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ABSTRACT: Owing to their biocompatibility and thermal
responsiveness, Agar hydrogels are extensively applied in chemistry
and biology fields. However, their fixed water content and rigid
sugar ring structure normally exhibit limited mechanical strength,
while introducing additional networks possibly deteriorates the
intrinsic thermoreversible cross-linking properties of Agar hydrogel.
In this work, we achieve the mechanical enhancement and
tunability of Agar-based single-network hydrogels based on the
Hofmeister effect via a preforming postimmersion method without
the need for supplementary networks. After being immersed in
different solutions of the Hofmeister salt series, the tensile strength
and toughness of Agar hydrogels can be regulated between 54.7−
412.1 kPa and 5.5−94.1 kJ m−3. Macroscopic and microscopic
analyses via SEM and SAXS, together with molecular dynamics simulations, were employed to reveal the systematic mechanisms
from the number of hydrogen bonds to the aggregation state and ultimately to the mechanical properties. Since the gelation of Agar
relies on double-helix formation, the Hofmeister series and regulation behaviors are different from typical synthetic polymer
hydrogels. These results further promoted the elucidation of the water state regulation in the hydration layer of Agar hydrogels. This
work provides an understanding of the correlation between the cross-linking state of molecular chains and the resultant Agar
hydrogel properties based on the Hofmeister effect, which inspires research on the mechanical regulation mechanisms of natural
polysaccharide-based hydrogels.

■ INTRODUCTION
As one of the most important natural polysaccharides, Agar is
extracted from red seaweeds and serves as an eco-friendly
renewable alternative to traditional synthetic polymers in
alignment with sustainable development principles.1−3 The
linear polymer chain in the structure of Agar is composed of
disaccharide repeating units of (1,3)-β-d-galactose and (1,4)-
3,6-anhydro-α-l-galactose,4 which can form a three-dimen-
sional double-helix formation through hydrogen bonding,
endowing Agar-based hydrogels with remarkable intrinsic
thermoreversible cross-linking characteristics without toxic
cross-linking agents and catalysts.5 Although Agar hydrogels
are extensively applied in medical treatment,6 wearable
sensing,7 and sports rehabilitation,8 they exhibit weak
mechanical strength and nonadjustable properties due to a
high water content exceeding 90% and a rigid sugar ring
structure in the polymer chain.9

The current approach to improving the mechanical proper-
ties of Agar-based polymers generally involves introducing
other types of polymers to the physically cross-linked Agar
hydrogel networks, including poly(vinyl alcohol) (PVA),10

polyacrylamide (PAM),2 and gelatin (Gela).11 However, the

interactions between these polymers and Agar molecular
chains can partially undermine the thermal responsiveness
properties of Agar hydrogels.12 In addition, it is challenging to
regulate the properties under identical water content and
polymer ratio, especially after the Agar hydrogels are prepared
via the sol−gel transition process. Therefore, improving and
tuning the properties of Agar-based single-network hydrogels
without introducing additional networks is crucial for
investigating the relationship between the cross-linking state
of molecular chains and the resulting material properties in
these hydrogels.
Previous studies have demonstrated that salt ions can be

employed to modulate the precipitation of proteins, which is
known as the Hofmeister effect.9,13,14 This phenomenon is
driven by the interaction between proteins and the surface
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hydration layer influenced by salt ions, leading to their folding
and subsequent precipitation.15 Based on the Hofmeister
effect, recent research has reported the regulation of the
mechanical strength, hydrophilicity, and hydrophobicity of
gelatin or polypeptide hydrogels via this mechanism.16 Similar
to protein-based materials, studies have demonstrated that
polymer hydrogels, especially PVA hydrogels and poly-
(methacrylamide) (PMAm), can also demonstrate the
Hofmeister effect, which has been applied to improve
mechanical properties,17,18 antifreeze hydrogel electrolytes,19

solar-driven water evaporation devices,20 wearable conductive
devices,21,22 and actuators.23 Inspired by the mechanical
improvement of natural protein, PVA, and PMAm hydrogels,
it can be proposed that the properties of natural polysaccharide
single-network hydrogels, such as Agar hydrogels, can also be
regulated through the Hofmeister effect. However, the research
on these kinds of polymers and their systematic mechanism
from the microscopic to the macroscopic level remains largely
unexplored. Since the gelation of Agar hydrogels relies on
double-helix formation, the manifestation of the Hofmeister
effect in these hydrogels cannot be directly inferred from other
systems.
In this work, we analyzed the Hofmeister effect on Agar-

based single-network hydrogels with mechanical tunability and
molecular mechanisms. Agar hydrogels were prepared via the
preforming postimmersion methods, allowing for the mechan-
ical properties of the Agar hydrogels to be tuned by the
Hofmeister effect. The microstructure of Agar hydrogels was
investigated under the Hofmeister salt series. The mechanism
underlying the mechanical tunability was also explored using
molecular dynamics simulations. The water state regulation of
Agar hydrogels by immersing them in different types of salt
solutions further proved the microstructural characterizations
and mechanism analysis of the Hofmeister effect. These
findings provide a valuable reference for tuning the properties
of other natural polysaccharide polymer hydrogels based on
the molecular mechanism of the Hofmeister effect.

