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A B S T R A C T

Heating of globular protein solutions usually leads to protein denaturation and subsequent gelation at high 
temperatures. Under “cold gelation”, protein forms a gel at a much lower temperature than its original gelation 
temperature (TG), which can be achieved by modifying various physicochemical conditions such as the pH of the 
solution, the presence of salts, etc. In this study, we investigated the cold gelation of Bovine Serum Albumin 
(BSA) protein induced by ethanol and controlled by ionic surfactant, using small-angle neutron scattering 
(SANS), dynamic light scattering (DLS), and rheology The results show that the TG of the protein with ethanol is 
systematically decreased as compared to the that of pure BSA solutions (~80 ◦C), reaching ~60 ◦C at 10 wt% 
ethanol, ~55 ◦C at 20 wt% and finally as low as ~38 ◦C in presence of 30 wt% ethanol in the solution. Rheo
logical measurements demonstrate a significant strengthening of the gel network, with the enhancement in 
storage modulus (G′) from ~20 Pa at 0 wt% to ~250 Pa at 30 wt% ethanol. Structural characterization reveals an 
increase in fractal dimension with rising ethanol content, indicating denser and more branched gel networks. 
Interestingly, the addition of the anionic surfactant sodium dodecyl sulfate (SDS) inhibits the alcohol-assisted 
cold gelation of BSA protein, depending upon the relative amount of ethanol and SDS in solution. The results 
are explained based on the interplay of interactions in the protein, manipulated by the presence of alcohol, 
elevated temperatures, and ionic surfactant. Our study highlights the tunability of gelation pathways and offers 
useful inputs for controlled protein gelation in biomaterial and food industry.

1. Introduction

Increasing the temperature of protein dispersions initiates the 
denaturation of protein via breaking of hydrogen and disulfide bonds. 
These denatured proteins undergo hydrophobic attraction due to 
exposure of the hydrophobic sites of the protein, resulting in the for
mation of smaller protein aggregates, which finally leads to protein 
gelation by forming intermolecular network structure at the gelation 
temperature (TG) (Clark et al., 2001; Gosal & Ross-Murphy, 2000; 
Tobitani & Ross-Murphy, 1997). Protein gels can also be obtained at 
lower relative temperatures through the manipulation of 

physicochemical conditions such as pH, pressure or the presence of salts, 
a process called cold-set gelation (Ako et al., 2010; Alting et al., 2004a; 
Lerch et al., 2024; Liu et al., 2024; Ryu & McClements, 2024; Speroni & 
Añón, 2013; Tomczyńska-Mleko et al., 2023; Zhao et al., 2021). While 
the thermal gelation of proteins is well studied, the cold gelation, where 
proteins form gels at sub-denaturation temperatures, is increasingly 
relevant for applications where thermal processing is undesirable (Yang 
et al., 2017). The cold gelation enables energy-efficient processing, 
preserves the bioactivity of sensitive components, and allows precise 
tuning of gel texture, making it valuable for food structuring, drug de
livery, and tissue engineering (Alting et al., 2004b; Mariz de Avelar 
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et al., 2020; Xu et al., 2023). The cold gelation of protein is usually 
directed via a two-step process. In the initial step, a solution of native 
proteins is heated up to a temperature lower than the TG, resulting in the 
formation of soluble aggregates. Once cooled, these aggregates stay 
soluble, and gelation does not take place. In the second step, gelation is 
triggered at lower temperatures by decreasing the electrostatic repul
sion, either by adding salt or by adjusting the pH towards the protein’s 
isoelectric point. Nevertheless, these approaches of protein gelation 
require some amount of heating (Ako et al., 2010; Alting, van der 
Meulena, et al., 2004).

The temperature-driven enhancement in the hydrophobic attraction 
and charge dependent electrostatic repulsion between protein molecules 
largely decides the behavior of the protein solutions on heating. If the 
repulsion in the system is dominating, the system does not undergo 
gelation and remain in solution (sol) state. Therefore, the primary 
condition for achieving cold gelation is to enhance the protein dena
turation and suppress the electrostatic repulsion in the system (Clark 
et al., 2001). Apart from the usual protocol of cold gelation as discussed 
above, addition of protein denaturing agents may promote the protein 
gelation even at lower temperatures. For example, addition of oppositely 
charged surfactant in protein dispersion usually supports its gelation by 
(i) denaturing the protein and (ii) reducing the electrostatic repulsion 
(Dubey et al., 2016; Kumar & Aswal, 2024; T. O. Nnyigide et al., 2023). 
In this context, addition of cosolvents such as alcohol or acids has also 
been reported to disrupt the secondary structure of the protein and 
hence enabling the cold-set gelation (Arabi et al., 2020; Kaewprasit 
et al., 2018; Yoshikawa et al., 2012; Yu et al., 2020). In particular, al
cohols is known to induce partial protein unfolding and promote hy
drophobic interactions, thus can assist the gelation process (Nikolaidis 
et al., 2017). Ethanol has been shown to enable cold gelation of whey 
protein at room temperature, with the extent of gelation strongly 
dependent on ethanol concentration and solution pH (Nikolaidis & 
Moschakis, 2018). Furthermore, ethanol can also influence the micro
structure and properties of protein gels. For example, acid-induced gels 
prepared in presence of alcohal exhibit distinct morphological changes 
(Wagner et al., 2021). Similarly, it has been reported that low ethanol 
content leads to disulfide bond-driven elastic protein gels, while higher 
ethanol levels produce weaker gels primarily stabilized by hydrogen 
bonding and electrostatic interactions (Andlinger et al., 2022). Ethanol 
pretreatment combined with thermal processing has also been used to 
develop thermo-reversible gels of whey protein, underscoring the 
tunability of such systems (Andreadis & Moschakis, 2023b).

