale along with diffusion process.  
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Section S2: Temperature-dependent CD-spectra of HSA in the presence of different 
concentrations of ChCl-EG and ChCl-Gly DES 

 

 
Figure S1.  Representative circular dichroism (CD) spectra of HSA in the presence of different 
concentrations of ChCl-EG and ChCl-Gly DES (the concentrations are mentioned in each 
figure itself) at different temperatures (298 – 358 K). 
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Section S3: Excitation wavelength-dependent emission of Domain-I of (CPM-tagged) HSA 
in the presence of hydrated DESs 

 

In the presence of ChCl-EG DES: 

 
Figure S2. (upper panel) Excitation wavelength-dependent emission spectra of CPM tagged to HSA 
(domain I); (lower panel) Shift of the emission maxima of CPM tagged to HSA (domain I) with the 
change in the excitation wavelength in various concentrations of hydrated ChCl-EG DES. The 
concentrations of the DES are mentioned in each figure itself. 
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In the presence of ChCl-Gly DES:

 
 
Figure S3. (In the upper panel) Excitation wavelength-dependent emission spectra of CPM tagged to 
HSA (domain I); (In the lower panel) Shift of the emission maxima of CPM tagged to HSA (domain I) 
with the change in the excitation wavelength in various concentrations of hydrated ChCl-Gly DES. The 
concentrations of the DES are mentioned in each figure itself. 
 
 
  



Page S8 of S17 

Section S4: Excitation wavelength-dependent emission of Domain-III of (NPCE-tagged) 
HSA in the presence of hydrated DESs 

 
In the presence of ChCl-EG DES: 

 

Figure S4. (In the upper panel) Excitation wavelength-dependent emission spectra of NPCE tagged to 
HSA (domain III); (In the lower panel) Shift of the emission maxima of NPCE tagged to HSA 
(domain III) with the change in the excitation wavelength in various concentrations of hydrated ChCl-
EG DES.  
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In the presence of ChCl-Gly DES: 

 
Figure S5. (In the upper panel) Excitation wavelength-dependent emission spectra of NPCE tagged to 
HSA (domain III); (In the lower panel) Shift of the emission maxima of NPCE tagged to HSA (domain 
III) with the change in the excitation wavelength in various concentrations of hydrated ChCl-Gly DES. 
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Section S5: Temperature-dependent steady-state emission study (thermal stability) of HSA 
domain I and domain III in the presence of different concentrations of hydrated ChCl-EG and 
ChCl-Gly DESs. 
 

Domain-I: 

 

Figure S6. Steady-state fluorescence spectra of CPM-tagged HSA (domain I) at different representative 
temperatures in the presence of different concentrations of (a) ChCl-EG and (b) ChCl-Gly DES. 
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Domain-III: 
 

 

Figure S7. Steady-state fluorescence spectra of NPCE-tagged HSA (domain III) at different 
representative temperatures in the presence of different concentrations of (a) ChCl-EG and (b) 
ChCl-Gly DES. 
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Melting Curves: 

 
 
Figure S8. 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. 
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Section S6: Fluorescence intensity autocorrelation curves of rhodamine 6G in different 
concentrations of hydrated ChCl-EG and ChCl-Gly DES and component solution of the same 
concentration as in hydrated DES. 
 
 

 
Figure S9. Representative fluorescence intensity autocorrelation curves of R6G in hydrated DES and 
component solution of the same concentration as in hydrated DES. The concentrations of the 
constituents are mentioned in each figure itself. 
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Section S7: Temperature-dependent CD-spectra of HSA in the presence of different 
concentrations of ChCl, ethylene glycol, and glycerol. 
 
 

 
Figure S10. Representative circular dichroism (CD) spectra of HSA in the presence of different 
concentrations of ChCl (left panel), EG (middle panel), and glycerol (right panel) at different 
temperatures (298 – 358 K). The concentrations are mentioned in each figure itself. The lowermost row 
represents the melting curves of the HSA thermal unfolding in the presence of ChCl, ethylene glycol, 
and glycerol, respectively, from left to right at different concentrations as mentioned in the figure legend 
itself. 
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Section S8: Excitation wavelength-dependent emission of Domain-I of (CPM-tagged) HSA in 
the presence of different concentrations of ChCl, ethylene glycol, and glycerol. 
 

 
Figure S11. (In the upper panel) Excitation wavelength-dependent emission spectra of CPM tagged to 
HSA (domain I); (In the lowermost panel) Shift of the emission maxima of CPM tagged to HSA 
(domain I) with the change in the excitation wavelength in various concentrations of ChCl, Ethylene 
glycol, and Glycerol. The concentrations of the constituents are mentioned in each figure itself. 
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Section S9: Excitation wavelength-dependent emission of Domain-III of (NPCE-tagged) HSA 
in the presence of different concentrations of ChCl, ethylene glycol, and glycerol. 
 
 

 
Figure S12.  Excitation wavelength-dependent emission spectra of NPCE tagged to HSA (domain III); 
and the shift of the emission maxima of NPCE tagged to HSA (domain I) with the change in the 
excitation wavelength in various concentrations of ChCl (left panel), Ethylene glycol (middle panel), 
and Glycerol (right panel). The concentrations of the constituents are mentioned in each figure itself. 
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