■ EXPERIMENTAL SECTION

Materials
Agar (reagent grade; gel strength of a 1.5% gel is 1638 g cm−2),
potassium chloride (KCl), sodium chloride (NaCl), lithium chloride
(LiCl), calcium chloride (CaCl2), magnesium chloride (MgCl2),
sodium sulfate (Na2SO4), sodium carbonate (Na2CO3), sodium
acetate (NaAc), and sodium iodide (NaI) were all purchased from
Sigma-Aldrich Merck Co., Ltd.
Preparation of Agar Hydrogel
Agar hydrogel was prepared by the preforming postimmersion
method. First, 0.6 g of Agar powder was added to a flat-bottom
flask containing 20 mL of deionized water. The mixed liquid
containing Agar powders was heated to 100 °C under magnetic
stirring until it was completely boiled to form an Agar sol.
Subsequently, the Agar sol was stirred continuously until it was
maintained at 80 °C, kept warm for 5 min, and poured into a mold
after the bubbles disappeared. After cooling at room temperature (25
°C) for 30 min, the Agar sol was slowly cross-linked to obtain the
preformed hydrogel via a sol−gel transition. The preformed Agar
hydrogel was entirely peeled from the mold and placed in a 20 mL salt
solution with a concentration of 1 mol L−1 or 20 mL deionized water.
After immersion at room temperature for 24 h, it was taken out and
the surface salts were rinsed with deionized water three times. Among
them, the salt solution includes KCl, NaCl, LiCl, CaCl2, MgCl2,
Na2SO4, Na2CO3, NaAc, and NaI solution. Agar hydrogels immersed
in deionized water, Na2SO4, NaCl, and NaI solutions were named

Agar/H2O hydrogel, Agar/SO4
2− hydrogel, Agar/Cl− hydrogel, and

Agar/I− hydrogel, respectively. To compare the preforming post-
immersion method and the one-pot direct adding method, the control
group of Agar hydrogels was prepared using the one-pot direct adding
method. Specifically, the Agar sol was obtained by heating the Agar
powders until they were completely dissolved in water. Subsequently,
Na2SO4 powders were added to the Agar sol and stirred continuously
until the salt powders were completely dissolved. The sol was kept
warm for 5 min and poured into a mold after the bubbles disappeared.
After cooling at room temperature for 30 min, the Agar sol containing
SO4

2− was slowly cross-linked to obtain the hydrogel via a sol−gel
transition. The thermoreversible cross-linking properties of Agar
hydrogels before and after salt treatment were verified by the
macroscopic appearance of the Agar/H2O and Agar/Na2SO4
hydrogels before and after being mechanically disrupted, heated to
the sol state, and subsequently cooled to form gels again via the sol−
gel transition.

Mechanical Tests
The mechanical properties of Agar hydrogel were characterized by a
universal mechanical testing machine. For the tensile test, the samples
were cut using a dumbbell-shaped die, the size of the effective fracture
area was kept at 4 mm × 20 mm, the tensile rate was set to 100 mm
min−1, and the samples were stretched until they broke. For the
compression test, the samples were cut using a cylindrical die, the size
of the effective fracture area was kept at 10 mm in diameter, the
compression rate was set to 2 mm min−1, and the samples were
compressed until they broke. Young’s modulus was calculated by the
ratio of stress and strain of the sample in the elastic deformation stage,
and the toughness was calculated by the integral area of the stress and
strain curve of the sample before fracture. Three groups of each
sample were tested and the average value was taken. To verify the
reversible cross-linking behaviors of the hydrogels, the tensile tests
were performed on Agar/Na2SO4 hydrogels sequentially immersed in
1 mol L−1 Na2SO4 solution, H2O, and then again in 1 mol L−1

Na2SO4 solution.

Rheology Tests
The dynamic rheological properties of Agar hydrogel after immersion
in different solutions were characterized by a rotational rheometer.
The sample was cut into thin slices with a diameter of 25 mm, and a
parallel plate rotor with a diameter of 25 mm was selected for testing.
The plate temperature was set to 25 °C, the strain was 0.5%, the
scanning angular frequency was 1−100 rad s−1, and the storage
modulus (G′) and loss modulus (G″) of the sample were recorded.
The loss tangent value, average grid size, and cross-linking density can
be calculated based on the G′ and G″ at the angular frequency of 10
rad s−1 according to the rubber elasticity theory by the following
equations:24

G
G

tan =
(1)

G N
RT

A
1/3

=
i
k
jjjj

y
{
zzzz (2)

n
G
RTc

e= (3)

where tan δ is the loss tangent value, ξ is the average grid size, NA is
the Avogadro constant (6.02 × 1023), R is the gas constant (8.314 J
K−1 mol−1), and T is the test temperature (298 K), nc is the cross-
linking density of the hydrogel, and Ge is the platform value of the
storage modulus measured by frequency scanning of the hydrogel.

Scanning Electron Microscopy
The microstructures of Agar hydrogel were characterized by field
emission scanning electron microscopy (SEM). After the samples
were fractured with liquid nitrogen and freeze-dried, they were pasted
on the surface of conductive glue with the cross-section facing up, and
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the samples were sprayed with gold. The acceleration voltage was set
to 5 kV during observation.

Small-Angle X-ray Scattering
The nanostructures of the Agar hydrogels were characterized by
small-angle X-ray scattering (SAXS). SAXS experiments were
performed on a X-ray scattering instrument equipped with a Cu Kα
radiation source (λ = 0.154 nm). The sample-to-detector distance was
adjusted to cover a q range of 0.074−2.5 Å−1. The exposure time for
each sample was 300 s. The SAXS profiles were further analyzed and
fitted using the mass-fractal model.

