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AbstractWe report the gelation of human serum albumin (HSA) of 5-12 wt% concentrations in 0-0.15 M aqueous
solutions of a cationic surfactant, cetyltrimethylammonium bromide (CTAB), or an anionic surfactant, sodium dodecyl
sulfate (SDS), under isothermal and nonisothermal conditions. Under both conditions, the initial increase in the CTAB
concentration (up to 0.075 M) accelerated HSA gelation (marked by decreasing gel times (tgel) for the isothermal case or
gel temperature (Tgel) for the nonisothermal case), whereas increasing the SDS concentration inhibited HSA gelation
(i.e., increasing tgel or Tgel). The increase and decrease in HSA gelation by CTAB and SDS, respectively, reached a maxi-
mum at a surfactant/protein molar ratio of 100. Rheological properties, i.e., storage modulus (G') and loss modulus
(G''), exhibited mechanically stable behavior of HSA/CTAB gels over the covered concentration range, whereas HSA/
SDS gels exhibited decreasing mechanical properties with increasing SDS concentration. Molecular dynamics simula-
tion showed that the greater rate of the unfolding of the HSA structure in CTAB than in SDS was behind the rapid
gelation kinetics of HSA in CTAB compared with SDS. Our result establishes that cationic CTAB and anionic SDS sur-
factants exert wide-ranging control over the rheological and kinetic properties of HSA hydrogels.
Keywords: Human Serum Albumin (HSA), Hydrogel, Rheology, Sodium Dodecyl Sulfate (SDS), Cetyltrimethylammo-

nium Bromide (CTAB)

INTRODUCTION

Human serum albumin (HSA) is an important transport protein
and drug binder that constitutes approximately 66% of human
blood plasma [1,2]. Research interest in albumins has continued to
rise due to their utilization in the fabrication of biodegradable, bio-
compatible, and bioactive hydrogels with medical and pharmaceu-
tical applications [3-5].

Owing to rapidly evolving use cases requiring hydrogels with
unique viscoelastic properties, the need to develop methods for tun-
ing hydrogels for desired characteristics has become evident [6,7].
For instance, while hydrogels to be used as organ scaffolds in tissue
engineering need to have sufficient mechanical properties to sup-
port their target organs, hydrogels used in targeted-organ drug deliv-
ery are typically expected to have shear-thinning properties to enable
them to flow easily under the push of the syringe but solidify upon
entry into an organ target, thereby restricting them to the target
organ [8,9]. Therefore, to induce tunable hydrogel properties, vari-
ous additives such as denaturants, salts, and sugars have been ex-
plored [10].

Although various experimental techniques for studying hydro-
gels exist [11], the rheological measurement method stands out
because it is not limited by the concentration regime of samples.
Moreover, rheological measurements are sensitive to the microstruc-
ture of materials [12] and thus can chronicle structural changes asso-

ciated with the transition of gelling species, such as proteins from
the solution to the gel state [9,13-16]. For example, temperature ramp
and time sweep tests conducted within the linear viscoelastic region
of a protein solution could reveal the onset of aggregation follow-
ing the unfolding of the protein, thereby offering information about
the activation energies and rates associated with the gelation pro-
cess [15]. To characterize the sol–gel transition behavior and mechan-
ical property of hydrogels, researchers typically employ rheological
measurements, performed under small material deformations [3,9].
A common small deformation measurement typically employed for
this purpose is the small amplitude oscillatory shear (SAOS) test.
Due to the small deformation, i.e., the linear viscoelastic regime, the
SAOS method has the advantage of being a nondestructive mea-
sure of material functions [17]. It is very useful for characterizing a
variety of complex fluids [18,19].

The growth of material functions during sol-gel transitions under
isothermal and nonisothermal conditions exhibits features such as
those of nth-order chemical reaction kinetics. Based on this analogy,
the reaction kinetic equation developed by Rhim [20] has been
rewritten in terms of measurable material functions G' or G'' for
calculating the reaction rates and activation energies during sol-gel
transitions. Following this method, the associated reaction order
and activation energies during the gelation of several gelling species,
including bovine serum albumin (BSA), BSA/cetyltrimethylammo-
nium bromide (CTAB), and BSA/sodium dodecyl sulfate (SDS)
complexes, have been established [10,21,22]. For protein systems,
such kinetic data are useful for pharmaceutical drug development,
protein replacement in food applications, and an in-depth under-
standing of the protein gelation process [10,23-25].
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Although several protein hydrogel systems have been investi-
gated, studies comparing the gelation of HSA in an anionic or a cat-
ionic solution (e.g., SDS and CTAB surfactants) and that links
structural unfolding, aggregation processes, and rheological prop-
erties are scarcely reported. Hence, in this study, we compared the
rheological properties of HSA under increasing concentrations of
CTAB or SDS. To understand this process, we analyzed the gel
temperature (Tgel) from a rheological temperature ramp test and
the gel time (tgel) obtained via a rheological time sweep test at a fixed
temperature (above Tgel). The denaturing effects of the surfactants
as well as a molecular level understanding of protein aggregation
in the presence of the surfactants were investigated by molecular
dynamics (MD) simulation.

