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Glycyrrhizic acid (GA) is a natural edible chiral triterpene saponin that can undergo hierarchical self- 
assembly in water to form supramolecular hydrogels. Customizing the properties of GA supramolecular 
hydrogels is crucial for their wide food and biomedical applications, and the incorporation of specific 

metal ions can be an attractive way for this purpose. Herein, this study investigates the effects of 
metal ions with different valence states and concentrations on the linear and nonlinear rheological 
properties and network structures of GA supramolecular hydrogels. Monovalent metal ions (Na+ and K+ ), 
exhibiting weak binding affinity to GA, rely on the electrostatic screening effects at high concentrations 
(e.g., 50 mM) to enhance the GA interfibrillar interactions and thus the formation of a more compact 
and ordered gel network, which displays a pronounced nonlinear rheological behavior with a typical 
transition from elastic to viscous response. Polyvalent metal ions (Ca2 + , Zn2 + , and Al3 + ), owing to their 
greater charge density and stronger binding with GA, significantly enhance the network strength of the 

hydrogels at low concentrations (e.g., 5 mM). Nonetheless, at high ion concentrations (e.g., 50 mM), 
the GA-Mn + forms discrete aggregated network structures due to excessively strong cation-carboxylate 

complexation, leading to the irregular nonlinear rheological responses and the lower resistance to large 

deformations. These findings can deepen our understanding of the highly tunable rheological behaviors 
and network structures of GA hydrogels, which demonstrates a new possibility for the design and 

development of responsive natural supramolecular hydrogels with controlled properties through the 

strategy of metal ion complexation. 

 

 

 

 

 

1 Introduction 

Supramolecular hydrogels, an eminent category of soft materials
generally formed through the self-assembly of low molecular
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weight gelators (LMWGs) in aqueous solutions via non-covalent
interactions like π - π stacking, hydrogen bonding, van der Waals
forces, hydrophobic effects, and ion coordination, have garnered
significant attention during the last few decades [1–7] . As a
typical class of building blocks to construct supramolecular
materials, LMWGs undergo a hierarchical self-assembly, leading
to the formation of a range of well-defined nanostructures
 license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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uch as nanofibrils, which further entangle to create a solid-
ike, three-dimensional gel network [ 8 , 9 ]. Compared with their
ynthetic counterparts, the naturally derived LMWGs that can 

elf-assemble into supramolecular hydrogels offers many excellent 
roperties, including the inherent bioactivity, biocompatibility, 
nd biodegradability, which endow them with the immense 
otential as supramolecular hydrogelators with high safety and 

ustainability for diverse biomedical applications, such as drug 
elivery, wound healing, and tissue engineering [10–12] . 

Glycyrrhizic acid (GA) is an exquisite natural compound 

xtracted from the root of the licorice plant, possessing a
ariety of biological activities, including anti-inflammation, 
epatoprotective, anticancer, and antiviral activities [13–15] . 
rom a chemical structure perspective, GA is classified as 
 chiral amphiphilic molecule, comprising a hydrophobic 
riterpenoid aglycon moiety known as 18 β-glycyrrhetinic acid, 
onjoined with a hydrophilic diglucuronic unit. The intrinsic 
mphiphilicity and chirality of GA molecules bestow them 

ith the propensity to undergo anisotropic self-assembly in 

ater forming supramolecular nanofibrils via hydrophobic 
nteractions of the triterpene fragments and hydrogen bonds 
f the glucuronic fragments [16] . The formed elongated semi-
exible GA nanofibrils, exhibiting a right-handed twist, with 

pproximately 2.5 nm in width and a periodicity of 9 nm,
an further entangle to form supramolecular hydrogels with 

 three-dimensional hydrogen-bonded fibrillar network [17] . 
oreover, the presence of numerous functional groups, rigid 

rameworks, and distinctive stacking behaviors within the GA 

olecules provide them an ideal structural motif for generating 
 wide array of GA derivatives, facilitating the development 
f multifunctional hydrogel materials [18–21] . Interestingly, 
ur investigations demonstrate the combined gelation and 

mphiphilic properties of GA fibrillar assemblies can render them 

he ability to serve as fundamental building blocks for creating
ovel structured multiphase colloidal materials, such as gel 
mulsions [22–24] and ultrastable gel foams [25–27] . Recently, the
A supramolecular hydrogels with versatile functional attributes 
nd diverse applications in a variety of fields, such as targeted
rug delivery vehicles [ 21 , 28 ], harnessing their specific stimuli-
esponsiveness, additive manufacturing [29] , taking advantage of 
he injectability and thixotropic recovery, and wound healing or 
earable biosensors [ 20 , 29 ], owing to their high bioactivity and
odulable mechanical properties, self-healability, and adhesion. 
onsidering the wide range of applications, it is desirable 

o understand and control the rheological properties of GA 

upramolecular hydrogels, since the rheological behaviors of 
 supramolecular gel play a critical role in determining its
rocessing and functional performances in practical applications, 
nd therefore, the modulation of gel rheology will be very
mportant for meeting real requirements in various fields. 

Generally, the rheological properties of supramolecular 
ydrogels can be tailored by adjusting the gel components 

ncluding the concentration and molecular structure of gelators 
 30 , 31 ], and the attribute of the employed solvents [32] . Moreover,
he use of external stimuli, for instance, variation of temperature
nd pH [ 33 , 34 ], addition of anions [35] , and the incorporation of
etal ions [ 36 , 37 ], allows an effective control of the rheological
 

roperties of supramolecular hydrogels. In recent years, there has 
een a growing interest in the incorporation of metal ions to finely
une the properties of supramolecular hydrogels, particularly 
heir rheological characteristics [38–41] . For monovalent metal 
ons, Adams and co-workers discovered that Li+ , Na+ , and K+ 

aired with 2-naphthylalanine-phenylalanine (Li-2NapFF, Na- 
NapFF, and K-2NapFF) systems exhibited abrupt transitions 
n the viscoelastic moduli compared to Rb-2NapFF and Cs- 
NapFF, indicating the significant differences in affecting the 
el properties [39] . Barthélémy and co-workers found that 
ith an increase in the concentration of Li+ , Na+ , and K+ ,

he rheological modulus values of nucleotide lipid hydrogels 
diC16 dT) initially rose and then subsequently declined, and 

i-diC16 dT, Na-diC16 dT, and K-diC16 dT spontaneously assembled 

nto supramolecular hydrogels via the formation of entangled 

bers [40] . For polyvalent metal ions, Roy and co-workers showed
hat in the presence of Fe2 + and Mn2 + , the network strengths 
f functional peptides (Fmoc-HL-COOH) significantly decreased 

o 3.3 kPa and 5.1 kPa, respectively, as compared to that of only
moc-HL-COOH (11.5 kPa). However, with Cu2 + and Ni2 + , G ́was 
5.4 kPa and 12.8 kPa respectively [41] . These studies reveal that
he rheological properties of supramolecular hydrogels are largely 
ffected by the addition of different types and valences of metal
ons. 