Fourier Transform Infrared Spectroscopy
The chemical structures of Agar hydrogels were tested by the
Attenuated Total Reflection Fourier transform infrared (ATR-FTIR)
spectroscopy. To avoid the interference of water content in the
hydrogel, freeze-dried hydrogel samples were used for testing, and the
spectral scanning range was set to 4000−600 cm−1 with a resolution
of 4 cm−1.

Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was used to characterize the
state of water molecules in the hydration layer of Agar hydrogels
immersed in different solutions. The heating rate was set to 10 °C
min−1, the nitrogen flow rate was 50 mL min−1, the temperature
scanning range was −30 to 30 °C, and the DSC curve of the sample
was peak-fitted using Systat PeakFit software. The melting enthalpy
ΔH(T) of water in the hydrogel can be calculated according to eq 4:20

H T H C t( ) (273) d
T

273

p= (4)

where ΔH(273) is the melting enthalpy of H2O (334 J g−1), T is the
melting temperature of supercooled water, and ΔCp is the heat
capacity difference between intermediate water and ice. eq 4 can be
further simplified to eq 5:

H T H T T( ) (273) 2.119 0.00783 2= + × × (5)

wherein, ΔT is the difference between the melting temperature of
supercooled water and the melting temperature of H2O (273 K).
Therefore, the contents of intermediate water, free water, and bound
water can be calculated according to eq 6:

H
H T( )IW

IW
exp

= (6)

H
H T( )FW

FW
exp

= (7)

1BW IW FW= (8)

wherein, ωIW, ωFW, ωBW are the contents of intermediate water, free
water, and bound water, respectively, and ΔHIW

exp, ΔHFW
exp are the

melting enthalpies of intermediate water and free water, respectively,
which can be obtained by integrating the areas of intermediate water
and free water after peak fitting of the DSC curve.20

Confocal Raman Spectroscopy
Confocal Raman spectroscopy (Raman) was used to characterize the
state of water molecules in the hydration layer of Agar hydrogels
immersed in different solutions. The scanning range was set to 3000−
4000 cm−1, the resolution was set to 4 cm−1, the laser wavelength was
set to 488 nm, and the Raman spectrum curve was fitted with the
Systat PeakFit software.
Molecular Dynamics Simulation
To explore the mechanism of the Hofmeister effect, the molecular
dynamics simulation in Materials Studio (MS) software was used to
calculate the radial distribution function (RDF) and hydrogen bond
number between H atoms and O atoms that may produce hydrogen
bonds in the Agar molecular chain in H2O, Na2SO4, NaCl, and NaI
salt solutions. The detailed steps are provided in the Supporting
Information.

■ RESULTS AND DISCUSSION
In this work, a preforming postimmersion method was
employed to fabricate Agar-based single-network hydrogels,

Figure 1. Schematic diagram of the preparation and formation mechanism of Agar hydrogel. (a) Preparation process of Agar hydrogel; (b-c)
Images of Agar/SO4

2− hydrogel prepared by one-pot direct adding method (b) and preforming postimmersion method (c).
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which were subsequently exposed to various salt solutions to
induce interactions. The preparation scheme is shown in
Figure 1a. Preformed Agar hydrogels were obtained owing to
the unique thermoreversible sol−gel transition of Agar. The
hydrogen bonds between Agar polymer chains can be broken
under continuous heating to dissolve Agar powders and form a
uniformly flowing liquid phase at high temperatures (100
°C).25 During the cooling process at room temperature (25
°C), the hydrogen bonds between Agar polymer chains will
reassociate and form a cross-linked hydrogel structure.12 Since
the interaction between hydrogen bonds constitutes a

reversible physical cross-linking, the sol−gel transition of
Agar hydrogel is also reversible, thereby conferring a distinctive
molding advantage to the material.8 The Agar hydrogels
regulated by different types of salts were prepared by the
following immersion of preformed Agar hydrogels in various
salt solutions, which was used for the further analysis of the
Hofmeister effect. Hydrogels immersed in deionized water,
Na2SO4, NaCl, and NaI solutions were named as Agar/H2O
hydrogel, Agar/SO4

2− hydrogel, Agar/Cl− hydrogel, and Agar/
I− hydrogel, respectively. As the system contains only the Agar-
based cross-linking network, it provides a superior model for

Figure 2. Mechanical test results of Agar hydrogels immersed in different ionic solutions with a concentration of 1 mol L−1. (a) Maximum tensile
strength; (b) Tensile Young’s modulus; (c) Tensile toughness; (d) Tensile curve; (e) Maximum compressive strength; (f) Compressive Young’s
modulus; (g) Compressive toughness; (h) Compression curve. The data were presented as mean value ± standard deviation.
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exploring the relationship between the properties of tunability
and the molecular mechanisms involved in single-network
polysaccharide hydrogels through the regulation of salt ions.
In previous studies, the Hofmeister effect has been

investigated by immersing samples in salt solutions. Taking
Agar/SO4

2− hydrogel as an example, to analyze the necessity of
the immersing step and the functionality of the preforming
postimmersion method for the preparation of uniform and
robust Agar hydrogel samples, a comparative hydrogel was
prepared using the one-pot direct adding method by directly
adding Na2SO4 powders to the Agar sol, followed by the
cooling process at room temperature. The appearances of the
Agar/SO4

2− hydrogel prepared by the preforming post-
immersion method and one-pot direct adding method are
shown in Figure 1b. The one-pot direct adding method leads
to an incomplete formation of the Agar/SO4

2− hydrogel, which
manifests as a fragmented and structurally compromised
network, and its mechanical strength cannot be measured. In
contrast, the Agar/SO4