MATERIALS AND METHODS

1. Preparation of HSA Solution
HSA, CTAB, SDS, and phosphate-buffered saline (PBS) were

purchased from Sigma-Aldrich (USA) and used without modifica-
tion. All samples were prepared at room temperature (25 oC). PBS
diluted ten times with distilled water was used as the solvent, with
PBS acting to keep the pH condition near neutral (pH ~7.6). HSA/
surfactant aqueous solutions were prepared with HSA concentra-
tions of 5, 7, 10, and 12 wt%, containing CTAB or SDS concentra-
tions of 0-0.15 M (Tables 1 and 2). The prepared solutions were
stirred for 1 h at room temperature before use.
2. Rheological Measurements

All rheological measurements were performed using a stress-
controlled rheometer (Discovery HR 20, TA instruments, USA)
with a 40 mm diameter parallel plate and stainless-steel Peltier plate.
The exposed edges of the samples were covered with silicone oil to
mitigate evaporation. To determine thermal gelation properties, a
temperature ramp test was conducted at 25-90 oC, 1 rad/s angular
frequency, and 0.05 strain amplitude. Time sweep tests were con-

ducted at a constant temperature of 80 oC for HSA/surfactants con-
taining 10 and 12 wt% HSA. Higher HSA concentrations were used
in the time sweep test because the rapid heating and protective
effect of SDS prevented the gelation of HSA below 10 wt% within
the surfactant concentrations measured.
3. Molecular Dynamics Simulation

MD simulations of HSA were performed using GROMACS
2018.7 and the methods already in use [10,26-28]. The structure
of HSA was obtained from the RCSB protein data bank [29,30].
All simulations were performed at 80 oC, the same temperature as
the experiments conducted under the isothermal time sweep test.
The protein was solved using the NpT (constant number of parti-
cles (N), pressure (p) and temperature (T)) ensemble and a cubic
box with dimensions of 11.182×11.182×11.182 nm, as depicted in
Fig. S1 of Supporting Information. HSA was simulated in a cubic
box containing 0, 0.01, 0.05, 0.1, and 0.2 M CTAB or SDS. The
amount of HSA and surfactant in the box corresponds to HSA
surfactant ratios of 0, 10, 50, 100, and 200 (see supporting docu-
ment Table S3), which are approximately equal to the average pro-
tein/surfactant molar ratios used in the experiment. The corres-
pondence between experimental and simulated concentrations
allows a comparison between the dynamic properties from simu-
lation and gelation properties obtained by rheology. The GROMOS
53A6 force field and a simple point charge water model were used
in all simulations, and all simulations were performed for 150 ns
in a cubic box [31]. Prior to the production run, each system was
energy minimized based on the steepest decent algorithm, and sub-
sequently, NVT (constant number of particles (N), box volume (V)
and temperature (T)) and NpT ensemble equilibration runs, each
lasting 2 ns, were performed to relax the system before the produc-
tion run.

RESULTS AND DISCUSSION

1. Temperature Ramp Testing of HSA/CTAB and HSA/SDS
Solutions

Temperature ramping from 25 oC to 90 oC or 25 oC to 100 oC
was used to explore the nonisothermal gelation characteristics of
HSA/CTAB and HSA/SDS solutions, respectively. In this method,
the temperature was increased at a constant rate of 0.5 oC/min,
whereas a small strain amplitude (=0.05) and angular frequency
(1 rad/s), within the linear viscoelastic regime, was used to mea-
sure the viscoelastic properties (i.e., storage modulus G' and loss
modulus G'') of the sample, which were then used to characterize
sol-gel transition properties. The same conditions were used in all
the temperature ramp measurements [10,12,32]. The thermal gela-
tion of various proteins proceeds in parallel with distinct structural
evolution for globular proteins [10,39], as illustrated in Fig. 1. Gen-
erally, proteins in their native state exist in type-specific three-dimen-
sional (3D) folded shape, known as their tertiary structure, upon
which their functionality depends (left panel, Fig. 1). In this state,
charged and polar residues of proteins are exposed to the protein
surface, whereas hydrophobic residues tend to reside deep within
the structure. In water, exposed charged and polar residues on the
protein surface interact with water molecules, enabling protein sol-
vation. Typically, protein functionality is lost when proteins are