As a natural edible LMWG, GA is a polyprotic weak acid
ith three carboxylic groups that can dissociate in multiple 

teps, endowing it with the ability to form complexes with 

etal ions. Our previous study has shown that the addition 

f Na+ significantly increased the viscoelastic moduli of GA 

upramolecular hydrogels, and a dramatic increase in turbidity of 
ydrogels can be observed with the increasing concentration of 
a+ [27] . These phenomena primarily stem from the elevation 

n ionic strength, which diminishes the electrostatic repulsion 

etween GA molecules/nanofibrils, thereby promoting inter- 
brillar aggregation. Based on these findings, it is reasonable 
o postulate that the metal ions, especially those with varying 
alence states, can manipulate the self-assembly behavior of 
A nanofibrils, which consequently impacts the rheological 
roperties and microstructure of supramolecular hydrogels 
 42 , 43 ]. Thus, there is a need to systematically understand
he influence of metal ions complexation on the structural 
roperties of GA supramolecular hydrogels, with the aim of 
uning the rheological behaviors of GA hydrogels through 

etal complexation for meeting the specific processing and 

pplication requirements. Herein, we select six common metal 
ons, spanning a range of valences from monovalent to trivalent, 
ith the accompanying anions of all chloride ions, and aim 

o unravel the impact of these metal ions on the rheological
nd structural properties of GA supramolecular hydrogels. The 
mall amplitude oscillatory shear (SAOS) experiments were first 
onducted to explore the linear viscoelastic properties of GA- 
etal ions complexation hydrogels (GA-Mn + ). To acquire more 

n-depth information on the rheology of GA supramolecular 
ydrogels, the large amplitude oscillatory shear (LAOS) tests were 

hen performed for nonlinear viscoelastic characterization. The 
ombination of the Lissajous-Bowditch curves and the index 

f nonlinearity, which can provide valuable insights into the 
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nonlinear rheological responses, were further adopted to quantify
the nonlinear viscoelasticity of the GA-Mn + hydrogels. The
complexation mechanism between GA and metal ions was also
elucidated by a series of microscopy and spectroscopy techniques
and density-functional theory (DFT) calculations. The findings
obtained in this work can contribute to a better understanding
of the structure-rheology relationship of GA-Mn + , extending the
real applications of GA supramolecular hydrogels. 

2 Materials and methods 
2.1 Materials 
Glycyrrhizic acid mono ammonium salt (GA, purity > 98%) was
purchased from Thermo Fisher, USA. Sodium chloride, potassium
chloride, calcium chloride, zinc chloride, aluminum chloride, and
iron (III) chloride were bought from Chemical Reagent Co., Ltd.
(China). Milli-Q water (18.2 M � cm) was used in this work, and
all chemicals used were of analytical grade. 

2.2 Preparation of GA-metal ion hydrogels (GA-Mn + ) 
A stock solution of GA (4 wt%) was prepared by dissolving GA
powder in water and heating it at 80 °C under mild agitation to
obtain a transparent solution. Various salt solutions (NaCl, KCl,
CaCl2 , ZnCl2 , AlCl3 , and FeCl3 , 1 M) were prepared by dissolving
salts in water and adjusting the pH to 4.0 to prevent hydrolysis.
Then, GA solution and salt solutions were completely mixed at
different volume ratios under the heating condition (80 °C) to
acquire the desired sample concentration. The resultant samples
were stored overnight (12 h) at room temperature (25 °C) before
further use. The corresponding hydrogels are termed GA-Na+ , GA-
K+ , GA-Ca2 + , GA-Zn2 + , GA-Al3 + , and GA-Fe3 + , respectively. The
gelation of sample was determined by the tube inverted test, and
the gel formation was verified if no visual fluidity was observed
after 1 min of tube inversion. 

2.3 Rheological measurements 
The rheological properties of GA and GA-Mn + hydrogels were
investigated using a Haake MARS60 rheometer (Haake, Germany),
and a parallel plate geometry (35 mm diameter, 1 mm gap) was
used. All measurements were carried out at 25 °C and samples were
allowed to relax for 2 min before rheological tests. 

2.3.1 SAOS measurements 
The SAOS measurements were conducted with frequency

sweeps. Frequency sweep tests were performed with the angular
frequency range from 0.1 to 100 rad/s, while the strain was
kept constant at 0.1% in the linear viscoelastic region (LVR).
The damping factors (G′ ′ /G′ ) were collected from the frequency
sweeps. The power-law model, G ́ = K ·ωm , was further fitted on
the frequency sweep results, and the corresponding exponent, m,
was calculated. The coefficient K is the power-law constant (Pa sn ),
and m is the frequency exponent (dimensionless). 

2.3.2 LAOS measurements 
LAOS measurements were performed with strain sweep tests,

which were measured over the strain range of 0.01–1000% at
a fixed angular frequency of 6.28 rad/s. The yield strain is
defined here as the value of the strain amplitude at which the
storage modulus (G ́) deviates by more than 5% from its strain-
independent value within the LVR [ 44 , 45 ], and correspondingly,
the yield stress is the stress observed at the yield strain.
Additionally, the flow strain and stress are defined as the
strain and stress values at the crossover point, where the G ́

equals the loss modulus, G ́́ [46] . Based on these definitions,
the rheological behaviors of hydrogels can be quantified and
accurately characterized. 

To analyze the nonlinear responses of hydrogels, the torque-
deformation waveform data was collected at different strains (1,
5, 11, 49, 98, and 500%) with a constant angular frequency
(6.28 rad/s). According to the method of McKinley and co-
workers [47] , based on a Chebyshev polynomial based stress
decomposition, the torque-deformation waveform data can be
further analyzed using the MITLaos software (Version 2.2 beta), to
construct Lissajous-Bowditch plots and determine the Chebyshev
coefficients. The intracycle strain stiffening ratio (S factor)
and intracycle shear thickening ratio (T factor), as defined in
Eqs (1) and (2) , were determined. 

S = 

G′ 
L − G′ 

M 

G′ 
L 

(1)

T = 

η′ 
L − η′ 

M 

η′ 
L 

(2)

In Eq. (1) , G ́L is the large-strain modulus or secant modulus
evaluated at the maximum imposed strain, and G ́M 

is the
minimum-strain modulus or tangent modulus at ɣ = 0. In Eq. (2) ,
ηʹL is the large-rate dynamic viscosity, and ηʹM 

is the minimum-rate
dynamic viscosity [47] . 