It is clear from above examples that ethanol (or alcohols, in general) 
may induce cold-gelation by modifying both the hydrophobic as well as 
the electrostatic interactions between protein molecules (Chong et al., 
2015). However, tuning of this process has not been well explored. It 
could be of further interest to inhibit such gelation through other 
co-solutes (e.g., amphiphiles, multivalent ions etc.), permitting control 
over the sol-gel transitions, depending on the need of targeted applica
tion (Gao et al., 2020; Mercadé-Prieto & Gunasekaran, 2009; Song et al., 
2021; Venezia et al., 2022). The inhibition of Bovine Serum Albumin 
(BSA) protein gelation was achieved in the past by different means such 
as the excess condensation of multivalents Zr+4 ions, or anionic SDS 
surfactants (Kumar & Aswal, 2024; Kumar et al., 2021, 2023). Unlike 
cationic surfactants, which accelerate the gelation of BSA protein, so
dium dodecyl sulfate (SDS) prevents such gelation although both sur
factants work as denaturants for BSA protein at room temperature.

In this work, we examine the ethanol-driven cold-set gelation of BSA 
protein, where gelation could be achieved at temperatures as low as 
room temperature. BSA is a widely used model protein due to its well- 
characterized structure and functional similarities with many food 
proteins such as ovalbumin, beta-lactoglobulin. The gel formation has 
been established by both macroscopically, using visual inspection and 
tube inversion tests and microscopically, using rheology measurements 
(Rodríguez Patino et al., 1999). We further probed the structural mod
ifications during such gelation using small-angle neutron (SANS) and 

dynamic light scattering (DLS) techniques (Majcher et al., 2022; Yoshida 
et al., 2010; Zhu et al., 2022). Interestingly, alcohol-induced cold gela
tion of protein could be completely suppressed on addition of the ionic 
surfactant sodium dodecyl sulfate (SDS). The underlying mechanism has 
been explained based on competing interactions in the presence of 
alcohol and SDS. It should be noted that the protein, alcohol, and sur
factants, are all important components in the food industry and hence 
the pathways examined in this study can be highly useful in designing 
and controlling food gels (Boulet et al., 2001; Pizones Ruíz-Henestrosa 
et al., 2008; Rodríguez Patino et al., 2004; Yaghmur et al., 2002). In
sights gained from ethanol-induced gelation and SDS-mediated inhibi
tion of BSA can thus be extended to understand and control the gelation 
behavior in complex food systems. Moreover, understanding the nano
structure of these gels can provide useful inputs for dictating the prop
erties such as texture, stability, nutrient release, shelf life, etc. (Banc 
et al., 2016; Bayrak et al., 2023; Cao & Mezzenga, 2020; Napieraj et al., 
2022).

2. Experimental

2.1. Materials and sample preparation

BSA protein, sodium dodecyl sulfate (SDS) surfactant, and ethanol 
were purchased from Sigma-Aldrich. All the chemicals were used as 
received, without any further purification. The appropriate concentra
tion (4 wt%) of BSA solution was prepared by dissolving the lyophilized 
BSA powder (as provided by supplier, with no further purification) in 20 
mM pH ~7.2 buffer. A D2O/ethanol mixture was used as a solvent for 
SANS, whereas an H2O/ethanol mixture was used as a solvent for other 
measurements. These solutions were subjected to gentle mixing at room 
temperature to ensure full hydration and dissolution of the protein. 
These solutions are heated to obtain the gels. Each sample was equili
brated for approximately 30 min at the specified temperature. All the 
gels were prepared in 23 mm × 85 mm × 18 mm clear vials for 
macroscopic and rheological measurements. On the other hand, for 
SANS and DLS, the samples were gradually heated to the gelation tem
perature in the cuvettes to monitor the evolution of structure and in
teractions within the system during the gelation process. The gelation 
temperatures presented in the manuscript were determined separately 
by heating the samples in an oil bath. These gelation temperatures are 
consistent with the structural changes observed via SANS, DLS, and 
transmission measurements, providing reliable confirmation of the 
gelation behavior. It should be mentioned here that BSA concentration 
of 4 wt% was chosen because it yielded a gelation temperature (~80 ◦C) 
that provided an optimal experimental window to systematically 
investigate both ethanol-induced cold gelation and SDS-mediated inhi
bition (discussed later). This concentration allowed us to clearly observe 
the progressive lowering of gelation temperature with increasing 
ethanol concentration (down to ~ 40 ◦C), as well as the ability of SDS to 
inhibit gelation even at elevated temperatures (up to ~ 95 ◦C).

2.2. Methods

2.2.1. Dynamic light scattering (DLS)
DLS measurements were performed using Malvern ZETASIZER Nano 

series (Nano-S) instrument. The instrument utilizes a laser source of 
light of wavelength 633 nm while scattered light is measured using 
Avalanche photodiode detector, placed at 173◦ angle. Transmission 
measurements were carried out using nanoparticle size analyzer SZ-100 
of Horiba, utilizing a laser light of wavelength 532 nm. DLS and trans
mission measurements were repeated at least five times to ensure the 
consistency of the results.

2.2.2. Small-angle neutron scattering (SANS)
Small-angle neutron scattering experiments were performed on the 

Bilby instrument at the OPAL reactor at ANSTO (Sydney, Australia) and 
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SANS-I instrument at PSI, Switzerland. The Bilby instrument was 
configured in a conventional monochromatic pinhole SANS instrument 
mode at a fixed wavelength (λ) of 6.0 Å with wavelength resolution 
(Δλ/λ) ~ 0.1 (Sokolova et al., 2016). The rear detector was positioned 
18.0 m from the sample, and the curtain detector banks were positioned 
1.5 m and 2.5 m from the sample, to cover a wave vector transfer (Q = 4π 
sin(θ/2)/λ, where θ is the scattering angle) range of 0.003–0.40 Å− 1. 
Same wavelength of neutron (λ = 6.0 Å and Δλ/λ ~ 0.1) were used for 
the SANS measurement at SANS-I instrument, PSI. A two-dimensional 
(96 × 96 cm2) 3He gas detector was used for scattered neutron detec
tion. Two sample-to-detector distances of 2 m and 8 m were used to 
cover the wave vector transfer Q-range from 0.005 to 0.22 Å− 1.