Table 1. Concentrations of HSA, CTAB, and SDS in the tempera-
ture ramp experiment

HSA [wt%] CTAB/SDS concentration [M]

5, 7, 10

0.000
0.008
0.038
0.075
0.150

Table 2. Concentrations of HSA, CTAB, and SDS in time sweep
experiment and molecular dynamics simulation

HSA
[wt%]

CTAB/SDS concentration [M] Mol
ratioExperiment Simulation

10, 12

0.000 0.00 000
0.008 0.01 005
0.038 0.05 025
0.075 0.20 100
0.150 0.30 150
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unfolded (middle panel, Fig. 1) [33-37]. Thus, when aqueous pro-
teins are exposed to high thermal energy, changes in pH, or the
presence of chemical denaturants, the balance of attractive and repul-
sive interactions between protein molecules may be altered, result-
ing in the unfolding of their secondary and tertiary structures,
protein aggregation, and the possible formation of a percolated gel
network (right panel, Fig. 1) [10,37-40].

Typical gelation of the HSA/surfactant solution is depicted in
Fig. 2, with the rest shown in Supporting Information (Fig. S2(a)-
(f)). Fig. 2 shows that the storage modulus (G') of the HSA/CTAB
solutions did not vary over the temperature range of 25-50 oC. This
period is characterized by weak and temperature-independent vis-
coelastic properties that correspond to the solution state (illustrated
in Fig. 1, left panel). As shown in Fig. S2, this behavior varied with
the CTAB concentrations and between the two surfactants (i.e.,
CTAB compared with SDS). However, as the temperature increased
further up to 55 oC (Fig. 2), G' increased as a function of tempera-

ture, indicating the onset of denaturation and gelation or a space-
spanning percolated network of dimensions within the bulk. Above
the denaturation temperature, the number of unfolded protein mole-
cules increased with time [38-41], and G' increased as more native
proteins unfolded and were converted to aggregates. Overall, the
evolution rate of G' depends on the rate of unfolding and the pres-
ence of bond restructuring within protein aggregates [11,39,42].

Based on the literature, the temperature at which the storage
modulus (G') equaled the loss modulus (G'') and began to rapidly
evolve, indicating a shift toward more elastic or solid-like behav-
ior, was taken as the gelation temperature Tgel, i.e., the temperature
T at which G'=G'' [43,44]. According to the temperature ramp
results, HSA mixed with various concentrations of either CTAB or
SDS exhibited varied sol-gel transition behavior, as evidenced by
variation in Tgel and the increase in the storage modulus post-gel
temperature.

The variation in Tgel with concentration of either surfactant for
5, 7, and 10 wt% HSA has been calculated and plotted in Fig. 3.
The Tgel of the HSA/CTAB solutions decreased significantly with
the addition of low concentration (0.008-0.038 M) of CTAB com-
pared with pure HSA. This suggests that a small amount of CTAB
disrupts the structural stability of HSA in aqueous solutions, result-
ing in the occurrence of faster protein unfolding and aggregation
at temperature below the standard denaturation temperature of HSA.
Detailed retention of pure HSA helical structures in solutions at
various temperatures may be found in other literature, such as
Moriyama [45]. The reduced Tgel of the HSA/CTAB solutions is
presumed to be due to the more destabilizing interaction between
HSA and CTAB. Tgel reached a minimum value of 50 oC, 57.5 oC,
and 59 oC for 5, 7, and 10 wt% HSA, respectively, at a 0.038 M sur-
factant concentration. However, at higher concentration (>0.038 M
of CTAB), Tgel began to increase. In contrast, the addition of low
SDS concentration (0.008-0.038 M) of SDS increased the gelation
temperature of the HSA/SDS solutions beyond that of pure HSA.
Tgel reached a maximum at a 0.075M SDS concentration. This sug-
gests that low SDS concentration shields HSA from thermal gela-
tion. This result agrees with other recent reports, suggesting that
the addition of a small amount of SDS to HSA confers enhanced
structural stability to HSA molecules and prevents helicity loss for

Fig. 1. Simplified illustration of various conformations of aqueous proteins undergoing sol-gel transition: (left) native-folded protein mole-
cules, (middle) unfolded protein cluster at a short heating time or low temperature, and (right) percolated network of joined clusters.
The green dots represent co-solvents, salts, or denaturants, and the yellow surface, along with proteins, constitutes a solution.