The dissipated energy ( Ed ) and phase angle ( δ) were collected
from the normalized elastic Lissajous curves. The dissipated
energy per unit volume, Ed =

∮ 
τdγ , is determined by the area

enclosed by the Lissajous curves in the elastic projection during
a single LAOS cycle [48] . The phase angle ( δ) represents the
angular difference between the material response and the applied
deformation and serves as a measure of the material elasticity or
viscosity [23] . 

2.4 Cryo scanning electron microscopy (Cryo-SEM) 
The GA and GA-Mn + hydrogel samples were fixed on a holder and
snap-frozen with liquid nitrogen slush before being transferred
into a cryo chamber (PP3010T, Quorom, UK) at −140 °C. The
samples were afterward sublimated for 30 min at −90 °C to remove
frost artifacts. Finally, the samples were scanned with a scanning
electron microscope (S-4800, Hitachi) at 3 kV. 

2.5 Field emission scanning electron microscopy (FE-SEM) 
The microstructures of freeze-dried GA and GA-Mn + samples
were observed on a Zeiss Merlin field emission scanning
electron microscope (Zeiss, Germany). The samples were carefully
transferred and firmly attached to a holder, and then sputter-
coated with gold (JEOL JFC-1200 fine coater, Japan) before
imaging at 5 kV. 

2.6 Transmission electron microscopy (TEM) 
A droplet of GA and GA-Mn + solutions was dropped onto a carbon-
coated copper grid, and the excess sample was removed with
3 
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4

lter paper after 30 s. Then, samples were negatively stained by
 droplet of 2% uranyl acetate for 30 s. The morphology was
bserved on a JEM-1400 Plus transmission electron microscope at 
20 kV (JEOL, Japan). 

.7 Fourier transform infrared spectroscopy (FTIR) 
he FTIR spectra of freeze-dried GA and GA-Mn + hydrogels were 
ecorded at 4000−400 cm−1 using an FTIR spectrophotometer 
Bruker, Germany) equipped with a narrow-band mercury 
admium telluride detector with a resolution of 2 cm−1 . 

.8 X-ray photoelectron spectroscopy (XPS) 
PS measurements were performed using a Kratos Axis Supra+ 

PS instrument (Kratos, UK). Al K α radiation was used, and the
hamber pressure was less than 5 × 10–9 torr during operation. 
he XPS spectra were scanned with the pass energy of 160 eV
nd 40 eV for full and narrow spectra, respectively. Thermo
cientific Avantage software was used for data analysis. The data
as calibrated based on the C 1 s peak at 284.8 eV, and a smart-

ype background was used. 

.9 Density functional theory (DFT) calculation 

he structures and binding energies formed by GA with metal
ons (Na+ , K+ , Ca2 + , Zn2 + , Al3 + , and Fe3 + ) were calculated based
n density functional theory. All calculations were performed 

sing the ORCA (version 5.0.3) program [49–52] at the B3LYP-
3 and def2-SVP basis set levels for conformational optimization 

nd vibrational analysis, and single point energy calculations were 
erformed at the def2-TZVP level using the more accurate wB97M-
 function [53] . The Conductor-like Continuum Polarization 

odel CPCM Solvation models (SMD) were implemented for 
ater solvation. Data analysis was carried out using VESTA 

oftware [54] . Taking single-charged cations as an example, the
inding energies ( Eb ) were calculated based on the following
quation: 

RC OO− + X+ → RC OOX (3) 

here RCOO– and X+ denote deprotonated carboxylic acid 

nd cation, respectively. Eb is defined as Eb = ERCOOX − ERCOO− −
X+ (we will display and discuss absolute values for convenience). 

.10 Zeta potential measurements 
he zeta potentials of GA and GA-Mn + samples were measured 

sing a Zetasizer Nano ZS (Malvern, UK). The measurements were
arried out at 25 °C in triplicate. 

.11 Statistical analysis 
ll testing was performed in triplicate unless specifically 
entioned and results were presented as mean ± standard 

eviation for all measurements. One-way Analysis of variance 
ANOVA) of the data was performed using the OriginPro 2021
oftware. LSD’s test was used for the comparison of mean values
mong samples using a level of significance of 5%. 

 Results and discussion 

.1 Gelation experiments 
he influence of metal ions with varying valence states on
he gelation behavior of GA was first investigated, when the
 

oncentration of GA exceeds or falls below the critical gelation 

oncentration (CGC, 0.3 wt%) [17] . As illustrated in Fig. S1, for
he GA concentration (0.25 wt%) below CGC, both monovalent 

etal ions (Na+ and K+ ) at 1–100 mM and divalent metal ions
Ca2 + and Zn2 + ) at 1–5 mM facilitated the gelation process, leading 
o the gel formation below CGC. Al3 + also promoted gelation 

t a concentration of 1 mM, while Fe3 + did not exhibit such
romoting effects. When the GA concentrations (1 and 2 wt%) 
xceed CGC, the gel formation and appearance were not affected 

isually by the monovalent metal ions (Na+ and K+ ), yet the 
olyvalent metal ions exhibited a significantly different influence 
n the gelation behavior of GA, which appears that the higher
on concentrations can hinder the gelation of GA. As can be seen,
or the system of 1 wt% GA, the gels cannot be formed in the
resence of divalent metal ions (Ca2 + and Zn2 + ) at 25 mM or more,
specially for the GA-Ca2 + , and the systems became cloudy and 

paque. This is more evident for the GA systems with the trivalent
etal ions (Al3 + and Fe3 + ), where the gel formation was more 

bviously inhibited, even at a low ion concentration of 2.5 mM
i.e., Fe3 + ). These gelation tests point out the specific ion effects
n the formation and properties of GA supramolecular hydrogels. 

To gain the insight into the complexation between GA and 

etal ions, we selected the GA with a concentration of 2 wt% as
 model system for the subsequent experiments, in order to more
irectly show the impact of metal ions on the rheological behavior
nd microstructure of GA hydrogels. In addition, the 5 mM and
0 mM were chosen as representative low and high concentrations 
f various metal ions to investigate the properties of GA-Mn + , and
heir corresponding hydrogels are termed as GA-5Mn + and GA- 
0Mn + , respectively. Since the GA formed a precipitate with the 
ddition of 50 mM Fe3 + , the subsequent characterization of this 
ystem was excluded. 