The samples were held in Hellma quartz cuvettes (120-QS at Bilby 
and 404-QX at SANS-I) with 2 mm path length during the SANS mea
surements. Cuvettes were aligned using the thermostatic sample holder 
and vary the temperature from 25 ◦C to 80 ◦C (as required). The raw 
data were radially averaged, corrected for electronic background and 
empty cell and normalized to absolute scale using standard protocol 
(Arnold et al., 2014; Keiderling, 2002).

2.2.3. Rheology
The storage and loss moduli of the gel samples were measured using 

Anton Paar Physica MCR92 rheometer employing parallel plate geom
etry. The gel samples were first prepared by heating the protein solu
tions with increasing concentration of ethanol in ethanol/water 
mixtures at respective TG. All gel samples were prepared in closed vials 
to avoid the solvent evaporation at higher temperatures. Then rheo
logical characterization was carried out on these samples at room 
temperature.

2.3. Data analysis

2.3.1. DLS data analysis
Dynamic Light Scattering (DLS) measurements yield the auto- 

correlation function (ACF) as a function of delay time (τ). These plots 
are obtained from the fluctuations in the intensity of scattered light, 
which correlate with the translational diffusion coefficient (D) of par
ticles in suspension. The normalized intensity autocorrelation function, 
denoted as g2 (τ), is described by the following relationship (Kaszuba 
et al., 2008; Lorber et al., 2012; Stetefeld et al., 2016): 

g2(τ)=1 + β
⃒
⃒
⃒e− DQ2τ

⃒
⃒
⃒
2

(1) 

here β denotes the spatial coherence factor, decided by the instrument 
optics. Q represents the magnitude of wave vector transfer.

In a polydisperse system of narrow size distribution of scatterers, 
cumulant analysis is typically applied to determine the mean diffusion 
coefficient. The following Stokes-Einstein relation is then utilized to 
determine effective mean hydrodynamic diameter (Dh) of the scatterers 
from mean diffusion coefficient: 

Dh =
kBT

3πηD
(2) 

In the above equation, kB, T, and η denote Boltzmann’s constant, abso
lute temperature, and viscosity of the solvent, respectively.

2.3.2. SANS analysis
Small-angle neutron scattering (SANS) is used to study the structure 

and interactions of macromolecules (e.g., proteins, surfactants etc.), 
dispersed in a medium (Gilbert, 2023). In SANS, a beam of mono
chromatic neutrons is made incident onto the sample, and the intensity 
of scattered neutrons is measured at different scattering angles. The 
intensity of the scattered neutrons for a system consisting of mono
dispersed particles dispersed in a medium can be given by following 
relation (Jeffries et al., 2021; Li et al., 2016) 

I(Q)=
Np

(
ρp − ρm

)2Vp
2

VS
P(Q) S(Q) (3) 

where, Q is the magnitude of scattering vector. Np is the number of 
scatterers in the sample; Vs represents the sample volume; Vp is the 
volume of a single scatterer; (ρp –ρm)2 is called the contrast factor and is 
scattering length density difference between particle (ρp) and matrix 
(ρm); P(Q) is the intraparticle structure factor; S(Q) denotes the inter
particle structure factor.

The expression for P(Q) of ellipsoidal particle is given by 

P(Q)=

∫1

0

F(Q, μ)2dμ 

where F(Q, x) = 3(sin x− x cos x)
x3 in this 

x=Q
[
a2μ2 + b2( 1 − μ2)]

1
2 (4) 

where a and b represent the semi-axes for ellipsoid shape, μ is the cosine 
of the angle between the direction of major axis and scattering vector Q. 
The BSA protein is usually described by an oblate (b = c>a) ellipsoidal 
shape (Wang et al., 2023). 

S(Q) for an attractive system may be accounted by following square 
-well potential (Sharma & Sharma, 1977)

U(r) =

⎧
⎨

⎩

∞for 0 < r < σ
− ε for σ < r < σ + Δ

0 for r > σ + Δ
(5) 

where Δ and ε correspond to the width and the depth of the potential 
while σ is the hard sphere diameter of the particle/scatterer. The rise in 
the temperature-dependent attraction among proteins has been 
accounted by this potential.

The protein gels are analyzed using two-stage model, usually 
employed for polymer gel systems (Shibayama, 2012; Valencia et al., 
2020). In accordance with this model, we consider mass fractal kind of 
gel morphology along with presence of large inhomogeneities. To ac
count for the mass fractal morphology of gel network, we have used a 
Fisher-Burford form factor. In such case, scattering intensity can be 
represented as (Fisher & Burford, 1967): 

I(Q)=

(

1 +
2

3Df
Q2R2

g

)− Df/2

(6) 

where Df is the fractal dimension, Rg is the radius of gyration of the 
aggregate. The scattering contribution from large inhomogeneities, can 
be accounted by a power law behavior and equation (6) is modified as: 

I(Q)=

(

1 +
2

3Df
Q2R2

g

)− Df/2

+
I1

Q− n (7) 

where I1 is a Q independent proportionality constant, and n denotes the 
Porod exponent. Since no low Q-cut off is observed in the measured Q 
range, the consideration of only power law behavior is reasonably 
acceptable assumption.

The SANS data analysis has been performed by fitting the experi
mental data to the scattering, calculated from theoretical models and the 
parameters have been optimized using nonlinear least squares fitting 
methods (Wignall & Bates, 1987).
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3. Results and discussion

3.1. Transmission measurement

Fig. 1a shows the optical transmission of 4 wt% protein dispersion in 
mixed water/ethanol solvent with increasing temperature. All the 
transmission values are normalized by the transmission of the 4 wt% 
BSA solution in water at 25 ◦C. The transmission of pure BSA decreases 
systematically with increasing temperature. The decrease in the trans
mission is usually due to the formation of larger structures in the system, 
which scatter light more strongly than smaller structures. Therefore, the 
observed decrease in the transmission can be associated with the protein 
gelation, which originates due to the unfolding of protein and subse
quent protein aggregation, leading to the formation of a 3-dimesional 
network structure. The transmission of the sample decays faster in the 
presence of alcohol even at relatively lower temperatures. This suggests 
that the presence of alcohol promotes the gelation of protein dispersions 
at a much lower temperature, indicating the cold gelation of the protein. 
It should be mentioned that neither the pH nor the ionic strength of the 
sample have been changed which are usually employed to achieve cold 
gelation for proteins. Fig. 1c shows the gelation temperature variation of 
the 4 wt% protein dispersion in mixed water/ethanol solvent. As the 
ethanol concentration was increased, gelation temperature systemati
cally decreased. With 30 % ethanol in solution, the gelation temperature 
is approximately 37 ◦C. It should be mentioned that all data in Fig. 1 are 
based on at least five independent measurements, with the plots 
showing mean values and appropriate error bars representing standard 
deviations. The trends were consistent across replicates, supporting the 
reproducibility and reliability of the results. To further validate the 
trends, we performed a linear regression analysis on the data presented 
in Fig. 1C, which shows the variation in gelation temperature as a 
function of alcohol concentration, a central result of the study. The 
regression yielded a slope of approximately − 1.1, indicating that 

