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We develop a novel hierarchically structured hydrogel by the
supramolecular self-assembly of all-natural food-grade building
blocks, glycyrrhizic acid (GA) and carrageenan (CG). The co-
assembled GA-CG hydrogel system displays an unusual structural
transition with the appearance from opacity to translucence and
then to opacity, as a function of the concentration of metal ions.
The unique GA-CG supramolecular hydrogel system can serve as
solid, edible, and responsive active cargo delivery platforms for
food and biomedical applications.

Introduction

Supramolecular hydrogels emerge as ideal functional soft
materials for versatile applications in a wide range of biologi-
cal fields such as drug delivery, functional foods, tissue engin-
eering, and biosensors, due to their facile fabrication process,
excellent responsiveness to stimuli, and satisfactory rheologi-
cal properties.' In general, supramolecular hydrogels can be
formed by self-assembly of low molecular weight gelators
(LMWGS) through noncovalent interactions (e.g., hydrogen
bonding, n-rn stacking, etc.),” or by self-assembly of hydro-
philic and hydrophobic groups on the main or side chains of
polymeric gelators (PGs) driven by electrostatic repulsion and
hydrophobic interactions.®>® In recent years, there is a growing
interest in the development of multicomponent supramolecu-
lar hydrogels by combining LMWGs with PGs through co-
assembly or self-sorting approaches.'®™*” This innovative strat-

“Laboratory of Food Proteins and Colloids, School of Food Science and Engineering,
Guangdong Province Key Laboratory for Green Processing of Natural Products and
Product Safety, South China University of Technology, Guangzhou 510640, China.
E-mail: zhiliwan@scut.edu.cn; Fax: +(086) 20-87114263

bLaboratory of Physics and Physical Chemistry of Foods, Wageningen University,
Bornse Weilanden 9, 6708WG Wageningen, The Netherlands

‘Overseas Expertise Introduction Center for Discipline Innovation of Food Nutrition
and Human Health (111 Center), Guangzhou 510640, China

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr01410c

1 These authors contributed equally.

This journal is © The Royal Society of Chemistry 2024

Xinke Yu,$? Jiyang Cai,1® Mengyue Xu,>® Qing Li, Yunyi Yang,? Zhili Wan {2 **€ and

egy is expected to form a new type of gel network and achieve
multifunctional properties."®> Considering the safe and green
applications in functional food and biomedical fields, it is
highly desirable to develop supramolecular hydrogels by the
use of naturally occurring, edible ingredients as building
blocks that have high bioactivity, biocompatibility, and
biodegradability.'**®

Glycyrrhizic acid (GA) is a naturally occurring compound
extracted from licorice root that possesses various biological
activities, including anti-inflammatory, hepatoprotective, anti-
cancer, and antiviral activities."””'® From the point of view of
chemical structure, GA is a chiral amphiphilic molecule con-
sisting of a  hydrophobic triterpenoid  glycoside
(18p-glycyrrhetinic acid) and a hydrophilic diglucuronic acid
unit. The inherent amphiphilic and chiral nature of the GA
molecules enables them to undergo anisotropic self-assembly
to form supramolecular nanofibrils in water by hydrophobic
interactions of the triterpene fragments and hydrogen bonds
of the glucuronic acid fragments.>® The formed semi-flexible
nanofibrils are right-handedly twisted with a width of about
2.5 nm and a period of 9 nm, and can further entangle to form
supramolecular hydrogels with three-dimensional networks.*!
Furthermore, the presence of numerous functional groups,
rigid skeleton, and distinctive stacking behaviors within the
GA molecules render them as ideal structural motifs to
produce a broad range of GA derivatives, thereby promoting
the development of multifunctional hydrogel materials.**">*
We have utilized the supramolecular self-assembly of GA to
construct a variety of novel colloidal materials, such as robust
gel emulsions for protection of nutrients,”>*® ultrastable
thermo-responsive foams,””>° and injectable hydrogels for
wound healing.*® However, GA supramolecular hydrogels
possess poor mechanical strength and limited ability to be
shaped and can be easily destroyed during processing.
Combining GA with biopolymers that have the capacity of self-
assembly can endow GA supramolecular hydrogels with more
functional properties and broaden application fields.

Carrageenan (CG), an algal sulfated linear polysaccharide
with a galactan backbone, is an important class of food-grade
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biopolymers with superior gelling, thickening, and stabilizing
properties and has been widely used in food, medical, cos-
metic, and pharmaceutical applications.*** k-CG, 1-CG, and
A-CG are three of the most common types of carrageenan,
differing in the number and position of the sulfate groups:
one for x-CG repeat unit, two for -CG repeat unit, and three
for A-CG repeat unit.>"** The formation of CG gels involves a
conformational transition from random coils to well-ordered
helices, and the helical structures are further associated by
metal ion-mediated aggregation into supramolecular multi-
filament structures.**>* Therefore, as a unique naturally edible
biopolymer with metal ion-induced supramolecular self-
assembly, the combination of CG and GA may be able to create
a new type of supramolecular hydrogels with satisfactory
mechanical properties and multifunctionality by employing
the multicomponent approach.