.2 Linear rheological properties 
requency sweeps (0.1–100 rad/s) of GA-Mn + were determined 

t a small strain (0.1%, within the LVR). As can be seen from
ig. 1 a,b, the storage modulus (G ́) for each case was consistently
igher than the loss modulus (G ́́), pointing to the mostly elastic
olid-like behavior of these hydrogels. In the presence of low 

on concentration of 5 mM, the GA-5Na+ , GA-5K+ , and GA- 
Fe3 + showed similar rheological responses to pure GA hydrogel 
0 mM). However, the GA-5Ca2 + , GA-5Zn2 + , and GA-5Al3 + 

xhibited significantly higher G ́ and G ́́, indicating the greater 
iscoelasticity ( Fig. 1 a). For all GA-Mn + samples with high ion
oncentration of 50 mM, both G ́ and G ́́ were larger than those
f pure GA hydrogel ( Fig. 1 b). Moreover, it can be clearly seen
hat GA-50Na+ and GA-50K+ showed significantly higher values 
f G ́and G ́́ than these hydrogels with polyvalent metal ions (GA-
0Ca2 + , GA-50Zn2 + , and GA-50Al3 + ). The damping factor (G ̋/G′ ) 
erves as an indicator of the relative contribution of the viscous
nd elastic components to the viscoelastic response of hydrogels. 
ig. 1 c,d shows the damping factors (G ̋/G′ ) of these hydrogels at
 constant frequency of 6.28 rad/s. As presented in Fig. 1 c, at low
on concentration of 5 mM, compared to pure GA and the GA-
Na+ and GA-5K+ , which had similar damping factor values, the 
A-5Ca2 + , GA-5Zn2 + , and GA-5Al3 + (and even GA-5Fe3 + ) showed 

ignificantly lower values of damping factor, indicating a relatively 
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Fig. 1 

Frequency sweeps of 2 wt% GA with various metal ions at 5 mM (a) and 50 mM (b). G ́and G ́́ are shown as filled and open symbols, respectively. Damping factor 
and power-law exponent of 2 wt% GA with various metal ions at 5 mM (c) and 50 mM (d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

more elastic response. In contrast, at high ion concentration of
50 mM, an opposite trend was observed for these GA-Mn + , where
the damping factor values of the GA-50Na+ and GA-50K+ were
significantly lower than the GA-50Ca2 + , GA-50Zn2 + , and GA-
50Al3 + samples ( Fig. 1 d). Further, power-law model equations of G ́

against frequency were used to describe the frequency dependence
of the GA-Mn+ hydrogels ( Fig. 1 c,d). For an ideal solution, the
power-law exponent m is equal to 1, while m = 0 corresponds
to a perfect gel [55] . At a metal ion concentration of 5 mM,
the GA-5Na+ and GA-5K+ displayed similar exponent m values
to the pure GA, which were significantly higher than the GA-
5Ca2 + , GA-5Zn2 + , and GA-5Al3 + ( Fig. 1 c). Conversely, at a high
metal ion concentration (50 mM), both GA-50Na+ and GA-50K+ 

showed significantly lower m values (around 0.05) than pure GA
(around 0.18) and the GA-50Ca2 + , GA-50Zn2 + , and GA-50Al3 + ,
and the m values of the latter three GA-50Mn+ samples were
very high (around 0.23, Fig. 1 d), pointing to an unstable gel
structure. The results ( Fig. 1 c,d) of damping factor and power-law
exponent are in good agreement with the frequency sweep results
( Fig. 1 a,b), which implies that the specific type and concentration
effects of metal ions on the linear rheological properties of GA
supramolecular hydrogels, and the influence of polyvalent metal
ions appears to be more pronounced than the monovalent metal
ions. 

3.3 Nonlinear rheological properties 
3.3.1 Response to large strain deformations 

To obtain more insights into the viscoelastic behavior and
establish the relationship between the rheological properties and
structural changes under large deformations, large amplitude
oscillatory shear (LAOS) experiments were further carried out [56] .
Strain sweep results of the GA-Mn + were presented in Fig. 2 a,b.
For all the investigated cases, the values of G ́ were higher than
G ́́ within the LVR, and the effects of the type and concentration
of these metal ions on the linear rheological properties of GA
supramolecular hydrogels were similar to those observed from the
results of frequency sweeps ( Fig. 1 a,b), which further confirms that
the rheological properties of GA hydrogels can be highly adjusted
by metal ion complexation. The texture maps based on the stress
and strain values at the end of the LVR and at the crossover
5 
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Fig. 2 

Strain sweeps of 2 wt% GA with various metal ions at 5 mM (a) and 50 mM (b). G ́and G ́́ are shown as filled and open symbols, respectively. Texture maps at the 
end of the LVR (c) and at the crossover point (d) for 2 wt% GA with various metal ions. 
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oint were depicted in Fig. 2 c,d, respectively. The yield strain is
efined here as the value of the strain amplitude at which the
 ́ deviates by more than 5% from its strain-independent value
ithin the LVR [ 44 , 45 ], and correspondingly, the yield stress is

he stress observed at the yield strain. The flow strain and stress are
efined as the strain and stress values at the crossover point, where
he values of G ́ and G ́́ are equal [46] . As can be observed, the
heological properties of all samples largely depended on the shear
tress and shear strain applied. In general, for samples with low
hear stress and shear strain, such as grits, a mushy consistency is
bserved. On the other hand, samples with low shear stress and
igh shear strain, like gelatin, exhibit a rubbery texture. In the
ase of high shear stress and shear strain, as seen in fruit leather,
he sample tends to be tough, whereas the samples with high
hear stress and low shear strain, such as baked or confectionery
ood products, display a brittle nature [57] . As seen in Fig. 2 c, at
 metal ion concentration of 5 mM, the GA-5Na+ , GA-5K+ , GA-
Fe3 + , and pure GA samples possessed relatively low yield strain
nd yield stress, indicating a mainly mushy behavior, yet the
A-5Ca2 + , GA-5Zn2 + , and GA-5Al3 + were relatively more brittle. 
hen the metal ion concentration was increased to 50 mM,
 

he GA-50Na+ and GA-50K+ obviously shifted the texture from 

ushy to brittle, whereas the GA-50Ca2 + , GA-50Zn2 + , and GA- 
0Al3 + became mushier. We then assessed the texture map at the 
rossover point ( Fig. 2 d), which is more sensitive to structural
iscrepancies compared to that at the end of the LVR ( Fig. 2 c).
n comparison with the GA-5Na+ , GA-5K+ , and pure GA, which 

howed similar texture properties in hardness and deformability 
t the crossover point, the GA-5Ca2 + , GA-5Zn2 + , and GA-5Al3 + 

aterials became brittle. At 50 mM metal ion concentration, the 
A-50Na+ and GA-50K+ were commonly brittle, whereas the GA- 
0Ca2 + , GA-50Zn2 + , and GA-50Al3 + were characterized as mushy 
nd became softer with reduced crossover stress. This means that 
ompared to the monovalent metal ions, the polyvalent metal 
ons at higher concentrations (e.g., 50 mM) exert a detrimental 
ffect on the texture properties of GA supramolecular hydrogels, 
esulting in significantly lower flow stress and moduli beyond the 
VR. 