gelation temperature decreases by about 1.1 ◦C for each wt.% increase in 
alcohol concentration. The regression yielded a p-value of ~0.001, 
confirming that the observed trend is statistically significant (p < 0.05). 
This strongly supports our conclusion that ethanol concentration has a 
significant and systematic influence on the gelation behavior of BSA.

Interestingly, the effect of alcohol is substantially suppressed with an 
addition of the anionic surfactant SDS (Fig. 1b). 4 wt% BSA +40 mM SDS 
prepared in 80/20 water/ethanol solvent does not show any decrease in 
the transmission and the sample remains in the solution state 
throughout the measured temperature range. Fig. 1d shows the inver
sion test of the 4 wt% BSA in 100 % water and in 80/20 water/ethanol 
mixture, heated at temperatures which are equal or higher to their 
respective TG. 4 wt% BSA +40 mM SDS, prepared in 80/20 water/ 
ethanol mixture and heated till 70 ◦C has also been depicted in the same 
figure. The system does not show any trace of gelation even at tem
peratures higher than TG (~55 ◦C) of the same sample without SDS (i.e., 
4 wt% BSA + 80/20 water/ethanol). To understand these intriguing 
observations, we have carried out systematic DLS, rheology, and SANS 
measurements.

3.2. Cold gelation of BSA at different alcohol contents

3.2.1. Size evolution by dynamic light scattering (DLS)
DLS measurements were carried out mostly in the pre-gelation 

temperatures, as we are aiming to observe the size evolution in the 
system obtained only from the homodyne component of the intensity 
auto-correlation function (ACF) (Balakrishnan et al., 2011; Shibayama 
& Norisuye, 2002). Above the gelation temperature, the heterodyne 
component in the ACF appears and the data cannot be evaluated using 
the cumulant analysis method. Therefore, we have investigated the 
post-gelation temperature region extensively using rheology and SANS. 
Fig. 2 shows the ACFs of 4 wt% BSA solution in (a) 100 % water and (b) 
80/20 (%w/w) water/ethanol mixture with increasing temperature. The 

Fig. 1. Transmission of (a) 4 wt% BSA dispersion in mixed water/ethanol solvent with increasing temperature and (b) 4 wt% BSA + 10/40 mM SDS in 80/20 mixed 
water/ethanol solvent. (c) Gelation temperature (TG) of 4 wt% BSA in mixed water/ethanol solvent as a function of ethanol concentration. (d) Physical states of the 4 
wt% BSA in (i) 100 % water heated at TG (80 ◦C), (ii) 80/20 water/ethanol solvent heated at 70 ◦C and (iii) 4 wt% BSA + 40 mM SDS sample in 80/20 mixed water/ 
ethanol solvent heated at 70 ◦C.
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ACF of the protein.
Solution in water shows a single exponential decay due to mono

dispersed nature of the protein. As the temperature increases, the ACFs 
shift towards smaller delay times up to 60 ◦C. Such shift is attributed to 
the faster diffusion of protein molecules with an increase in the tem
perature. The cumulant analysis of the data shows only a marginal in
crease in the effective hydrodynamic size (Dh) in this temperature range 
(20–60 ◦C) [Fig. 2c], which could come from the minor unfolding of the 
protein molecules. As the temperature increases beyond 60 ◦C, ACFs 
shift towards longer delay times, suggesting significant increase in the 
Dh of the system. Such significant changes in the size of the protein 
might come from the enhanced hydrophobic attraction or protein 
network structure formation at higher temperatures (>60 ◦C). The de
tails of the intermolecular interaction and structure formation of BSA 
protein under these solvent conditions have been investigated by SANS.

In Fig. 2b, the ACFs show only a marginal shift towards lower delay 
times up to a temperature of 43 ◦C, mostly due to temperature-driven 
enhancement in protein diffusion. ACFs shift significantly towards 
longer delay times for further increase in the temperature. A significant 
rise in the effective hydrodynamic size was observed at a temperature as 
low as 50 ◦C. This is in an agreement with the transmission measurement 
(Fig. 1), which suggests that the presence of ethanol accelerates the gel 
formation of BSA protein. Moreover, an increase in the Dh at much lower 
temperatures could be attributed to the alcohol-assisted protein 
unfolding and thereby enhancing hydrophobic attraction even at lower 
temperatures (Malkin et al., 2023; Singh et al., 2010). The circular di
chroism results also show that ethanol induces a significant loss in the 
α-helical content of BSA even at room temperature, confirming partial 
unfolding of the protein structure [Fig. S1 and Table S1 in supplemen
tary information (SI)], supporting our inferences that ethanol facilitates 
cold gelation by destabilizing the native protein conformation. This 
observation is consistent with literature reports, which suggest that The 
interplay of entropy and enthalpic interactions could cause the 
nonspecific alcohol binding, where a large number of alcohol molecules 
penetrates into the hydrophobic interior of protein, leading to loss of 

native protein structure (Chong et al., 2015).
DLS data of 4 wt% BSA solutions, prepared in 95/5 and 90/10 water/ 

ethanol mixed solvents with increasing temperature are depicted in 
Fig. S2 and S3 in SI. Like the results observed for 20 wt% ethanol, the 
data show similar trend at lower ethanol contents. Overall, the pro
pensity of increasing the effective hydrodynamic size of BSA protein is 
enhanced with increasing ethanol content in the solution (Figs. 1 and 2, 
S2, and S3).