Fig. 2. Typical gelation curve for 10 wt% HSA with CTAB or SDS
of concentration of 0.038 M. The arrow points to the Tgel de-
termined as the point at which G' deviates from the baseline.
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up to 80 oC [45]. However, the trend reverses at higher SDS con-
centration (>0.075 M of SDS), as the Tgel of HSA/SDS drops toward
that of pure HSA, signaling the weakening of the protective effect
of SDS on HSA. Tgel values remained lower than that of pure HSA for
5, 7, and 10 wt% HSA with CTAB concentration of up to 0.075 M.
The Tgel values of HSA with SDS were higher than those of HSA
with CTAB in the same concentration range, indicating that CTAB
comparatively decreases the Tgel of HSA, whereas SDS increases it.

The effect of HSA concentration was monitored using 5, 7, and
10 wt% HSA with surfactant concentration of 0-0.150 M. It was
found that with increasing HSA concentration, Tgel increased for
HSA/CTAB solutions. This may be due to the increase in the repul-
sive interaction, which contributes to the stability of aqueous glob-
ular proteins. As the protein concentration increases (which may be
likened to decreasing CTAB to HSA molar ratios), a decreasing
number of CTAB molecules would bind to single protein mole-
cules. If the number of bound CTAB molecules is just insufficient
to create more neutral HSA/CTAB complexes, the net charge of
these complexes would determine the strength of the long-range
repulsion that keeps the complexes apart. Therefore, reduced bind-
ing could yield more repulsive HSA/CTAB complexes; conversely,
sufficient binding would shift the absolute net charge of HSA/CTAB
complexes toward neutral, thereby reducing the strength of the stabi-
lizing long-range electrostatic interaction. The reduction in the repul-
sive interaction strength is expected to lower the energy cost of
aggregation, thereby lowering the gelation temperature. Conversely,
Tgel decreased with increasing protein concentration for the HSA/
SDS solutions, and this is presumed to be due to an increase in
protein-protein interactions with increasing HSA concentration.

The net charges of proteins are dependent on pH, and it is well
known that their repulsive effects play a crucial role in maintaining
the separation of protein molecules (i.e., prevent aggregation and
gelation) [15,45,46]. For HSA, Fogh-Andersen [46] reported an
overall net charge of 24 at pH 7.6. If all surfactant molecules were
to be considered bound to the protein molecule, the net charge
per protein molecule can be calculated by considering the amount
and net charges of the species present i.e., HSA (24), CTAB (+1)
and SDS (1). A lower absolute net charge would therefore sug-
gest a lower repulsion (gelation acceleration), whereas a higher abso-
lute net charge would indicate higher repulsion (gelation inhibition)
[38,39]. However, calculated net charges achieve higher accuracy

in predicting protein behavior at low surfactant concentration
regimes in which surfactant-surfactant interaction is not signifi-
cant [47]. The calculated average net charge per HSA molecule in
CTAB and SDS is shown in Tables S4 and S5 of the supporting
information. As Table S4 shows, adding a small amount of CTAB
reduces the absolute net charge of HSA until a trend reversal occurs
at or near 0.038 M. Higher HSA concentration has a higher abso-
lute net charge, which agrees with the effect of HSA on Tgel observed
in Fig. 3(a). Unlike in CTAB, where the absolute net charge de-
creased before increasing, the absolute net charge increased mono-
tonically with increasing SDS concentration, signaling an increase
in repulsion or gelation hindrance from onset. Additionally, the
absolute net charge of HSA in SDS varied inversely with HSA con-
centration. This agrees with the variation of Tgel in SDS shown in
Fig. 3(b).
2. Nonisothermal Modeling of HSA/CTAB and HSA/SDS Gela-
tion

Gelation proceeds with the denaturation and aggregation of pro-
tein molecules separated ab initio. The elastic modulus G', which
shows the solution-gel transformation process, increases as dena-
tured proteins become aggregates, and subsequently, the gel net-
work reaches a plateau when no more proteins are joining the
network [37,48-50]. An increase in G' can be treated as an analog
of a chemical reaction in which reactants are converted into prod-
ucts; in this case, non-aggregated aqueous protein molecules (reac-
tants) are converted into aggregates and later cross-linked proteins
in a 3D space-spanning network. The diffusion of protein chains
through the solution has been suggested as the main phenome-
non controlling the nature of the resultant gel fractals according to
the reaction kinetic model. If the bond-making processes are faster
than the diffusion processes, such a reaction is called diffusion lim-
ited, whereas the opposite case is termed reaction limited. The gela-
tion of globular proteins is mostly reaction limited aggregation [15,
39,48].

If the concentration of non-aggregated proteins is denoted by
Cna, the change in the concentration of nonaggregated proteins with
time is as follows:

(1)

where n is the reaction order, and K is the rate constant. The reac-

dCna

dt
-----------    KCna

n ,

Fig. 3. Variation in gel temperature (Tgel) of 5, 7, and 10 wt% HSA, with (a) CTAB and (b) SDS as a function of concentration.
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tion order provides information about the dependency of the reac-
tion rate on the concentration of the reacting species, which in this
case represents non-aggregated proteins [38].