.3.2 Analysis of Lissajous-Bowditch curves 
Elastic and viscous Lissajous-Bowditch curves, which display 

he instantaneous intracycle stress of the materials as a function 
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Fig. 3 

(a) Elastic Lissajous-Bowditch loops of 2 wt% GA with various metal ions at 5 mM and 50 mM, acquired at the frequency of 6.28 rad/s and different strains of 1, 5, 
11, 49, 98, and 500%. Stress and strain data are normalized with respect to their corresponding maximum values in the oscillation cycle. Strain stiffening ratio (S 
factor) of 2 wt% GA with various metal ions at 5 mM (b) and 50 mM (c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of the applied strain or shear rate, can not only facilitate
the qualitative assessment of nonlinear viscoelastic properties
but also provide helpful information about intracycle nonlinear
responses [47] . Typically, for a perfectly elastic material, the elastic
projection of the Lissajous-Bowditch loops in the LVR appears as
a straight line, and for a purely viscous material, it exists in the
form of a circle. Since both the stress and strain waveforms are
sinusoidal and only contain the first harmonic coefficient, the
response of a viscoelastic material in the LVR results in an elliptical
shape of the Lissajous-Bowditch curve. Any deviation from the
elliptical shape of Lissajous-Bowditch curves indicates that the
LVR has been exceeded and that higher harmonics have emerged
in the stress and strain waveforms, which lead to distortions in
the sinusoidal signal responses [ 48 , 56 ]. 

The elastic Lissajous-Bowditch loops of the GA-Mn + were
presented in Fig. 3 a at different strain amplitudes (1, 5, 11,
49, 98, and 500%). All stress and strain data were normalized
with respect to their corresponding maximum values in the
oscillation cycle. The elastic Lissajous curves of the GA-5Na+ 

and GA-5K+ exhibited a narrow elliptical shape under low strain
amplitudes (1–11%), indicating a linear viscoelastic solidlike
behavior (predominantly elastic), which is in accordance with the
pure GA sample. As the strain amplitude increased, the Lissajous
curves exhibited expanded ellipses (11–49% strain amplitudes)
and were transformed into nearly quadrilateral patterns (98–500%
strain amplitudes), signifying an escalation in viscous dissipation
during intracycle deformation and a transition from a state
dominated by elasticity to one dominated by viscosity. These
specific shape distortions of the elastic Lissajous curves occurred
more promptly and vigorously in GA-5Ca2 + , GA-5Zn2 + , GA-5Al3 + ,
and GA-5Fe3 + , notably in GA-5Ca2 + , GA-5Zn2 + and GA-5Al3 + ,
where the curves turned from elliptical to quadrilateral even at
5% strain amplitude. At 50 mM metal ion concentration, the
GA-50Na+ and GA-50K+ expressed a more intense distortion
with the elastic Lissajous curves at 1% strain being nearly
quadrilateral and the area encompassed by the curves growing
wider. Interestingly, the elastic Lissajous curves of the GA-50Ca2 + 

and GA-50Zn2 + changed from ellipse to a bow-tie shape at
49–98% strain amplitudes, which also can be observed in GA-
50Al3 + at 5–11% strain amplitudes. This specific shape of the
Lissajous-Bowditch curves indicates an overshoot in the stress,
which is mainly attributed to the coupling between the material
elasticity and the effects of instrument inertia [58] . The observed
nonlinear response with increasing strain amplitudes can be
attributed to the microstructural changes occurring within the GA
supramolecular hydrogels during intracycle deformations. These
changes involved elastic straining, occurring at strain amplitudes
of 1–11% for pure GA, GA-5Na+ , and GA-5K+ (with lower strain
7 
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Fig. 4 

(a) Viscous Lissajous-Bowditch loops of 2 wt% GA with various metal ions at 5 mM and 50 mM, acquired at the frequency of 6.28 rad/s and different strains of 1, 5, 
11, 49, 98, and 500%. Stress and strain rate data are normalized with respect to their corresponding maximum values in the oscillation cycle. Shear thickening ratio 
(T factor) of 2 wt% GA with various metal ions at 5 mM (b) and 50 mM (c). 
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mplitudes observed for GA-50Ca2 + , GA-50Zn2 + , and GA-50Al3 + ). 
ubsequently, at higher strains, the supramolecular hydrogels 
xhibited yielding, flow, and subsequent recovery of the gel 
tructure. Fig. 3 b,c provides more detailed insights into the elastic
onlinear behavior through the analysis of the strain stiffening 
atio S. The S factors of the GA-5Na+ and GA-5K+ (and also GA-
Fe3 + ) were close to 0 at 1–5% strain amplitudes, resembling that
f pure GA, which suggests a linear elastic response, and then
he values of S factors switched from positive ( > 0, intracycle
train stiffening) to negative ( < 0, intracycle strain softening)
s the strain amplitude went up ( Fig. 3 b). In contrast, the S
actors of GA-5Ca2 + , GA-5Zn2 + , GA-5Al3 + , GA-50Na+ , and GA- 
0K+ approached approximately 1 even at 5% strain amplitude, 
isplaying the nonlinear behavior, and were positive over the 
ntire strain amplitudes (0.1–1000%), showing the intracycle 
train stiffening. Note that this intracycle stiffening should not 
e confused with the overall response of these materials, which
xhibited strain softening [59] , as illustrated in Fig. 2 a,b. In
ddition, the S factors of GA-50Ca2 + , GA-50Zn2 + , and GA-50Al3 + 

hifted from positive to negative at 160–250% strain amplitudes 
nd subsequently tended to manifest a weak intracycle strain 

oftening. 
Fig. 4 a shows the viscous Lissajous-Bowditch loops of GA-Mn + 

t different strain amplitudes (1, 5, 11, 49, 98, and 500%). All
 

tress and strain rate data were normalized with respect to their
orresponding maximum values in the oscillation cycle. As can 

e seen, the viscous Lissajous curves of GA-5Na+ and GA-5K+ 

xhibited a perfect elliptical shape under low strain amplitudes (1–
1%), indicating a linear viscoelastic solidlike behavior, followed 

y a change to the sigmoidal curve at 49–500% strain amplitudes.
hese shape changes of Lissajous curves are in good agreement 
ith those in pure GA sample. Conversely, the distinct shape 
istortions of the viscous Lissajous curves occurred more rapidly 
nd violently in GA-5Ca2 + , GA-5Zn2 + , GA-5Al3 + , GA-50Na+ , and 