2− hydrogel prepared via the preforming
postimmersion method presents a uniform and intact hydrogel
structure that can be fully detached from the mold,
demonstrating superior mechanical integrity. The difference
between the two preparation methods could be attributed to
the tendency of high concentrations of ions in the salt solution
to disrupt the hydrogen bonding interactions among Agar
molecular chains, thereby affecting the hydrogel formation
process. For the hydrogel prepared by the one-pot direct
adding method, the ions can influence the solvation dynamics
of water molecules between Agar chains and alter the
intermolecular spacing, leading to the collapse of the hydrogel
structure (Figure S1).26,27 For the hydrogel prepared by the
preforming postimmersion method, since the Agar polymer
chain in the preformed hydrogel is already cross-linked, the
postimmersion in a Na2SO4 salt solution primarily affects the
strength of hydrogen bonds by regulating the solvation of
water around the Agar chains. This process does not
significantly alter the intermolecular spacing between chains,
thus preserving the integrity of the preformed cross-linked
structure while allowing for further regulation of the properties.
Therefore, the preforming postimmersion method is important
in obtaining uniform and intact Agar hydrogels that can
effectively interact with different ions. In addition, the salt
treatment preserves the intrinsic thermoreversible cross-linking
behavior of Agar hydrogel, as both Agar/H2O and Agar/
Na2SO4 hydrogels exhibit reversible sol−gel transition upon
heating and cooling (Figure S2).
The macroscopic regulation of different salt solutions on the

molecular chains of Agar hydrogels is manifested as differences
in mechanical properties. The influence of the Hofmeister
effect on the tensile properties of Agar hydrogels immersed in
the Hofmeister salt series with a concentration of 1 mol L−1

was evaluated by uniaxial tensile tests. The results of maximum
tensile strength, Young’s modulus, toughness, and tensile
curves are shown in Figure 2a-d.
As shown in Figure 2, the mechanical properties of Agar

hydrogels are regulated after immersion in the Hofmeister salt
series. For cationic salt solutions, the order of mechanical
strength and toughness of Agar hydrogels is K+ > Na+ ≈ Li+ >
Ca2+ > Mg2+. Among these ions, K+ enhances the mechanical
properties of the Agar hydrogel, while Na+, Li+, and Ca2+ have
little effect on its mechanical properties. In contrast, Mg2+
significantly decreases the mechanical strength and toughness
of Agar hydrogel, reducing the mechanical strength from 81.4

to 56.2 kPa and toughness from 10.9 kJ m−3 to 6.2 kJ m−3. For
anionic solutions, the order of mechanical strength and
toughness of Agar hydrogels is SO4

2− > CO3
2− ≈ Ac− > Cl−

> I−. Among them, the Agar/SO4
2−hydrogel exhibits the

highest strength (113.9 kPa), elongation (35.8%), and
toughness (19.6 kJ m−3). CO3

2−, Ac−, and Cl− have minimal
impact on the mechanical properties, while the hydrogel
immersed in I− has the lowest strength (54.7 kPa), elongation
(20.8%), and toughness (5.5 kJ m−3), with the toughness being
only 50% of that of the Agar hydrogel immersed in H2O. Due
to the high water content, chain rigidity, and soft nature of
Agar hydrogels, the samples fractured at relatively small tensile
strains, as shown in Figure 2d. Furthermore, as the
concentration of SO4

2− solution increases, the mechanical
properties of the hydrogel are further enhanced, reaching 412.1
kPa and 94.1 kJ m−3 at the concentration of 2 mol L−1, which
is 7.5-fold and 17.1-fold higher than that of the Agar/I−
hydrogel (Figure S3). This demonstrates that anions have a
greater effect on the mechanical properties of Agar hydrogel
than cations due to the stronger interaction between anions
and the hydration layer on the surface of the polymer, which is
consistent with the phenomenon observed in proteins and
some synthetic polymers by the Hofmeister effect.13,28

To further assess the impact of the Hofmeister effect on the
compression properties, uniaxial compression tests were
conducted on Agar hydrogels immersed in H2O and different
salt solutions. The maximum compression strength, Young’s
modulus, toughness, and compression curve are shown in
Figure 2e-h. The compression properties of Agar hydrogels in
different salt solutions followed a similar trend to that observed
in the tensile properties. Due to the Hofmeister effect, Agar/
SO4

2− hydrogel shows the highest compressive strength, with a
toughness that is 3.1 times greater than that of the Agar/H2O
hydrogel, while Agar/I− hydrogel exhibits the lowest
compressive strength, with a toughness that is only 73.3% of
the Agar/H2O hydrogel. The compression test results verify
that the compression properties of the Agar hydrogel can be
regulated by the Hofmeister effect, with compressive strength
and toughness tunable within the ranges of 137.2−423.6 kPa
and 15.9−67.4 kJ m−3, respectively.
These experimental results confirm the initial hypothesis