Herein, we explore the natural food-grade supramolecular
self-assembly system of GA and CG with aim of creating novel
hierarchically structured supramolecular hydrogels. The co-
assembled GA-CG hydrogels showed an interesting structural
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transition and their appearance changes from opacity to trans-
lucence and then to opacity with the increasing concentration
of metal ions. The assembly behavior and microstructure
underlying this structural transition were systematically inves-
tigated. Finally, the delivery and controlled release properties
of GA-CG hydrogel systems were evaluated. The obtained
results are expected to have sustainable applications in those
requiring high biosafety, such as functional foods and con-
trolled delivery and release for biomedical use.

Results and discussion

In this study, we mixed glycyrrhizic acid (GA), carrageenan
(CG), and metal ions (Na" and K') under stirring and heating
using the one-pot method and then cooled the system to
induce the formation of hydrogels (Fig. 1a). We observed that
the GA-CG hydrogels underwent an interesting transition from
opaque to translucent to opaque with increasing ion concen-
tration (Fig. 1b and c), and the transparency of the hydrogel
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Fig. 1 Schematic diagram of the fabrication process for GA-CG hydrogels (a). Digital photos of the gelation experiments formed from the GA-CG
hydrogel with Na* (b) and K* (c). Transmittance spectra of GA-CG hydrogels after heating at 80 °C (d) and cooling to room temperature (e).
Transmittance at 600 nm of GA-CG hydrogels during the five heating—cooling cycles (f). Pure water as blank control. Odd numbered cycles for

heating, even numbered cycles for cooling.
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reached a maximum at the concentrations of 50 mM and
100 mM ions. All the samples were transparent solutions after
heating (Fig. 1d), and differences in transparency appeared
after cooling into hydrogels (Fig. 1e). In addition, this trans-
parency transition was reversible, with no significant change
in transparency during five heating-cooling cycles (Fig. 1f).
Interestingly, for hydrogels of GA and other polysaccharides,
such as guar gum (GG) and xanthan gum (XG), this transpar-
ency transition was not observed; instead, the turbidity con-
sistently increased with increasing ion concentration
(Fig. S17). It is well known that salt ions can screen the electro-
static repulsion between polymer chains, resulting in tighter
chain entanglement and twisted conformational changes, and
thus a turbid appearance.®**** The unusual transition phenom-
enon of GA-CG hydrogels suggests that a unique co-assembly
behavior may occur in the supramolecular self-assembly
system of GA and CG at different ion concentrations.

To further reveal this interesting phenomenon of transpar-
ency transition, the microstructure of the hydrogels was
observed using Cryo-SEM. Compared to the GA-CG with homo-
geneous pores of around 3 pm diameters, upon addition of
50 mM salt ions, GA-CG-Nas, and GA-CG-K;5, exhibited a hier-
archical structure with large pores accompanying small ones.
As the salt ions increased to 100 mM, the microstructure of
the hydrogels showed larger pore size (Fig. 2a-e). However,
when the salt ions reached 250 mM, the porous structure col-
lapsed, displaying a collapsed network structure (Fig. S2c and
df). The AFM height images showed that the GA-CG formed
fibrous structures with a few nanometers in width and
micrometers in length, similar to that of the pure GA samples,
indicating that during the co-assembly of GA and CG, the
hydrogel network was dominated by GA molecules (Fig. 2f,
Fig. S2e and ff). As a contrast, the GA-CG-Nas,, GA-CG-Naj ¢,
GA-CG-K5, and GA-CG-K;o showed aggregated fibrillar struc-
ture with larger width of 50-100 nm. This is attributed to the
fact that in the existence of monovalent metal ions, the tran-
sition of supramolecular assembly behavior of CG governed
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the co-assembly process of GA and CG, and thus a hierarchical
ordered double network structure was formed, where the
larger scale of CG double helix motifs and aggregates wrapped
GA nanofibrils within the network (Fig. 2g-j).**?**?°
Furthermore, GA-CG hydrogel systems were further charac-
terized by XRD, FTIR, XPS, and SAXS to reveal the molecular
structural information during the transparency transition
process. The XRD results showed that the GA-CG hybrid hydro-
gels retained the characteristic peaks of GA and CG without
new peaks, and the peak intensities were increased compared
with those of the individual components (Fig. 3a). This
suggests that the hybrid hydrogels were formed mainly by
orthogonal co-assembly between GA and CG, thus retaining
the original properties of GA and CG.?” As shown in Fig. 3b,
the GA-CG, GA-CG-Na, gy, and GA-CG-K,q, retained the FTIR
characteristic peaks of the GA (such as O-H, C=0, and C=C
stretching vibration) and CG (symmetry vibration of O=S=0
at 1260 cm™', O-C-O and -O-SO;" stretching vibrations at
928 cm ™" and 846 cm™').>***?® However, the O-H and C=C
stretching vibration bands shifted to higher and lower wave-
numbers, respectively, and the intensities of -CH;z;, C=0, and
C-O stretching vibration bands weakened. This suggests that
the co-assembly between GA and CG mainly occurs through
hydrogen bonding, hydrophobic interactions, and electrostatic
interactions, while the introduction of metal ions does not
induce significant changes in the molecular structures of
GA-CG. It can be further confirmed in the XPS spectra, in
which the intensities of the high-resolution S 2p and C 1s
spectra decreased, the peak shapes became flatter, and no sig-
nificant change in the positions of the binding energy of the
groups was observed (Fig. 3c and Fig. S3b¥). The one-dimen-
sional SAXS intensity profiles of the GA-CG hydrogel systems
in Fig. 3d showed different characteristics in the low g and
intermediate g regions of the samples. In the low g region, the
addition of metal ions in GA-CG hydrogel showed much
higher I(g) values, suggesting that more intense aggregation
occurred in their network structures (Fig. 3d).*® The intermedi-