The rate constant K is well represented by the Arrhenius model:

(2)

where Ea is the activation energy, Ko, R, and T are pre-exponential
factor, universal gas constant and absolute temperature respectively.

Integrating (1) and combining the result with (2) yields the fol-
lowing:

(3)

C is the lower limit of Cna from integration of (1).
However, although G' increases as most of the native proteins

become aggregates, no clear universal relationship between G' and
the gel microstructure has been found; thus, the left-hand side of
(3) is not well known.

By combining the reaction kinetic rate equation of (1) and lin-
ear temperature increase, Rhim [20] developed a nonisothermal
model of (3) for reactions occurring under linearly increasing tem-
peratures. da Silva [51] later adapted the equation for application
to nonisothermal gelation kinetics by replacing concentration with
the material function G'.

(4)

For 7 and 10 wt% HSA, regression analysis based on (4) was per-
formed to obtain the kinetic parameters as a function of CTAB
and SDS concentrations. All kinetics followed first-order kinetics
(i.e., reaction order n=1), with the best fit R2=0.91. A similar reac-
tion order has been reported for various protein gelling systems, and
other reaction orders such as 1.5 and 2 have also been reported
[10,39].

The variation in the activation energy with CTAB or SDS con-
centration obtained from the regression analysis is shown in Fig. 4.
The gelation activation energy of 13.6 kJ/mol was found for 10
wt% HSA containing no surfactant. The predicted value was within
the range of activation energy reported for proteins of similar prop-
erties [33]. The addition of surfactants, i.e., CTAB and SDS, has

K   Koe
Ea

RT
--------

,

d
dt
-----

Cna
1n

  C1n

1  n
--------------------------

 
     Koln   

Ea

R
-----

 
  1

T
---

 
 ln

1
G'n
-------

dG'
dt
--------

 
     Ko  

Ea

R
-----

 
  1

T
---

 
 lnln

Fig. 4. Variation in activation energy of 7 and 10 wt% HSA with 0-0.15 M concentrations of (a) CTAB and (b) SDS.

opposite effects on the activation energy, with CTAB addition lead-
ing to a decrease, whereas SDS addition increasing the estimated
activation energy. Decreasing Tgel for HSA/CTAB solutions corre-
sponds with lowering gelation activation energy, whereas the in-
crease in Tgel observed in HSA/SDS is consistent with the activa-
tion energy observed in SDS.
3. Isothermal Gelation Kinetics of HSA/CTAB and HSA/SDS

The gelation behavior of HSA/CTAB and HSA/SDS solutions
was tested under isothermal conditions by holding the samples at
a constant temperature above or close to their Tgel while measur-
ing their rheological properties. A temperature of 80 oC was em-
ployed in all isothermal measurements because it is above the maxi-
mum gel temperature of HSA/CTAB solutions and close to the
maximum gel temperature of HSA/SDS with a 10 wt% HSA con-
centration and thus results in a high probability of gelation in all
concentrations tested. Due to the high gel temperatures observed
in HSA/SDS solutions with HSA concentrations of <10 wt%, 10
and 12 wt% HSA samples were used for the time sweep testing. A
typical gelation curve of the 10 wt% sample containing 0.150 M SDS
is shown in Fig. 5(a). Initially, the elastic modulus (G') has low and
widely fluctuating values because the rheological properties of the
solution state are low and near the rheometer’s resolution limits.
However, after some time intervals, G' values increase until reach-
ing a plateau due to the onset of gelation. For HSA/CTAB solu-
tions, G' values evolve rapidly with little or no lag and increase until
reaching the plateau. The gelation of the HSA/SDS solutions was
more delayed with a rapid rise in G' only seen at an SDS concen-
tration of 0.008 M, for both 10 and 12 wt% HSA (see Supporting
Information Fig. S3). Beyond 0.008 M SDS, a significant lag phase
is observed before the onset of gelation (i.e., a rapid increase in G').
The lag phase here describes the period before gelation when the
G' value is very low and does not vary with time [11]. Generally,
the HSA/CTAB solutions exhibited faster gelation kinetics than the
HSA/SDS solutions. The rapid rise in the G' of HSA/CTAB agrees
with the rapid gelation observed for HSA/CTAB in the tempera-
ture ramp test. Overall, both the isothermal and nonisothermal
results agree, with both suggesting that CTAB destabilizes the struc-
ture of HSA at low surfactant concentrations, resulting in rapid
denaturation and gelation kinetics, whereas SDS plays a stabilizing
role at the same concentration regime, resulting in slower denatur-
ation and gelation kinetics. Visually, HSA/CTAB gels are more opaque
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than HSA/SDS gels and exhibit increasing synaeresis at high CTAB
concentrations. Interestingly, other proteins exhibit synaeresis at
low pH [11].