3.2.2. Rheological behavior of the gel
The rheological characteristics of the gel have been studied by car

rying out frequency sweep measurements. Fig. 3 shows the variation in 
the storage (G′) and loss (G″) modulus of gels prepared on heating the 4 

Fig. 2. The intensity autocorrelation functions of 4 wt% BSA solution in (a) 100 % water and (b) 80/20 water/ethanol mixture with increasing temperature, as 
measured by DLS, and (c) variation of effective hydrodynamic size of the system with increasing temperature as obtained using cumulant analysis.

Fig. 3. Measured rheology data (storage (G′) and loss (G″) moduli) of the BSA 
gels prepared in different water/ethanol mixtures, with varying ethanol 
concentration.
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wt% BSA dispersion in the mixed water/ethanol with varying ethanol 
concentrations. The gel samples, prepared by heating the solutions in 
closed vials at respective gelation temperatures, were placed in the 
rheometer and the measurements carried.

Out at room temperature. The storage modulus (G′) of BSA gel 
remain more or less constant and more than loss modulus (G″) 
throughout the measured frequency range, satisfying the required con
dition for gel formation (Malkin et al., 2023). The trend in the variation 
of G′ and G″ remain the same with an addition of ethanol, representing 
the typical characteristics of the gel. However, the storage modulus in
creases significantly with increasing ethanol content, suggesting that the 
gel strength is increasing with increasing ethanol fraction in the solvent 
(Andreadis & Moschakis, 2023a). In fact, the slope of variation of G′ does 
not vary significantly with respect to frequency in case of 4 wt% BSA 
sample, prepared in 70/30 water/ethanol mixture, indicating purely 
elastic nature of the gel (Xi et al., 2019).

3.2.3. Evolution of structure studied by SANS: effect of ethanol content
The evolution of interaction in protein from pristine state to the gel 

formation and the resultant morphology of the gels have been probed by 
SANS. Fig. 4a shows the SANS data of 4 wt% BSA dispersion with an 
increase in the temperature from 20 ◦C to 65 ◦C. Data of BSA at 20 ◦C 
mostly shows a monotonically decreasing profile, suggesting only P(Q) 
governed.

scattering, and hence S(Q) is approximated to unity. Therefore, the 
scattering data were fitted using a P(Q), corresponding to an oblate 
ellipsoidal shape, which captures the overall geometry of the protein 
molecules. The fitted parameters are consistent with the dimensions of 
BSA reported in the literature (Zhang et al., 2012). The data shows a 
systematic build-up of the scattering intensity in the low Q-region on 
increasing the temperature up to 65 ◦C. The systematic rise in the 
scattering intensity usually exhibits an evolution of the attractive 
interaction in the system or the formation of larger structures. Since the 
data in the higher Q region (Q > 0.05 Å− 1) remains more or less same, 
the formation of larger aggregates can be ruled out. Therefore, the data 
are fitted considering P(Q) of oblate ellipsoidal shape with S(Q) of 

short-range attractive square-well potential (Bharti et al., 2014; Corbett 
et al., 2017; Kumar et al., 2024). Fitted parameters are listed in Table 1. 
On increasing temperature, the protein molecules show a systematic 
increase in the geometrical parameters, consistent with slight unfolding 
of the protein. In addition, the system shows a significant rise in 
attractive interaction, as reflected from the increased depth and range of 
the fitted square-well potential (Table 1). The rise in the attraction with 
temperature can be mostly attributed to the exposure of the hydrophobic 
segments towards the aqueous environment. The depth potential is 
found to be more than average thermal kinetic energy (1.5kBT) of the 
molecules, while the range is also more than equivalent diameter [2 
(a2b)1/3] of the protein. Both of these parameters suggest that strong 
attraction acting over longer distances to finally causing protein gelation 
at TG (Flores-Tandy et al., 2020).

The tendency of gelation of BSA protein is substantially enhanced in 
the presence of ethanol. Fig. 4b–d shows the SANS data of 4 wt% BSA in 
95/5, 90/10 and 80/20 mixed D2O/ethanol solvent, respectively. One 
can observe that the signal-to-background ratio of 4 wt% BSA at 30 ◦C 
systematically reduces with increasing ethanol content. This is mostly 
due to an increase in the incoherent background, originating from the 
hydrogen present in ethanol and significant decrease in the scattering 
contrast between protein and mixed solvent. Comparison of the SANS 
data of BSA in 100 % D2O and mixed D2O/ethanol systems at 30 ◦C show 
a slight modification in the BSA dimensions in the presence of alcohol, 
consistent with the alcohol driven changes in the secondary structure of 

Fig. 4. SANS data of 4 wt% BSA in (a) 100 % D2O, (b) 95/5, (c) 90/10 and (d) 80/20 ratio of D2O/ethanol mixed solvent with increasing temperature.

Table 1 
Fitted parameters of SANS data of 4 wt% BSA solution prepared in 100 % D2O.

Temperature 
(oC)

Semi-major 
axis a = c 
(nm)

Semi-minor 
axis b (nm)

Depth of 
potential 
(kBT)

Width of 
potential 
(nm)

30 4.3 ± 0.2 1.4 ± 0.1 – –
50 4.3 ± 0.2 1.4 ± 0.1 – –
60 4.5 ± 0.2 1.5 ± 0.1 5.2 ± 0.3 3.7 ± 0.2
65 4.6 ± 0.2 1.5 ± 0.1 8.0 ± 0.4 4.8 ± 0.3
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the protein (Dirauf et al., 2021).
The scattering data of 4 wt% BSA in 95/05 mixed D2O/ethanol 

(Fig. 4b) do not show any significant changes up to 55 ◦C. However, the 
further increase in the temperature leads to significant changes in the 
scattering profile as can be seen from the upturn of the scattering in
tensity in the lower-Q regime (Fig. 4b). As the alcohol content in the 
system is increased, the low-Q rise in scattering intensity is noted to be 
appearing at lower temperatures (Fig. 4b–d). For example, the data in 
the presence of 5 %, 10 %, and 20 % ethanol show an increase in scat
tering intensity at 60, 55, and 50 ◦C, respectively. Above these respec
tive temperatures, each system shows clear indications of gel formation 
in the scattering profile (discussed later). In the case of 20 % ethanol 
(Fig. 4d), the signature of gel formation in data is evident at tempera
tures as low as 50 ◦C. The scattering signal overlaps at 60 and 65 ◦C, 
suggesting that the gel formation is almost complete at these tempera
tures and no further structural modifications are expected beyond this 
temperature range (>65 ◦C). It is thus clear that the increase in ethanol 
content reduces the gelation temperature and accelerates the gel for
mation at much lower temperatures (cold-set gelation). The SANS re
sults are quite consistent with the transmission and DLS data (Figs. 1 and 
2) where decrease in gelation temperature and significant rise in effec
tive hydrodynamic size are also observed with increasing ethanol 
content.