200 nm ‘00 nm

Fig. 2 Cryo-SEM images of GA-CG (a), GA-CG-Nasq (b), GA-CG-Najgo (c), GA-CG-Ks (d), and GA-CG-K;q0 (). AFM height images of GA-CG (f),

GA-CG-Naso (g), GA-CG-Namo (h), GA-CG-Kso (I), and GA-CG-KJ_OO (j)

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Characterization of interactions in GA-CG hydrogel systems. XRD (a), FTIR spectra (b), high-resolution XPS S 2p spectra (c), SAXS 1D intensity
profile (d), Kratky plots (e), and pair distance distribution function P(r) plots (f) of GA-CG hydrogels.

ate g region, by converting the 1D SAXS intensity profiles into
Kratky plots (Fig. 3e), had broader shoulder peaks for the
GA-CG-Nas,, GA-CG-Na, 9, GA-CG-K54, and GA-CG-K; g, result-
ing from the strong aggregation of the chains of CG.** In the
high g region, the scattering patterns all followed the Porod
decay (slope of —4), implying that GA fibrils with sharp shape
still exist in the complex aggregated structure of GA-CG.*
Besides, from the pair distance distribution function P(7)
plots, the GA-CG-Nas,, GA-CG-Na;oy, GA-CG-Ksy, and
GA-CG-K;oo showed more pronounced skewed distributions
(Fig. 3f), suggesting more long rod-like structures were devel-
oped in the GA-CG hydrogel systems with addition of metal
ions."! Ry, viewed as the size of the aggregates formed during
gelation, was further calculated from the P(r) plots (Fig. 3f).
The R, of GA-CG-Nasp, GA-CG-Najg, GA-CG-Kso, and
GA-CG-K;oo were significantly larger than that of GA-CG, with
an increase of ca. 2-8 folds, especially for GA-CG-K5, and
GA-CG-K;q0, in agreement with the AFM results. Combined
with the microstructure of GA-CG hydrogel systems, we can
infer the reasons for the transparency transition of the GA-CG
hydrogels. GA-CG nanostructures co-assemble into complex
aggregates upon introducing certain concentrations of metal
ions, which further form a hierarchically ordered spatial
network structure with large pore size. This structure can
enhance light transmittance and thus the transparency of the
hydrogel. However, as the concentration of metal ions
increases further, the strong co-assembly behavior of GA-CG
leads to the collapse of the hydrogel network structure, result-
ing in a reduction in light transmittance and a turbid appear-
ance of the GA-CG hydrogels.??3%3¢:4>
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Dynamic oscillatory shear rheology is an important charac-
terization tool to analyze the microstructural changes and
mechanical response of hydrogel materials during defor-
mation. From the frequency sweep data, G' was significantly
higher than G” for all samples within the LVR, and the G' and
G" hardly changed with frequency, indicating that all samples
exhibited elastic solid-like properties (Fig. S5a and bt). The
GA-CG hydrogel showed higher G’, G”, and greater yield and
flow stress increasing concentration of metal ions, and the
effect of K" was stronger than that of Na', which was particu-
larly pronounced in the compression test results (Fig. 5a, b,
Fig. S5c, d, and Table S17). The nonlinear rheological response
behavior of the hydrogel samples was further analyzed in com-
bination with the Lissajous-Bowditch curves. Similar to the
GA, the elastic Lissajous curves of GA-CG showed a narrow
ellipse shape at low strain amplitudes (less than 5%),
suggesting a linear viscoelastic behavior. With increasing
strain amplitudes, the elastic Lissajous curves of the GA-CG
changed to an expanded ellipse (5-11% strain amplitudes) and
further to a quadrilateral shape (11-500% strain amplitudes),
indicating a rapid accumulation of viscous dissipation, which
allowed the gel structure to undergo a final transition from
elastic to viscous dominant behavior (Fig. 4e). These shifts of
the elastic Lissajous curves occurred even more vigorously
when the metal ions were introduced, where an elliptical-to-
quadrilateral transition already happened at 5% strain ampli-
tude (Fig. 4e and Fig. S5et). Strain stiffening ratio (S factor)
was calculated to provide more detailed insights into the
elastic nonlinear behavior of the hydrogel samples (Fig. 4c).
The S factors of all GA-CG hydrogel systems were larger than 0