While the trends of both the isothermal and nonisothermal
gelation kinetics agreed, the elastic moduli at the end of the gela-
tion plateau for both kinetics differed. The plateau modulus mea-
sured under isothermal conditions for both CTAB and SDS was
higher than that under nonisothermal conditions. This may be
due to the greater amount of thermal energy delivered under iso-
thermal conditions than under nonisothermal conditions.

To elucidate the effects of both surfactants on the isothermal
gelation behavior of HSA, the gelation time (tgel) for 10 and 12
wt% HSA in CTAB or SDS was calculated by observing the first
change in the time derivative of G'. Representative determination
for wt% HSA with 0.150 M SDS is illustrated in Fig. 5(b). To com-
pare the effect of CTAB and SDS concentration on the tgel of HSA,
the plots of the obtained tgel are shown in Fig. 6(a). Increasing the
CTAB concentration up to 0.08 M reduced the tgel of HSA/CTAB,
whereas increasing the concentration to 0.150 M resulted in a trend
reversal and increment in tgel to more than that of the pure pro-
tein. In contrast, increasing the SDS concentration to up to 0.08 M
increased tgel. However, at an SDS concentration of 0.150 M, tgel

decreased. Increasing the concentration of HSA appears to have a
less significant effect on the tgel of HSA/CTAB than HSA/SDS, and

a similar insignificant effect is also observed at higher HSA concen-
tration under nonisothermal conditions (7 and 10 wt%), whereas
it resulted to a significant decrease in tgel with SDS.

The plateau modulus attained during the gelation process de-
pends on the number of protein crosslinks formed. The plateau
modulus calculated by fitting the time sweep data to the Boltzmann
sigmoidal function is depicted in Fig. 6(b). Details of the model
and fitted curves are contained in Supporting Information (Fig.
S4). HSA with CTAB exhibited high-level crosslinking with less
dependence on the protein concentration compared with HSA in
SDS. The crosslinking level of HSA in SDS hydrogels diminished
significantly beyond 0.038 M and exhibited considerable variation
with the protein concentration, observed as a significant difference
between the plateau modulus values for 10 and 12 wt% HSA with
SDS.
4. Frequency Sweep Testing of HSA/CTAB and HSA/SDS Gels

The frequency sweep results of 10 and 12 wt% HSA in CTAB
or SDS are plotted in Fig. 7(a)-(d). HSA/CTAB displays character-
istic solid material response (G'>>G''). Both G' and G'' are nearly
flat and frequency-independent across the covered frequency range.
Furthermore, both G' and G'' are stable or increased but not dimin-
ished across the covered CTAB concentrations, indicating mechani-
cally stable gels. However, HSA/SDS gels exhibited solid gel-like
behavior at lower (<0.038 M) SDS concentrations; however, beyond

Fig. 5. (a) A typical gelation curve for 10 wt% HSA with 0.150 M SDS. (b) tgel was observed as the first change in the derivative of G' for
10 wt% HSA with 0.150 M SDS. Averaged values are used in the low-sensitivity region because G' values fluctuate before gelation
when the measured torque is close to rheometer sensitivity.

Fig. 6. (a) Variation in tgel of 10 and 12 wt% HSA with CTAB or SDS as a function of concentration; (b) Variation in plateau modulus (G0) of
10 and 12 wt% HSA with CTAB or SDS as a function of concentration.
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0.038 M surfactant concentration, G' and G'' exhibited diminished
response at both 10 and 12 wt% HSA. At an SDS concentration of
0.075M with 10wt% HSA or 0.150M with 12wt% HSA, the resul-
tant gel exhibited frequency-responsive behavior in terms of G'
and G'', with G'>G'' at low frequency, a cross-over, and G''>G' at
high frequency. Overall, HSA/CTAB exhibited the least variability
in mechanical property over the entire frequency and surfactant
concentration range compared with HSA/SDS.
5. Molecular Level Rationalization of Fast HSA/CTAB and
Slow HSA/SDS Gelation Kinetics

MD simulation was employed to elucidate the interaction be-
tween HSA and either surfactant at a molecular level because the
viscoelastic evolution associated with the sol-gel transition of pro-
tein solutions originating from molecular level changes in nonco-
valent interactions such as electrostatic, hydrogen bonding, and
hydrophobic interaction between protein molecules [37]. The effect
of either surfactant on the evolution of the HSA structure was

investigated by estimating the number of alpha-helical structures
retained at the end of the simulation run. The native HSA second-
ary structure is predominantly alpha-helical; therefore, the helicity
estimation provides a reasonable measure of the unfolding level of
proteins and thus may be used to assess the likelihood of aggrega-
tion and gelation. A more unfolded HSA structure exposes more
hydrophobic sites that drive aggregation through hydrophobic as-
sociation [52] and increases the protein dimensions, reducing the
energy barrier to aggregation.