The rise in the scattering intensity with increasing temperature 
shows in Fig. 4b–d is not similar to that observed Fig. 4a, where the 
system was only undergoing attractive interaction. In fact, in later cases 
(Fig. 4b–d), the low-Q rise in the scattering intensity is accompanied by 
linearity in the scattering profile along with substantial changes in the 
intermediate Q values, suggesting the formation of hierarchical fractal 
structure in the system. At higher temperatures, the scattering profile 
shows features of two length scales, as can be clearly noticed in Fig. 4d, 
where the slope of the linearity shows change at Q ~0.007 Å− 1. The 
scattering signal in the Q region >0.007 Å− 1 is accounted by the fractal 
morphology of the resulting gel, whereas data in the very low Q range 
(Q < 0.007 Å− 1) is attributed to the presence of large inhomogeneities in 
the gels (equation (7)). Accordingly, the data are fitted using two-stage 
model of the polymer gels (Parsana et al., 2023; Shibayama, 2012). This 
model considers two contributions: (i) the gel network as a fractal 
structure, which is appropriate for the hierarchical and percolated na
ture of the protein gels, and (ii) the presence of large-scale in
homogeneities. Fractal morphology of the gels is taken care by 
Fisher-Burford model, considering exponential cut-off function, as 
described in section 2.3.2 (Ferri et al., 2001; John et al., 2019; Österberg 
& Mortensen, 1994). The fractal dimension describes the compactness of 
the gel network, while the radius of gyration reflects the overall size of 
the mass fractals. The fitted parameters are listed in Table 2. Both pa
rameters show a systematic increase with temperature for all the alcohol 
contents, suggesting the formation of more compact and large protein 
network. For temperatures more than TG at respective ethanol contents, 
the Porod exponent is noted to be higher than 3, suggesting presence of 
highly compact larger inhomogeneities with surface fractal kind of 
morphologies. These large inhomogeneities could represent certain re
gions of highly compact and dense cross-linking of unfolded protein in 
the gel network (Shibayama, 2012, 2025). As the temperature increases 
the value of exponent further increases, suggesting shrinkage 
(enhancement in the compactness) of these regions. A comparison of the 
radius of gyration, Porod exponent, and the fractal dimension with the 
change in the ethanol fraction (Table 2) shows that the cross linking or 
networking in the resulting gels also increases with an increasing alcohol 
concentration at a given temperature, thereby giving rise to higher 
strength to the gel, as also observed in rheology data (Fig. 3).

3.2.4. SANS evidence of cold gelation of BSA protein at room temperature
It has been seen in Fig. 1 that the gelation of BSA can be achieved 

close to the room temperature by increasing the ethanol content beyond 
30 %. This is also evident from SANS results in Fig. 5, which compares 

the SANS data of 4 wt% BSA in pure D2O and D2O with increasing 
ethanol content, measured at 30 ◦C and 65 ◦C. At 30 ◦C, BSA prepared in 
70/30 D2O/ethanol solvent show signatures of gel formation, whereas 
rest of the data show features of scattering from BSA molecules in so
lution state (Fig. 5a). Systematic decrease in the scattering signal and 
rise in the background (high Q-region) up to alcohol content of 20 % can 
be attributed to the alcohol enhancing the incoherent background and 
decreasing the contrast of BSA molecules in mix ethanol/D2O solvents 
compared to pure D2O, as discussed earlier. However, as the alcohol 
content is increased to 30 %, the scattering intensity shows sharp linear 
scattering in the low Q-region, as typically observed on gel formation, 
confirming the room temperature gelation of protein at 30 % ethanol 
content. SANS data of BSA in 70/30 D2O/ethanol solvent with system
atic temperature change are depicted in Fig. S4 in SI. The scattering 
profiles overlap at temperatures more than 40 ◦C, suggesting saturation 
of modifications in structural features of gel at temperatures as low as 
40 ◦C (Fig. S4 in SI).

All the data at 65 ◦C in Fig. 5b show the signature of gel formation 
except that of the pure BSA protein, where the protein molecules still 
undergo attractive interaction (Table 1). Apart from a rise in scattering 
intensity in high Q-region, as originating from high incoherent back
ground (discussed above), the data sets in Fig. 5b also show an increase 
in the scattering intensity particularly in the low Q-region (Q < 0.01 
Å− 1) with an addition of alcohol, due to the formation of networking 
structure of protein gels. The fitting of these data sets using two-stage 
model are described earlier and the fitted parameters are present in 
Table 2. Interestingly at 30 wt% alcohol content, the data show large 
linear scattering with a power law dependence of about Q− 3 in the 

Table 2 
(a) Fitted parameters of SANS data of 4 wt% BSA solution prepared in 95/5 ratio 
of D2O/ethanol mixed solvent.

Temperature 
(oC)

Semi-major axis a 
= c (nm)

Semi-minor axis b (nm)

20 4.2 ± 0.2 1.4 ± 0.1
30 4.2 ± 0.2 1.4 ± 0.1
50 4.2 ± 0.2 1.4 ± 0.1
55 4.2 ± 0.2 1.4 ± 0.1
Initiation of gel formation
Temperature 

(oC)
Radius of gyration 
Rg (nm)

Fractal 
dimension (Df)

Porod 
exponents (n1)

60 8.2 ± 1.0 2.0 ± 0.1 –
65 10.5 ± 1.0 2.15 ± 0.1 2.7 ± 0.1

(b) Fitted parameters of SANS data of 4 wt% BSA solution prepared in 90/10 ratio of 
D2O/ethanol mixed solvent.