that the salt series in the Hofmeister effect can effectively
regulate the mechanical properties of polysaccharide-based
hydrogels like Agar. Notably, the tensile and compression
toughness of the Agar hydrogel can be tuned by more than an
order of magnitude.29 However, compared to synthetic
polymer hydrogels, such as PVA, which has been extensively
studied, the mechanical properties of Agar hydrogels are less
significantly affected by the concentrations of salts.13,14,30 This
difference may be attributed to the interaction of hydrogen
bonds in the hydration layer and the hydrophobic properties of
the hydrogel structure. On the one hand, synthetic polymers
such as PVA have long carbon chain skeletons. This flexible
structure makes it easier for ions to interact with hydration
layer molecules, thereby affecting the hydrogen bonds between
PVA molecular chains and water molecules. On the other
hand, ions can alter the hydrophobic hydration of molecules by
raising the surface tension within the cavities around the PVA
chains. In contrast, the rigid sugar-ring structure and the
double-helix formation of Agar hydrogels restrict chain
flexibility, which also provides abundant hydroxyl groups for
hydrogen bonding with water molecules. Consequently, salt
ions regulate the chain structure primarily through interactions
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with the hydration layer molecules surrounding the polar
functional groups, rather than through direct interaction with
the polymer chains. However, the mechanical properties
regulation of Agar hydrogels via the Hofmeister effect
demonstrates considerable practical value. This approach
enables the precise tuning of the mechanical properties of
Agar hydrogels without necessitating the incorporation of
additional network structures, while also allowing for accessible
postsynthesis adjustability. As shown in Table 1, in comparison

to other methods for regulating the mechanical properties of
Agar hydrogels, such as the incorporation of double networks
or variations in composition,6,7,12,31−33 the Hofmeister effect
offers a facile and broadest range of tunability (up to 7.5
times), thereby enhancing their potential for diverse
applications.

The mechanical properties of the material are related to the
cross-linking state of the molecular chain. Therefore, the
rheological properties of Agar hydrogels were characterized,
and the results are shown in Figure 3a-b. For all hydrogels, in
the angular frequency range of 1−100 rad s−1, the storage
modulus (G′) is higher than the loss modulus (G″) and these
two lines are nearly parallel, indicating that the elastic response
of the hydrogel is predominant over the viscous response. The
ratio of G″ to G′ (tan δ) of all of the Agar hydrogels is less than
0.1, indicating that the Agar hydrogel is stable and exhibits low
viscous dissipation and predominantly elastic behaviors
(Figure S4).8 The average mesh size (ξ) and cross-link density
(nc) between adjacent cross-linking points of the Agar hydrogel
in the equilibrium state with an angular frequency of 10 rad s−1

were calculated using eqs 2 and 3, as shown in Figure 3c-d.
The ξ of the hydrogel varies from 4.7 to 5.7 nm, while the nc
varies from 8.7 mol m−3 to 16.2 mol m−3. This supports the
hypothesis that during the immersion process, ions in the
Hofmeister salt series mainly impact the aggregation state of
the Agar polymer chains.18,24 Under the influence of the
Hofmeister effect, Agar hydrogels immersed in ions that induce
a “salting-out” effect (such as K+, SO4

2−) exhibit higher G′ and
nc values, and lower ξ value compared to the hydrogels
immersed in H2O. In contrast, Agar hydrogels immersed in
ions that induce a “salting-in” effect (such as Mg2+, I−) exhibit
lower G′ and nc values, and higher ξ value compared to the
hydrogels immersed in H2O. The differences among cations of
the same group and valence arise from their distinct capacities
to modulate the structure of the hydration shell, which may be
associated with variations in their ionic radii. The variations in
ξ and nc among different ions are generally consistent with the
mechanical performance, following the Hofmeister series.
Small deviations arise from the fact that ξ and nc values are
derived from equilibrium swelling theory, which primarily
reflects thermodynamic network constraints, whereas tensile
strength and toughness are affected by multiple coupled

Table 1. Comparison of Agar Hydrogels Regulated by the
Hofmeister Effect and Other Hydrogels

Materials
Mechanical
regulation

Tunability
after

preparation
Mechanical
strength

κ-carrageenan and agar
hydrogel6

No No 47.8 kPa

Agar/polyacrylamide
hydrogel31

No No ∼17 kPa

PVA−agar hydrogel32 Double network No 43−149
kPa

Agar/Borax/MXene
hydrogel7

Different pH No ∼40−225
kPa

Agar/κ-carrageenan/
montmorillonite
hydrogel33

Different
composition

No 33.8−47.7
kPa

Agar/poly(sulfobetaine
methacrylate)
hydrogel12

Double network and
mechanical
pressing

Yes 6.5−78.1
kPa

Agar hydrogel (This
work)

Hofmeister effect Yes 54.7−412.1
kPa

Figure 3. Rheological properties of Agar hydrogels after immersing in different salt solutions. (a-b) Frequency sweep of Agar hydrogels immersing
in cationic (a) and anionic (b) solutions; (c) Mesh size of Agar hydrogels; (d) Cross-linking density of Agar hydrogels.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.5c03189
Macromolecules 2026, 59, 1416−1428

1421

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.5c03189/suppl_file/ma5c03189_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c03189?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c03189?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c03189?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c03189?fig=fig3&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c03189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


factors, including hydrogen-bond dynamics and chain
orientation.34 The viscoelastic test of Agar hydrogel further
demonstrates that the aggregation state of Agar polymer chains
can be regulated by ions based on the Hofmeister effect.
To characterize the microstructure changes in the

aggregation state of the polymer chains in the Agar hydrogel
regulated by the Hofmeister effect, the SEM cross-sectional
morphology of the hydrogel was analyzed and the results are
shown in Figure 4. The pore size of each of the hydrogels is
shown in Figure S5. Agar/H2O hydrogel presents a typical
network-like porous structure of hydrogel with a uniform and
smooth pore wall, where its pore size ranges about 56.9 ± 7.9
μm. Agar/SO4