A-50K+ , and it is noteworthy that at strain amplitudes of 11–
00%, the secondary loops appeared in the curves, suggesting the 
resence of significant nonlinearity in the elastic stress responses. 
he appearance of the secondary loops is typically associated 

ith the microstructure rearrangements occurring at a shorter 
imescale compared to the timescale of deformation [60] . The 
iscous Lissajous curves of GA-50Ca2 + , GA-50Zn2 + , and GA- 
0Al3 + shifted from elliptical to sigmoidal at strain amplitudes 
f 11–49%. More detailed insights into the viscous nonlinear 
ehavior can be further obtained from the shear thickening ratio T
 Fig. 4 b,c). As can be seen, the T factors were positive for pure GA,
A-5Na+ , and GA-5K+ (and also GA-5Fe3 + ) in the whole range 
f strain amplitude (0.1–1000%) indicating the intracycle shear 
hickening. Similarly, this intracycle shear thickening should not 
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Fig. 5 

Dissipated energy (a and b) and phase angle (c and d) of 2 wt% GA with various metal ions at 5 mM (a and c) and 50 mM (b and d) under large amplitude oscillatory 
shear. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

can be ascribed to the dissociation of interfibrillar interactions and 
also be confused with the overall response of these hydrogels,
which were characterized as shear thinning, as illustrated in
Fig. 2 a,b. As a contrast, the T factors of GA-5Ca2 + , GA-5Zn2 + ,
GA-5Al3 + , GA-50Na+ , and GA-50K+ were positive at low strain
amplitudes (0.1–5%) but became negative as the strain amplitudes
rose to 11–1000%, showing an intracycle shear thinning, which
implied that the gel networks were broken and became a more
fluid-like behavior under the influence of intense shear fields at
higher strains. The T factors of GA-50Ca2 + , GA-50Zn2 + , and GA-
50Al3 + experienced a multiple change from negative to positive
and then to negative, which may be related to the instability of
their gel structure ( Fig. 1 b). 

The dissipated energy ( Ed ) and phase angle ( δ), derived from the
normalized elastic Lissajous curves, serve as valuable parameters
to assess the nonlinear response of the materials ( Fig. 5 ). The
dissipated energy per unit volume, Ed =

∮ 
τdγ , is determined by
the area enclosed by the Lissajous curves in the elastic projection
during a single LAOS cycle [48] . In the case of a perfectly plastic
material, the dissipated energy is defined as Ed = (2 γmax ) · (2 τmax ) ,
resulting in a value of 4 for the normalized Lissajous curves
[61] . Conversely, a purely elastic material has an Ed value of 0.
Therefore, in the normalized Lissajous curves, values of 0 < Ed <

4 indicate a viscoelastic behavior. The phase angle ( δ) represents
the angular difference between the material response and the
applied deformation and serves as a measure of the material
elasticity or viscosity [23] . A perfectly elastic material has a phase
angle of δ = 0 °, while a purely viscous material has a phase
angle of δ = 90 ° For all the investigated cases, both Ed and δ

exhibited a significant increase with increasing strain amplitude,
demonstrating a transition from the elastic-dominated to the
viscous-dominated behavior in the LAOS responses ( Fig. 5 ), which
9 
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onds thus leading to the structural degradation of gel network
nder large shear deformations [62] . The pure GA, GA-5Na+ ,
nd GA-5K+ showed overall similar values of dissipated energy 
nd phase angle as a function of strain amplitude ( Fig. 5 a,c), in
ood agreement with the results of elastic and viscous Lissajous-
owditch curves ( Figs. 3 and 4 ). Compared to pure GA, the
alues of dissipated energy and phase angle for GA-5Ca2 + , 
A-5Zn2 + , GA-5Al3 + , GA-50Na+ , and GA-50K+ increased more 
rastically and exhibited a sharp jump at 5% strain amplitude,
hich suggests that the fibrillar network of the supramolecular 
ydrogels, as the main source of viscous dissipation, may be

argely dissociated, as observed in the corresponding Lissajous 
urves ( Figs. 3 a and 4 a). 

On the basis of the aforementioned results ( Figs. 2-5 ), it can
e concluded that the nonlinear rheological properties of GA 

upramolecular hydrogels were also strongly affected by the type 
nd concentration of metal ions. The GA-5Na+ and GA-5K+ 

ossessed similar nonlinear rheological responses to pure GA, 
hich showed the transition from intracycle strain stiffening to 

ntracycle strain softening at high strain amplitudes, suggesting 
hat the gel networks became loose during large deformations, 
s well as the intracycle shear thickening behavior due to the
eformation of physical interactions. In contrast, the GA-5Ca2 + , 
A-5Zn2 + , GA-5Al3 + , GA-50Na+ , and GA-50K+ demonstrated 

 pronounced nonlinear rheological behavior with a faster 
ransition from elastic to viscous dominance, where the intracycle 
train stiffening behavior can be mainly attributed to the 
ncreased contact of the GA fibrils, requiring higher shear stress for
urther deformation and consequently leading to a stiffer network. 
dditionally, the intracycle shear thinning behavior arises from 

nsufficient relaxation time at high strain amplitudes, resulting 
n a delayed reformation of physical interactions. The Lissajous 
urves of GA-50Ca2 + , GA-50Zn2 + , and GA-50Al3 + exhibited 

rratic shapes with increasing strain amplitudes, accompanied 

y fluctuating T factors shifting between positive and negative 
alues, which is ascribed to the inherent instability of the gel
etwork, rendering them vulnerable to external deformations 
nd perturbations. Taken together, these results indicate that 
ompared to the monovalent metal ions, the incorporation of 
he polyvalent metal ions especially at high concentrations (e.g., 
0 mM) may tend to disrupt the fibrillar network structure of GA
els, leading to the irregular nonlinear rheological responses and 

he lower resistance to large deformations. 

.4 Morphology and structural properties 
o further clarify the impact of metal ions on the structural
haracteristics of GA supramolecular hydrogels and to 

stablish a correlation between their rheological behaviors and 

icrostructure, the microstructure of these GA-Mn + hydrogels 
as visualized by using a variety of microscopy techniques. The

ffect of the presence of various metal ions on the properties
f self-assembled GA nanofibrils was first investigated. As seen 

rom the TEM images (Fig. S2), the incorporation of Na+ and
+ with 5 and 50 mM, as well as Ca2 + and Zn2 + with 5 mM
id not substantially affect the microstructure of GA nanofibrils; 
owever, an obvious fibril association was observed in GA-5Ca2 + , 
A-5Zn2 + , GA-50Na+ and GA-50K+ , which is attributed to the 
0 
educed electrostatic repulsion between GA nanofibrils and 

hereby the increased interfibrillar binding [63] . In addition, it is
oted that the fibrillar structure within the systems of GA-5Al3 + , 
A-50Ca2 + , GA-50Zn2 + and GA-50Al3 + appeared to be disrupted 

eading to the formation of shorter fibrillar aggregates. 
For the microstructure observation of GA-Mn + hydrogels, the 