Temperature 
(oC)

Semi-major axis a 
= c (nm)

Semi-minor axis b (nm)

20 3.8 ± 0.2 1.2 ± 0.1
50 4.4 ± 0.2 1.4 ± 0.1
Initiation of gel formation
Temperature 

(oC)
Radius of gyration 
Rg (nm)

Fractal 
dimension (Df)

Porad 
exponents (n1)

55 6.2 ± 0.5 2.0 ± 0.1 –
60 11.0 ± 1.0 2.0 ± 0.1 3.0 ± 0.1
65 13.2 ± 1.0 2.7 ± 0.1 3.1 ± 0.1

(c) Fitted parameters of SANS data of 4 wt% BSA solution prepared in 80/20 ratio of 
D2O/ethanol mixed solvent.

Temperature 
(oC)

Semi-major axis a 
= c (nm)

Semi-minor axis b (nm)

20 3.6 ± 0.2 1.2 ± 0.1
40 3.6 ± 0.2 1.2 ± 0.1
Initiation of gel formation
Temperature 

(oC)
Radius of gyration 
Rg (nm)

Fractal 
dimension (Df)

Porod 
exponents (n1)

50 6.2 ± 0.5 2.0 ± 0.1 2.5 ± 0.1
55 11.4 ± 1.0 2.1 ± 0.1 3.1 ± 0.1
60 13.4 ± 1.0 2.4 ± 0.1 3.4 ± 0.1
65 13.5 ± 1.0 2.5 ± 0.1 3.5 ± 0.1
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almost entire Q-range (0.003–0.01 Å− 1), with almost no broad humplike 
scattering features in the intermediate Q-range (0.01–0.05 Å− 1), as 
observed in the case of lower alcohol contents. The absence of inter
mediate scattering features may originate from the collapse of the in
termediate mass fractal kind of network structure and the formation of 
quite compact agglomerated structure of the protein gel, at this alcohol 
concentration (30 wt%). This is consistent with scanning electron mi
croscopy images (Fig. S5) as well as our rheology data, showing the 
formation of highest strength gels at this alcohol concentration.

3.3. Inhibition of cold gelation of BSA protein

The data discussed so far provides details on evolution of structures 
of alcohol-driven cold gelation of BSA protein solution. Intriguingly, 
such a tendency of the protein solution to undergo cold-set gel in water/ 
ethanol mixed solvent can be suppressed by adding the anionic surfac
tant, SDS, to the system. This is demonstrated by measuring the gelation 
temperature of the BSA solutions in presence of varying contents of 

ethanol and SDS (Table S2 in SI). The measurements demonstrate that 
while ethanol consistently reduces the gelation temperature, SDS tends 
to counteract this effect by increasing the gelation temperature and, at 
sufficiently high concentrations, can even prevent gelation altogether. 
Fig. 6a shows ACFs of 4 wt% BSA in 90/10 water/ethanol mixture in 
presence of 40 mM SDS. The result exhibits that unlike pure BSA sus
pensions in water as well as water/ethanol mixtures (Fig. 2) there is 
almost no shift in the ACFs towards longer delay times with increasing 
temperature. Instead, there is a slight shift in the ACF towards shorter 
delay time at 70 ◦C, mostly due to the faster diffusion of the scatterers at 
higher temperature (protein molecules and SDS micelles in this case). 
Fig. 6c shows the variation of the effective hydrodynamic size of 4 wt% 
BSA with 40 mM SDS in 10 % and 20 % ethanol/water mixtures with 
increasing temperature, which depicts no substantial increase in the size 
of scatterers. Each data point in this figure represents the mean value of 
five independent measurements, with standard deviation as error bars. 
We performed linear regression analysis for both datasets. The obtained 
slopes were 0.07 (for 10 % ethanol) and 0.02 (for 20 % ethanol), with 

Fig. 5. SANS data of 4 wt% BSA in mixed D2O/ethanol solvent with varying fraction of ethanol measured at (a) 30 ◦C and (b) 65 ◦C.

Fig. 6. ACFs of 4 wt% BSA +40 mm SDS solutions in (a) 10 % ethanol and (b) 20 % ethanol in mixed ethanol/water solvents with increasing temperature, as 
measured by dynamic light scattering. (c) Effective hydrodynamic size of the systems as obtained by DLS.
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corresponding p-values of 0.005 and 0.007. While statistically signifi
cant, the slopes are numerically small, indicating that temperature has 
only a marginal effect on hydrodynamic size.

The ionic micelles (e.g., SDS or DTAB) are known to display a mar
ginal scaling down in the size with increasing temperature. On the other 
hand, protein molecules should show an increase in the size, if it is 
undergoing temperature-driven unfolding and subsequent gelation. 
Since the DLS data are usually dominated by the larger structures, no 
significant increase in the effective hydrodynamic size of the system 
suggests no substantial change in protein dimensions, clearly restricting 
the protein gelation (Kumar & Aswal, 2024; Kumar et al., 2023).

Similar effects were observed for 4 wt% BSA in 80/20 water/ethanol 
mixture in presence of 40 mM SDS (Fig. 6b). The ACFs of this system also 
do not shift towards longer delay times even at higher temperatures and 
there is almost no change in hydrodynamic size (Fig. 6c). The role of SDS 
here may appear counter-intuitive as it is known to unfold the protein as 
applied in gel electrophoresis. In some cases, SDS is also reported to 
provide protective effects against temperature driven protein denatur
ation and gelation (Moriyama et al., 2008; O. S. Nnyigide & Hyun, 2020; 
Xu & Keiderling, 2004). In fact, even in the absence of ethanol, the BSA 
+ SDS solutions (prepared in 100 % water) do not show significant rise 
in hydrodynamic sizes with increasing temperature (Fig. S6 in SI). In 
agreement to the protective effect of SDS, the above DLS results also 
demonstrate the ability of SDS to suppress the alcohol-induced cold-set 
gelation of the BSA protein.