2− hydrogel shows the smallest pore structure,
the highest pore density, and pore size in the range of around
10.4 ± 1.8 μm. This difference may be attributed to the
“salting-out” effect, which induces the Agar polymer chains to
collapse spontaneously and form a small pore structure due to
dehydration.35 The pore structure of Agar/Cl− hydrogel is
nearly identical to that of Agar/H2O hydrogel, which may be
attributed to the minimal impact of Cl− on the aggregation
state of Agar polymer chains. The pores of Agar/I− hydrogel
are significantly enlarged, with the pore size increasing to 103.6
± 13.1 μm. In addition, the pore wall becomes rough, and
some small pore structures appear on the pore walls. This
phenomenon may be attributed to the “salting-in” effect of the
ions, which enhances the hydration between Agar polymer
chains, causing some Agar polymer chains to dissolve and
thereby increasing the pore size of the hydrogel.29

To more direct assessment of the native hydrogel
nanostructure, SAXS experiments in Agar/H2O hydrogel and
Agar/SO4

2− hydrogel were conducted. For both Agar/H2O
hydrogel and Agar/SO4

2− hydrogel, the SAXS profiles were
fitted using the mass-fractal model (Figure S6).36 The two
samples exhibit almost identical mass-fractal dimension of 2.3,
indicating that the immersing of SO4

2− does not change the
fundamental aggregation mode of agar chains within the
hydrogel network.25 However, the Agar/H2O hydrogel exhibits
a cutoff length (ζ) of 20.2 nm, while that of the Agar/SO4

2−

hydrogel decreases to 17.5 nm. The reduction in ζ indicates
that the Agar/SO4

2− hydrogel forms a more compact and
spatially confined network structure. This structure from SAXS
is consistent with the SEM observations, where the Agar/
SO4

2− hydrogel displays smaller pore features compared to the
relatively looser network in the Agar/H2O hydrogel.
SEM and SAXS results indicate that the “salting-out” ions

promote the arrangement of polymer chains within the Agar

hydrogel, leading to their aggregation and the development of
a denser hydrogel network. This organization minimized the
entropy loss associated with a highly ordered structure.23 In
contrast, the “salting-in” ions facilitate the dissolution of
polymer chains in the Agar hydrogel, disrupting its network
structure of the Agar hydrogel.
To explore the driving forces behind the changes in the

aggregation state of hydrogels, ATR-FTIR tests were
conducted on Agar hydrogels immersed in different salt
solutions, with the corresponding results presented in Figure
S7. The absorption peak at 3363 cm−1 in Agar hydrogel is the
stretching vibration absorption peak of −OH, and the
absorption peak at 1644 cm−1 is the stretching vibration
absorption peak of C�O in agaropectin.12 The shift in the
−OH stretching vibration peak can reflect changes in hydrogen
bonding interactions within the Agar hydrogel.37 In the ion
group (K+) exhibiting a “salting-out” effect, the −OH
stretching vibration peak shifts to a lower wavenumber
(3335 cm−1), indicating an enhancement of the hydrogen
bonding between polymer chains in Agar hydrogels. Con-
versely, in the ion group (Ca2+, Mg2+, I−) associated with a
“salting-in” effect, the −OH stretching vibration peak shifts to
a higher wavenumber, indicating a weakening or disruption of
the hydrogen bonding within the polymer network. The
hydrogen-bonding analysis mainly applies to systems contain-
ing cations and weakly absorbing anions. For samples
containing strongly absorbing anions (such as Agar/SO4

2−),
the variations in hydrogen bonding are not directly observable
from the ATR-FTIR spectra due to overlapping ionic
absorption.
The combined microstructure analysis results from rheo-

logical testing, SEM imaging, SAXS analysis, and ATR-FTIR
spectroscopy suggest that the Hofmeister effect may regulate
the aggregation state of the Agar hydrogel by affecting the
hydrogen bonding interaction between the polymer chains,
thereby tuning their mechanical properties.38 To verify this
hypothesis and reveal the molecular interaction mechanisms
for the regulation behaviors induced by the Hofmeister salt
series, molecular dynamics simulation of Agar hydrogels
immersed in typical salt solution and H2O was performed
and compared.
The molecular model construction process is shown in

Figure S8. Amorphous networks of Agar/H2O, Agar/SO4
2−,

Agar/Cl−, and Agar/I− were constructed through structural
optimization followed by the annealing step, incorporating
H2O, SO4

2−, Cl− or I− along with Agar molecular chains.

Figure 4. SEM cross-section images of Agar hydrogels after immersing in different salt solutions.
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Subsequently, dynamic simulations were conducted on each of
these networks, and the corresponding systems containing
Agar polymers and associated ions are presented in Figure 5a.
The radial distribution function (RDF), the probability
distribution function, and the average number of hydrogen
bonds were calculated based on the dynamic simulation results
(Figure 5b). The range of 1.5−3 Å in the RDF can be regarded
as hydrogen bond interactions.39 Distinct peaks within this
range in the Agar/H2O, Agar/SO4

2−, Agar/Cl−, and Agar/I−
amorphous indicate the presence of hydrogen bond
interactions within each of these four network systems.40 In
addition, the probability distribution function and the average
number of hydrogen bonds on the Agar polymer chain during
the dynamics simulation can be calculated, and the results are
shown in Figure 5c-d. Two characteristic hydrogen-bond

lengths are identified at approximately 1.7 Å and 2.6 Å,
corresponding to different hydrogen-bonding configurations
between Agar polymer chains. A shorter hydrogen-bond length
and a higher number of hydrogen bonds indicate stronger
hydrogen-bonding interactions within the Agar network. It can
be seen that the probability distribution intensity of the Agar/
SO4