The structure of HSA from the end frame of the MD simula-
tion was used to perform this calculation. The calculation was per-
formed using the stride server [53], and the results are shown in
Fig. 8(a). The results show a greater loss of the helical structure of
HSA in HSA/CTAB mixtures than that of HSA/SDS, indicating
greater unfolding and thus higher aggregation propensity in the
former, which agrees well with our experimental findings. The esti-
mated helicity agrees qualitatively with that recently obtained experi-

Fig. 7. (a) Variation in G' and G'' with frequency over surfactant concentrations 0-0.15 M for (a) 10 wt% HSA with CTAB, (b) 10 wt% HSA
with SDS, (c) 12 wt% HSA with CTAB, and (d) 12 wt% HSA with SDS.



1878 T. Olunna et al.

August, 2023

mentally for HSA containing varying SDS concentration [45]. A
quantitative agreement has not been achieved with MD simula-
tion due to underestimation or overestimation of helicity resulting
from force field bias [54-56]. Without a surfactant, the helicity of
HSA decreased as the protein unfolded, from its initial value of
67% to 34% after 150 ns. Overall, the result showed that CTAB
effected greater loss of helical structure on HSA than SDS over the
concentrations covered by MD simulation.

The interaction of the surfactants and the greater loss of HSA
helicity in CTAB than in SDS are illustrated by the snapshot of the
protein initial structure and the structure after 150 ns in various
surfactant concentrations in Figs. 9 and 10. These figures reveal
changes in the interaction between the protein and surfactant (CTAB
and SDS) molecules at low and high surfactant concentration
regimes. Comparatively, CTAB bound more with HSA than SDS.
The greater binding of CTAB than SDS can be attributed to the
less repulsive interaction between HSA and CTAB in comparison
to HSA and SDS, as determined through net charge calculations
(refer to Tables S4 and S5 in the supporting information). As the

concentration of CTAB increased, HSA’s absolute net charge ini-
tially decreased until it reached its lowest point near 0.038 M, after
which it reversed. Conversely, the addition of SDS increased HSA’s
absolute net charge, resulting in greater electrostatic repulsion, which
inhibited further binding. The solvent accessible area (SASA) is
considered a decisive factor for estimating the protein fold state
[27,56]. Higher SASA values suggest greater protein denaturation.
The SASA of the HSA structure was calculated from the MD tra-
jectory and plotted in Fig. 8(b). The obtained SASA values indicate
that HSA denaturation increases with increasing concentration of
both CTAB and SDS surfactants until it reaches a maximum at
0.2 M (surfactant/protein molar ratio of 100) and then decreases.

Furthermore, a comparison of the radial distribution function
of CTAB and SDS from the protein surface at all concentrations,
as plotted in Fig. 11(a)-(d), strongly supports the existence of stron-
ger HSA-CTAB interaction than HSA-SDS. This is evidenced by
considerably higher peaks for CTAB than SDS near the protein sur-
face [57]. The greater distribution of CTAB close to the protein sur-
face affirms the depletion of HSA hydration water with increasing

Fig. 8. Estimated (a) helicity of HSA and (b) SASA obtained from MD simulation trajectories after 150 ns.

Fig. 9. Secondary structure of HSA showing the helix in green at t=0 (i.e., the initial structure of HSA), and after 150-ns simulation without
surfactant, followed by 150-ns simulation in the presence of CTAB (pink) or SDS (blue) at 150 ns.
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CTAB concentration. The closer distribution of CTAB to HSA than
SDS is due to the stronger electrostatic interaction of CTAB with
charged groups on the protein surface, which outcompetes water
molecules [58]. Due to the net charge differences, CTAB binding

to HSA is expected to lower the long-range protein-protein repul-
sive interaction, which otherwise prevents the protein from aggre-
gation [27].

CONCLUSION

The effects of increasing the concentration of singly charged
CTAB or SDS surfactants on the gelation dynamics of HSA were
investigated by rheological methods of temperature ramping and
time sweep testing. Under temperature ramp conditions (noniso-
thermal conditions), the Tgel (gelation temperature) of HSA/CTAB
solutions decreased relative to that of HSA as the CTAB concen-
tration increased. However, at higher CTAB concentration, the Tgel

of HSA/CTAB solutions reversed the trend and began to increase
with CTAB concentration, probably because of an increase in CTAB-
CTAB interaction as opposed to more profound HSA/CTAB at
low CTAB concentration. In contrast, increasing SDS concentra-
tions gradually increased the Tgel of HSA/SDS solutions at low SDS
concentration, following rising repulsive interaction among HSA/
SDS complexes corresponding to an increment in the energy bar-
rier toward aggregation. Nonisothermal kinetics revealed a first-
order gelation process for HSA in both surfactants, with CTAB
addition producing complexes with lowered activation energy,
whereas SDS addition is marked with increasing activation energy.