To understand the role of SDS in suppressing the ethanol-induced 
protein gelation, we carried out SANS measurements of 4 wt% BSA 
prepared in 80/20 D2O/ethanol mixture with 10 and 40 mM SDS at 
55 ◦C (Fig. 7). For comparison, SANS data of 4 wt% BSA in mixed solvent 
measured at 55 ◦C is also shown in Fig. 7. At this temperature, the BSA 
protein in mixed solvent undergoes immediate gelation in absence of 
SDS as discussed in Fig. 1c and 4d. The features of the scattering data of 
4 wt% BSA in presence of SDS at 55 ◦C are different from that of the BSA 
in mixed solvent. In fact, the features of the data of 4 wt% BSA with 40 
mM SDS at 55 ◦C resemble those of the pure BSA solution as discussed in 
Fig. 4a. However, data of 4 wt% BSA with10 mM SDS shows higher 
scattering in the low-Q region compared to that for 40 mM SDS, sug
gesting that effect of SDS in suppressing the gelation is less significant at 
lower SDS concentration. The scattering intensity in presence of SDS at 
55 ◦C could be fitted by considering the protein molecules undergoing 
attractive interaction (no gelation) along with the contribution from 
pure SDS micelles. The fitted parameters are given in Table 3. One can 

note in Table 3 that the attraction among protein molecules (depth/ 
width of potential) is decreasing with increasing SDS concentration. This 
is consistent with the transmission plot (Fig. 1b), where the 4 wt% BSA 
with 10 mM SDS in 20 % ethanol/water mixture is seen undergoing 
gelation at 65 ◦C, while 4 wt% BSA with 40 mM SDS in mixed solvent 
does not show any gelation even up to 70 ◦C. SANS data of 4 wt% BSA 
protein prepared in mixed solvent and contains different amount of SDS 
(0–40 mM), measured at 65 ◦C are shown in Fig. S7 in SI. The data at 
lower concentrations of SDS (CSDS ≤ 20 mM) show the signature of gel 
formation, whereas with 40 mM SDS, the system remains in the solution 
state. Thus, our results suggest that the complete inhibition of gelation 
and/or tuning of gelation temperature depends on the relative amount 
of SDS and ethanol.

The observed effect of SDS in preventing/delaying the gel formation 
of the BSA protein in the presence of ethanol could be due to either (i) 
suppression of hydrophobic attraction and/or (ii) enhancement in the 
electrostatic repulsion in the system. Both factors tend to suppress the 
gel formation tendency in the protein solutions on heating by making 
the system’s overall behavior less attractive (Table 3). It has been 
observed that alcohol interacts with SDS micelles either at the water/ 
head-group interface or inside the micelle core (Méndez-Bermúdez & 
Dominguez, 2016), which may in part explain the reduced effect of 
alcohol on BSA. Also, another factor is anionic SDS micelles will enhance 
the overall charge-charge interaction in the system (Kumar & Aswal, 
2024). SDS, being an anionic surfactant, can bind only to the positively 
charged patches on the negatively charged BSA molecule. This binding 
leads to an overall increase in the net negative charge, which in turn 
enhances electrostatic repulsion between protein molecules. This is 
confirmed by zeta potential and SANS measurements in our previous 
study (Kumar & Aswal, 2024). This electrostatic stabilization likely 
prevents the aggregation and network formation necessary for gelation, 
even in the presence of ethanol. Additionally, prior studies have shown 
that the addition of salt (NaCl) can enhance SDS-induced unfolding by 
screening repulsive interactions (Mehan et al., 2015; Saha et al., 2018), 
further supporting our mechanistic interpretation. Others have also re
ported such protective effect of SDS against thermal denatur
ation/gelation of BSA (in the absence of ethanol) [Kumar & Aswal, 
2024; Kumar et al., 2025; T. O. Nnyigide et al., 2023], as mentioned 
above. They attributed these effects to enhanced electrostatic repulsion 
as well as reduction in hydrophobic attraction due to the formation of 
favorable hydrogen bonds between the protein and SDS and the for
mation of cross-linking bridges. Therefore, the inhibition of 
ethanol-induced BSA gel formation by SDS can be defined as the inter
play of hydrophobic attraction and electrostatic repulsion in the system.

The ability to tune gelation temperature down to near-room tem
perature through ethanol offers a controlled, low-energy pathway for 
structuring proteins with an advantage in applications where thermal 
sensitivity is critical, such as in food processing and biomedical formu
lations. Furthermore, the demonstration that SDS can inhibit this gela
tion through modulation of electrostatic and hydrophobic interactions 
adds a new layer of control in protein structuring strategies. These in
sights may aid in the rational design of soft protein-based materials with 
tailored textures and mechanical properties.

Fig. 7. SANS data of 4 wt% BSA without and with 10 and 40 mM SDS, prepared 
80/20 water/ethanol mix solvent.

Table 3 
Fitted parameters of SANS data of 4 wt% BSA with C mM SDS solution prepared 
in 20 % ethanol/D2O. The contribution of small spherical micelles (mean radius 
~ 2.0 nm) of SDS has also been considered.

SDS Conc. 
(mM)

Semi-major 
axis a = c (nm)

Semi-minor 
axis b (nm)

Depth of 
potential (kBT)

Width of 
potential (nm)

10 5.0 1.5 10 4.5
40 4.6 1.4 7 3.1
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4. Conclusions

This study demonstrates that ethanol can effectively induce cold-set 
gelation of BSA protein at temperatures as low as room temperature. The 
strength of the resulting gel is also enhanced by increasing the ethanol 
content. The addition of the anionic surfactant, sodium dodecyl sulfate 
(SDS), prevents gelation even under conditions that would otherwise 
promote it. This inhibition underscores the role of surfactants in 
modulating protein interactions. The findings analyzed using SANS, 
DLS, and rheology, reveal that the gelation process is significantly 
influenced by the interplay between alcohol, temperature, and surfac
tants, offering insights relevant to applications in biomedicine and the 
food industry.
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