E-SEM images (Fig. S3) manifested that all samples exhibited 

 relatively uniform and interconnected 3D porous network 
tructure, apart from the GA-50Ca2 + , GA-50Zn2 + , and GA-50Al3 + . 
he network structure of GA-50Ca2 + and GA-50Zn2 + appeared 

o be broke down and presents an aggregated state with the
ormation of large aggregates and clusters, especially in the GA- 
0Al3 + , which can be explained by the structural dissociation of 
A nanofibrils in the presence of high concentration (50 mM) 
f polyvalent metal ions (Fig. S2). Cryo-SEM measurements were 
urther carried out to observe the pristine structure of the wet
ydrogel samples, and the results were illustrated in Fig. 6 . As can
e seen, pure GA and GA-5K+ showed similar pore size (around 

.9–3.5 μm in diameter). In contrast, the pore size of GA-5Zn2 + 

nd GA-50K+ increased obviously with an increase in the pore wall 
hickness (Fig. S5), especially for the GA-50K+ , which displayed 

 relatively more compact and ordered fibrous network ( Fig. 6 d).
dditionally, it seems that the pore microstructures of the GA-Mn + 

ith polyvalent metal ions were mainly transformed into irregular 
hapes, and as can be observed, the GA-50Zn2 + aggregated to 

arge, unshaped, discrete clusters, which is in line with the FE-
EM results (Fig. S3). Energy-dispersive X-ray spectroscopy (EDS) 
urther confirmed that for the more ordered network structures 
e.g., GA-50K+ , Fig. 6 f), the metal ions appeared to be more
venly distributed within the matrix and partially free in the 
ores ( Fig. 6 i), whereas for aggregated irregular structures (e.g.,
A-50Al3 + , Fig. 6 g), the metal ions were mainly concentrated 

ithin the aggregates and clusters ( Fig. 6 h). This suggests that the
etal ions with different valences exhibited different distribution 

atterns depending on the type of network structure formed in 

he GA-Mn + system. Taken together, these results suggest that 
ompared to pure GA, GA-5Na+ and GA-5K+ , which showed 

imilar microstructures, the GA-5Ca2 + , GA-5Zn2 + , GA-5Al3 + , GA- 
0Na+ , and GA-50K+ possessed a relatively more compact and 

rdered gel network due to the reduced electrostatic repulsion and 

hereby the increased binding between GA fibrils. By comparison, 
wing to the structural dissociation of GA nanofibrils, the GA- 
0Ca2 + , GA-50Zn2 + and GA-50Al3 + (especially the GA-50Al3 + ) 
ormed irregular and discrete aggregated network structures. 
hese observations indicate that the type and concentration of 
etal ions can significantly impact the microstructure of GA 

upramolecular hydrogels, which well explains their linear and 

onlinear rheological behaviors and particularly the resistance to 

arge deformations. 
FTIR were then performed to characterize the interaction 

etween GA and metal ions. As shown in Fig. 7 b, pure
A possessed main characteristic peaks at around 3600–3200, 
945/2872, 1726, 1657, 1398, 1215, 1172, and 1041 cm−1 , 
scribed to O–H stretching vibration, C–H stretching vibration 

f –CH3 groups, C = O stretching vibration, C = C stretching
ibration in triterpene skeleton, C–H bending vibration of –CH3 

roups, C–O stretching vibration, C–O–C stretching vibration 
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Fig. 6 

(a-e) Cryo-SEM images of 2 wt% GA with various metal ions: (a) 0 mM, (b) 5 mM KCl, (c) 5 mM ZnCl2 , (d) 50 mM KCl, and (e) 50 mM ZnCl2 . (f and i) FE-SEM image and 
EDS mapping (K element) of GA-50K+ . (g and h) FE-SEM image and EDS mapping (Al element) of GA-50Al3 + . 

Fig. 7 

High-resolution XPS C 1 s spectra (a) and FTIR spectra (b) of 2 wt% GA with various metal ions at 50 mM. (c) The binding energy of GA-metal ions complex by DFT 
calculations (absolute values for convenience were used). (d) Zeta potential of 0.1 wt% GA with various metal ions. 

11 
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Fig. 8 

Schematic illustration of metal ion-modulated GA supramolecular hydrogel networks. 
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n diglucuronic unit, and C–O stretching vibration, respectively 
 27 , 42 ]. At a metal ion concentration of 5 mM, only the C = C
tretching band of GA-5Fe3 + and GA-5Al3+ moved to a lower 
avenumber (1643 cm−1 for GA-5Fe3+ and 1653 cm−1 for GA- 
Al3 + , respectively), and no significant changes were observed 

n the characteristic peaks of the other samples (Fig. S6). When
he concentration of metal ions reached 50 mM ( Fig. 7 b), the

ain characteristic peaks of GA-50Na+ and GA-50K+ remained 

nchanged obviously as compared to pure GA (0 mM). In contrast,
or GA-50Ca2 + , GA-50Zn2 + , and GA-50Al3 + , the C = O stretching
and disappeared, and the C = C stretching band shifted to
 lower wavenumber (1638 cm−1 for GA-50Ca2 + , 1636 cm−1 

or GA-50Zn2 + , and 1640 cm−1 for GA-50Al3 + , respectively). 
dditionally, the intensity of the O–H stretching band, –CH3 

tretching band, and C–O stretching band diminished, especially 
or the GA-50Al3 + , suggesting a strong binding between GA and
hese polyvalent metal ions with relatively high concentrations. 
he FTIR results indicate that the monovalent metal ions (Na+ and
+ ) bind weakly to GA, which shows no significant effect on the
etwork structure of GA at low and high metal ion concentrations.
hile the polyvalent metal ions (Ca2 + , Zn2 + , and Al3 + ) can bind

eavily with the carboxylate of GA at high concentrations (e.g.,
0 mM) and may disrupt the hydrophobic interactions of the
riterpene fragments and the hydrogen bonds of the diglucuronic 
ragments, which leads to the collapse of GA fibrillar structure
nd thus an irregular and discrete aggregated network (Fig. S3j-
2 
). This can be further supported by the XPS data. As can be seen,
he results from the XPS survey spectra revealed the presence of
orresponding metal species in the GA-Mn + samples (Fig. S7). 
ig. 7 a displayed the high-resolution XPS C 1 s spectra of GA-

n + , featuring prominent peaks centered at binding energies near 
84.8, 286.6, and 289.0 eV, which were assigned to C–C, C–O,
 = C–O, respectively [64] . Pure GA, GA-50Na+ , and GA-50K+ 

xhibited similar XPS C 1 s spectra, while the peak intensities of
–C for GA-50Ca2 + , GA-50Zn2 + , and GA-50Al3 + were significantly 

educed, resulting in a flatter overall peak shape and the less visible
ites of C–O and O = C–O ( Fig. 7 a). 