Under time sweep conditions (isothermal conditions, tempera-
ture at 80 oC), increasing CTAB concentration reduced the tgel of
HSA/CTAB solutions, and similar to the results from the tempera-
ture ramp tests, the trend reversed at high CTAB concentration.
Conversely, HSA/SDS solutions exhibited decreased tgel as the SDS

Fig. 10. Snapshots showing the molecular configuration at 0 and 150 ns of MD simulation for HSA (white surface) with CTAB (red spheres)
and SDS (blue spheres) at various concentrations.

Fig. 11. Radial distribution functions, g(r), of CTAB and SDS from
the HSA surface at (a) 0.02 M, (b) 0.05 M, (c) 0.2 M, and
(d) 0.3 M.
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concentration increased but exhibited a minor decrease at the maxi-
mum SDS concentration measured. Overall, the protein concen-
tration did not affect the tgel of HSA/CTAB, but its effect on HSA/
SDS was significant, with an increase in HSA concentration in-
creasing the tgel of HSA/SDS.

The MD simulation results revealed a faster unfolding of HSA
helices with increasing CTAB concentration at 80 oC, which is more
favorable for the aggregation of HSA in HSA/CTAB aqueous solu-
tions than in HSA/SDS aqueous solutions, resulting in a lower gela-
tion temperature and gelation time of HSA/CTAB, as seen in the
temperature ramp and time sweep results. Visual analysis of snap-
shots from the beginning and end of the MD simulation showed
different aggregation behavior of the surfactants at low and high
concentration. At low concentration, the molecules of both surfac-
tants are attracted closely to HSA. However, at higher surfactant
concentration, surfactant-surfactant aggregation predominates the
simulation box. Comparatively, CTAB interacted with HSA more
than SDS at all concentrations. These findings are useful for under-
standing protein-surfactant viscoelasticity for industrial applications.
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Fig. S1. Simulation box of HSA in 0.05 M CTAB. Cartoon structure of HSA is shown in orange and ball/stick representation of CTAB is
shown in CPK colors with. Water molecules and counter ions are hidden for brevity.

Table S1. Contents of HSA/CTAB solutiona simulation box
CTAB [M] Nwater NCTAB

0.00 43897 000
0.01 43801 008
0.05 43335 042
0.20 42792 165
0.30 41685 248

Table S2. Contents of HSA/SDS solutionb simulation box
SDS [M] Nwater NSDS

0.00 43897 000
0.01 43801 008
0.05 43335 042
0.20 42792 165
0.30 41685 248

Table S3. Comparison of average molar ratios of surfactant in exper-
iment (10 wt% HSA) and simulation

Experiment surfactant
concentration [M]

Simulation
concentration [M]

Surfactant/HSA
molar ratio [-]

0.000 0.00 000
0.008 0.01 005
0.038 0.05 025
0.075 0.20 100
0.150 0.30 150
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Table S4. Calculated average net charge per HSA molecule (C*

CTAB)
at different CTAB concentrations

CTAB
[M]

C*

CTAB

[HSA=5 wt%]
C*

CTAB

[HSA=7 wt%]
C*

CTAB

[HSA=10 wt%]
0.000 24.00 24.00 24.00
0.008 13.885 16.927 19.209
0.038 +24.578 +9.939 1.010
0.075 +73.205 +43.969 +22.045
0.150 +176.036 +115.866 +70.752

Table S5. Calculated average net charge per HSA molecule (C*

SDS)
at different SDS concentrations

SDS
[M]

C*

SDS

[HSA=5 wt%]
C*

SDS

[HSA=7 wt%]
C*

SDS

[HSA=10 wt%]
0.000 24.00 24.00 24.00
0.008 34.085 31.052 28.777
0.038 71.903 57.496 46.691
0.075 118.546 90.111 68.785
0.150 213.092 156.222 113.570

Fig. S2. (a)-(f) Temperature ramp results of 5, 7, 10 wt% HSA in different CTAB/SDS concentrations.
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Fig. S2. Continued.

Fig. S3(a)-(d) Time sweeps of 10 and 12 wt% in different CTAB/SDS concentrations.
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Fig. S4. (a)-(b) Fitting for the determination of plateau modulus G0.
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