2− network at 1.7 Å is similar to that at 2.6 Å, while this
value of the Agar/I− network at 1.7 Å is much smaller than that
at 2.6 Å, indicating that the hydrogen bond length in the Agar/
SO4

2− network is shorter and the energy is higher compared to
the Agar/I− network. The Agar/Cl− network and the Agar/
H2O network have similar hydrogen bond probability
distribution functions. The comparison of the probability
distribution function and the number of hydrogen bonds
across different salt solutions indicates that the Hofmeister

Figure 5. Molecular dynamics simulation process and results of Agar hydrogels immersed in different ion solutions. (a) Molecular dynamics
simulation process; (b) Radial distribution function of H atoms and O atoms on the Agar molecular chain in different ions; (c) Probability of
hydrogen bond length on the Agar molecular chain in different ions; (d) Number of hydrogen bonds on the Agar molecular chain in different ions.
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effect can influence the formation of hydrogen bonds within
the Agar networks.41 The number of hydrogen bonds in
different networks also follows the sequence observed in the

Hofmeister salt series from the mechanical experiments, that is
SO4

2− > Cl− > I−. Therefore, the regulation of the Hofmeister
effect on the Agar hydrogel may be achieved by regulating the

Figure 6. Schematic diagram of the Hofmeister effect mechanism of Agar hydrogels immersed in different ionic solutions. (a) The structure of Agar
hydrogel in H2O; (b) The structure of Agar hydrogel in ions with “salting-out” effect; (c) The structure of Agar hydrogel in ions with “salting-in”
effect.

Figure 7. Water states and DSC spectroscopy characterization of Agar hydrogels immersed in different ionic solutions. (a) Schematic diagram of
the network structure and water state in the Agar hydrogel; (b) DSC spectra of Agar/H2O, Agar/SO4

2−, Agar/Cl−, and Agar/I− hydrogels after
Gaussian fitting; (c) IW/FW ratio; (d) The content of different water states.
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length and number of hydrogen bonds within the Agar
polymer chains.
Based on the results of rheological tests, microstructural

characterizations, and the molecular dynamics simulation, the
possible systematic mechanism of the Hofmeister effect on the
tunability of Agar hydrogel is proposed and demonstrated in
Figure 6. After the heating−cooling process, Agar polymer
chains assemble into a 3D network structure via hydrogen
bonds, endowing the hydrogel with insolubility in water. The
abundance of H2O molecules in the Agar hydrogel also leads
to the formation of hydrogen bonds between some of the Agar
polymer chains and the water molecules. The ions affect the
hydrogen bonding in Agar hydrogels indirectly by altering the
competition between ion−water, water−water, and polymer−
water hydrogen bonds. In the salt solutions with the “salting-
out” effect, ions disrupt the hydrogen bonds between Agar
polymer chains and H2O molecules in the hydration layer of
the hydrogel, reducing the distance between Agar molecular
chains, which is proved by the microstructural character-
izations and the molecular dynamics simulation results. This
“salting-out” effect promotes the aggregation of Agar polymer
chains, increasing the number of hydrogen bonds between
Agar polymer chains, leading to the formation of additional
hydrogen-bond-based physical cross-links. As shown in Figure
S9, the tensile strength decreased after H2O immersing but
recovered after reimmersion in Na2SO4, demonstrating that
these additional cross-links strengthen the Agar hydrogels
temporarily but remain reversible upon ion exchange. In the
salt solutions with the “salting-in” effect, the ions disrupt the
hydrogen bonds between the Agar polymer chains, increasing
the hydrogen bonds formed between the Agar polymer chains
and the H2O molecules in the hydration layer of the hydrogel.
This “salting-in” effect also increases the distance between the
Agar polymer chains, resulting in a longer hydrogen bond
length, which weakens the mechanical properties of the
hydrogel. These ion-specific interactions modulate the gelation
process and final network architecture, leading to tunable
tensile and compressive strengths over a wide range of 54.7−
412.1 kPa and 137.2−423.6 kPa, respectively. These results
promote the understanding of the correlation between the
cross-linking and aggregation state of polymer chains and the
macroscopic properties tunability of natural polysaccharide-
based single-network hydrogels, providing an innovative
method for tuning their mechanical properties and micro-
structures.
The molecular dynamics simulation and the Hofmeister

effect mechanism analysis reveal that the molecular chains of
Agar hydrogels can interact with the hydration layer around
them. This revelation not only offers the possibility of the
water state regulation within the system via the salt solution
immersion but also provides verification for elucidating the
mechanism of the Hofmeister effect in Agar hydrogels from a
reverse perspective.
Due to the strong hydration ability of the hydrogel, the

differences in hydrogen bonds between molecules enable the
classification of water within the polymer network into three
states: bound water (BW), free water (FW), and intermediate
water (IW), as shown in Figure 7a. Among them, FW refers to
water molecules behaving as in bulk water and interacts with
four adjacent water molecules via hydrogen bonding. BW is
generated through the hydrophilic functional groups of Agar
polymer chains capturing water molecules from FW via
stronger hydrogen bonds, while water molecules next to BW

interacting with fewer than four water molecules form IW.42

Different states of water exhibit distinct thermal properties and
spectroscopic features, while differential scanning calorimetry
(DSC) and Raman spectroscopy are the most commonly
employed and effective methods for distinguishing these water
states.43 Among them, FW shows a distinct endothermic peak
near 0 °C in DSC measurements and hydrogen-bonding
characteristics similar to bulk liquid water in Raman measure-
ments. IW exhibits a broadened melting peak or a peak shifted
to lower temperatures between −5 °C and −20 °C in DSC
measurements and peaks shift slightly compared to bulk water
in Raman measurements. BW shows no obvious melting peak
in DSC due to the strong interaction between BW and
polymer chains, indicating that it does not crystallize or melt
within the experimental temperature range.44