The binding energy ( Eb ) was calculated by density functional 
heory (DFT) with the aim of gaining further insights into the

etal ions-carboxylate complexation. Eb represents the energy 
ecrement associated with the process of metal ion-carboxylate 
inding, reflecting the efficacy of carboxylate binding by different 
etal ions. There are three carboxyl groups in the GA molecule,
hich refer to the carboxyl 1 (carboxyl group of glucuronic unit

ar from triterpene fragment, pKa = 3.98), carboxyl 2 (carboxyl 
roup of glucuronic unit linked to triterpene fragment, pKa = 4.62),
nd carboxyl 3 (carboxyl group of triterpene fragment, pKa = 5.17).
he dissociation of GA does not occur at pH values lower than 2
65] . At pH levels ranging from 2 to 3, the carboxyl 1 experiences
issociation. In the pH range of 3 to 4, the dissociations of
oth carboxyl 1 and 2 overlap. Furthermore, in the pH range
f 4 to 5, the dissociation of all three carboxyl groups overlaps.
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Only at pH values higher than 7, a fully deprotonated GA
exists. The pH of GA-Mn + was approximately 4.0–4.1, at which
all three carboxyls dissociate to varying degrees, and we chose
the carboxyl 1 (pKa = 3.98) to calculate its binding energy to
the metal ions ( Fig. 7 c). As depicted in Fig. 7 c, the binding
energy Eb followed the order of K+ (0.66 eV) < Na+ (0.88 eV) <
Ca2 + (2.09 eV) < Zn2 + (4.44 eV) < Al3 + (6.97 eV) < Fe3 + (7.41 eV).
Based on this observation, it can be inferred that as Eb increases
progressively from K+ to Fe3 + , the carboxylate binding process
becomes increasingly efficient. This means that the polyvalent
metal ions were more readily bound to the carboxyl groups of
GA to form ionic bonding. In combination with the zeta potential
results ( Fig. 7 d), it can be observed that the metal ions with higher
valence and greater charge density possessed a greater capability
to modulate the surface charge condition of GA. A higher valence
corresponds to a more pronounced electrostatic screening effect,
and as the concentration of metal ions increased (0–100 mM),
the zeta potential values proceeded faster to 0, and in some cases
even attained positive values (Al3 + and Fe3 + ). The electrostatic
screening effect is the cause of the significantly enhanced network
strength of the GA hydrogels by Ca2 + , Zn2 + , and Al3 + at
low concentrations (e.g., 5 mM), but by Na+ and K+ at high
concentrations (e.g., 50 mM). Nevertheless, for the polyvalent
metal ions (Ca2 + , Zn2 + , and Al3 + ) at high concentrations (e.g.,
50 mM), the very strong cation-carboxylate complexation can lead
to a fast and extensive aggregation, resulting in an unstable GA
fibrillar structure and thereby the formation of large aggregates
and clusters, which can hinder the development of well-formed
and interconnected gel networks [66] . This is the reason why the
GA-50Ca2 + , GA-50Zn2 + , and GA-50Al3 + showed an irregular and
discrete aggregated network (Fig. S3j-l) and even the failure of GA-
50Fe3 + to form a gel network (Fig. S4). 

On the basis of these above-mentioned results, the schematic
diagram of the GA-Mn + gel network structures showing the
structural variations induced by different metal ions was proposed
and depicted in Fig. 8 . At lower concentrations of metal ions (e.g.,
5 mM), the gel samples with the monovalent metal ions (Na+ 

and K+ ) exhibited similar fibrillar network structures to pure GA.
The addition of the divalent (Ca2 + and Zn2 + ) and trivalent metal
ions (Al3 + and Fe3 + ) led to a more tightly fibrillar structure of GA
hydrogels due to their more pronounced electrostatic screening
effect and thus the enhanced interfibrillar binding. At higher
concentrations of metal ions (e.g., 50 mM), the fibrous network
with monovalent metal ions (Na+ and K+ ) became more compact
and ordered, whereas a discrete aggregated network structure
was observed for both divalent (Ca2 + and Zn2 + ) and trivalent
(Al3 + ) metal ions, especially for the GA-50Al3 + , which showed a
particularly pronounced network aggregation and clustering. 

4 Conclusions 
In summary, we have found that the metal ions with different
valence states and concentrations can largely tune the linear and
nonlinear rheological properties and network structures of the
natural GA supramolecular hydrogels. Monovalent metal ions
(Na+ and K+ ) at low concentrations (e.g., 5 mM) have slight effects
on the rheological and structural properties of GA hydrogels
because of low binding affinity to GA. At high concentrations (e.g.,
50 mM), these monovalent metal ions endow the GA hydrogel
with a relatively more compact and ordered network structure
to enhance the gel strength via electrostatic screening effects,
which exhibits pronounced nonlinear rheological properties
with a typical transition from elastic to viscous response. In
contrast, polyvalent metal ions (Ca2 + , Zn2 + , and Al3 + ), can
significantly enhance the network strength of the hydrogel at low
concentrations (e.g., 5 mM), which is attributed to their higher
charge density and stronger binding with GA. Nonetheless, at
high ion concentrations (e.g., 50 mM), the excessively strong
cation-carboxylate complexation leads to an unstable GA fibrillar
structure and thus the formation of discrete aggregated gel
networks. As a result, the obtained GA-Mn+ hydrogels display an
irregular nonlinear rheological behavior and the lower resistance
to large deformations. 

The current study complements earlier works which reported
that the addition of monovalent metal ions such as Na+ 

can significantly increase the viscoelastic properties of GA
supramolecular hydrogels [ 27 , 42 , 63 ]; however, there is a lack
of understanding of how the monovalent metal ions affect
the rheological and structural properties of GA hydrogels and
whether the other types of metal ions have similar or different
effects. Currently, we comprehensively investigated the influence
of the incorporation of the metal ions with different valence
states and concentrations on the linear and nonlinear rheological
and network structures of GA hydrogels. The above-mentioned
findings shown in this work enrich and deepen our understanding
of the highly tunable rheological behavior and network structure
of GA hydrogels, which provides a new perspective for the design
and development of responsive natural LMWGs supramolecular
hydrogels with controlled properties through the strategy of
metal ion complexation. These supramolecular hydrogels with
adjustable structural properties from natural edible bioactive
building blocks (i.e., GA) are expected to find sustainable
applications in food and biomedical fields, such as the use as
active cargo delivery and release platform and as the template for
advanced biomaterial designs. 
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