As shown in Figure 7b, the endothermic peak observed in
the DSC curve of the hydrogel primarily corresponds to the
melting of IW and FW.20 The contents of IW and FW in Agar
hydrogel can be calculated based on the peak area after DSC
curve fitting in this range using a Gaussian function (Figure
7c). For IW and FW, Agar/SO4

2− hydrogel has the lowest IW
content and the highest FW content, with values of 20.4% and
61.2%, respectively. In contrast, Agar/I− hydrogel has the
highest IW content and the lowest FW content, with values of
63.6% and 32.8%, respectively. The FW values of Agar/H2O
hydrogel and Agar/Cl− hydrogel are similar. Since BW in the
hydrogel interacts strongly with the hydrophilic chain through
hydrogen bonds, its content primarily depends on the number
of hydrophilic groups within the polymer network, as shown in
Figure 7d. As a result, Agar hydrogels immersed in different
salt solutions exhibit similar BW contents.
In addition to the DSC tests, Raman spectroscopy tests were

conducted on Agar hydrogels immersed in different salt
solutions. The corresponding results are shown in Figure S10.
The peaks of Raman shift at 3000−3800 cm−1 are attributed to
the O−H stretching vibration of H2O.

45 The ratio of IW to
FW (IW/FW) in Agar hydrogel can be calculated based on the
peak area after Raman spectrum fitting in this range using a
Gaussian function. In the Raman spectrum, the peaks at 3215
and 3375 cm−1 are attributed to the stretching vibration of FW
with four hydrogen bonds (two protons and two lone electron
pairs), while the peaks at 3481 and 3625 cm−1 are attributed to
the stretching vibration of IW with partial or complete
breakage of hydrogen bonds. The Agar/SO4

2− hydrogel
exhibits the lowest IW/FW ratio of 0.47, while the Agar/I−
hydrogel shows the highest IW/FW ratio of 0.82. The IW/FW
ratio of the Agar/H2O hydrogel and the Agar/Cl− hydrogel is
similar, which are both 0.74. It is noted that the IW/FW ratios
obtained from DSC and Raman spectroscopy differ numeri-
cally, which mainly arises from the fundamental differences in
the detection principles. Specifically, DSC quantifies water
states based on thermal transitions during freezing and melting
of the bulk water, while Raman spectroscopy distinguishes
water states based on vibrational O−H stretching bands on a
microregion of the hydrogel surface.46 Despite the numerical
difference, both methods consistently demonstrate that the
IW/FW ratio follows the order I− > Cl− ≈ H2O > SO4

2−,
which is also consistent with the Hofmeister salting-out
behavior.
These results indicate that under the influence of “salting-

out” ions, the hydrogen bonds between the Agar polymer
chains and the H2O molecules are disrupted, leading to a
decrease in the number of IW water molecules in the hydration
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layer accordingly, which in turn lowers the IW/FW ratio.
Conversely, when “salting-in” ions are present in the Agar
hydrogel, the hydrogen bonds between the Agar polymer
chains are weakened, resulting in the formation of a greater
number of hydrogen bonds between the Agar molecules and
surrounding H2O molecules. As a result, the number of IW
water molecules in the hydration layer increases, which in turn
raises the IW/FW ratio. Since Cl− has minimal impact on the
Agar polymers, its effect on the IW/FW ratio is similar to that
of the Agar/H2O hydrogel. The presence of “salting-in” ions
promotes an increase in the IW ratio, while “salting-out” ions
lead to a higher proportion of FW in the hydrogel. These
results represent another manifestation of the Hofmeister
effect on the microscopic state of Agar-based natural
polysaccharide hydrogels, verifying the conclusion that the
water state regulation can be achieved via the Hofmeister effect
on Agar hydrogels in addition to the tuning of the mechanical
properties.

■ CONCLUSIONS
In general, this work explores the correlation between the
tunability of mechanical properties and the systematic
mechanism via macroscopic and microscopic characterizations
and molecular dynamics simulations based on the regulation of
the Hofmeister effect on Agar-based single-network hydrogels.
The preforming postimmersion preparation method is
necessary to obtain an intact Agar hydrogel with the presence
of the salt ions. Owing to the regulation of the Hofmeister salt
series, its tensile and compressive strength can be tuned
between 54.7−412.1 kPa and 137.2−423.6 kPa, respectively.
The mesh size, cross-linking density, microstructure images,
and nanostructure analysis of Agar hydrogels indicate that the
tunability of the Hofmeister effect on the Agar hydrogel is
related to the aggregation state of the polymer chain. The
molecular dynamics simulation on the probability distribution
function reveals that this phenomenon is related to the
hydrogen bonds between the Agar polymer chains and the
H2O molecules of the hydration layer. The ion solution with
the “salting-out” effect promotes the aggregation of the Agar
molecular chains, thereby improving the mechanical properties
of the hydrogel, while the “salting-in” ions exhibit the converse
properties. The Hofmeister effect on the Agar hydrogel further
elucidated the regulation of IW content based on the
Hofmeister salt series, which can be tuned from 20.4% to
63.6%. This work provides a possibility of the tunability of
Agar-based single-network hydrogels based on the principle of
the Hofmeister effect, which may inspire research on other
kinds of natural polysaccharide hydrogels.
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