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Strain sweeps of GA-CG-Na, (a) and GA-CG-Kj (b) samples. G" and G" are shown as filled and open symbols, respectively. Strain stiffening
ratio (S factor) (c) and Shear thickening ratio (T factor) (d) of hydrogel samples. Elastic (e) and viscous (f) Lissajous—Bowditch loops of hydrogel
samples, acquired at the frequency of 6.28 rad per s and different strains of 1, 5, 11, 49, 98, and 500%. Stress, strain, and strain rate data are normal-
ized with respect to their corresponding maximum values in the oscillation cycle.

throughout the entire process (0.1-1000% strain amplitudes),
meaning the intracycle strain stiffening. Among them, the S
factors of GA-CG hydrogels with added metal ions reached
about 1.0 at 5% strain amplitude and eventually even about
4.0. The intracycle strain stiffening exhibited throughout the
strain process can be attributed to the increased contact of the
GA fibrils with the multilevel helical structure of the CG,
where the fibrous network requires more shear stress to be
further deformed and thus exhibits stronger rigidity.**> With a
perfect elliptical shape, the viscous Lissajous curves of GA-CG
showed a linear viscoelastic behavior at low strain amplitudes
(less than 5%) (Fig. 4f). These specific shape distortions of the
viscous Lissajous curves occurred more rapidly and violently
when the metal ions were added. It is noteworthy that second-
ary loops appeared at 11-500% strain amplitudes, suggesting
the presence of a significant nonlinear stress response (Fig. 4f
and Fig. S5ff). The appearance of secondary loops is usually
associated with microstructural rearrangements occurring on a
shorter time scale than the deformation one.** Fig. 4d reveals
the viscous nonlinear behavior of hydrogel samples in more
detail by calculating the shear thickening ratio (T factor). The
positive shear thickening ratios (T factors), revealing the
viscous nonlinear behavior, of GA and GA-CG at the whole
range of strain amplitudes (0.1-1000%) indicate the intracycle

This journal is © The Royal Society of Chemistry 2024

shear thickening. In contrast, the T factors of GA-CG with
addition of metal ions changed from positive to negative
values at 11% strain amplitude and subsequently displayed
intracycle shear thinning behaviors. The intracycle shear thin-
ning behavior is because there is not enough time for relax-
ation and the reformation of the physical interactions is
delayed at high strain amplitudes.*® Overall, the metal ions
induced the hierarchically co-assembled structure of GA-CG,
endowing them with unique rheological properties, which may
further influence their application performance.
Supramolecular hydrogels have been widely used as the
delivery platform to achieve spatial and temporal control over
the release of drugs and nutrients. The controlled release pro-
perties of GA-CG hydrogels were thereby evaluated at different
pHs. VB, was selected as a model cargo. All the samples
except CG showed a relatively slow-release rate at pH 2.5,
where the release content reached about 60% after 4 h and
was saturated around 12 h (Fig. 5a). The release profile was
further fitted by the Ritger-Peppas model. The release profiles
of all samples except CG at pH 2.5 were suitably fitted by the
Ritger-Peppas model (R*> > 0.99), where the release exponent a
was in the range of 0.3-0.4 indicating a dominated Fickian
diffusion behavior.”” This also indicates that during the
release process under acidic conditions, the GA-CG hydrogels

Nanoscale, 2024, 16,14261-14268 | 14265
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exhibited minimal swelling and maintained an intact network
structure (Fig. S67). On the contrary, in the simulated intesti-
nal fluid at pH 7.5, VB,, released rapidly at around 4 h for all
hydrogel samples, except for GA-CG-Kso and GA-CG-Kjg
(Fig. 5b). It is attributed to the stronger assembly behavior
between k-CG and K, resulting in the more complex and
stable network structures and thus a slower release manner of
VBy,.>* The release profiles of GA-CG-Kso and GA-CG-Kyo, at
pH 7.5 were well fitted by Ritger-Peppas model (R> > 0.99) with
a value in the range of 0.3-0.4, while the model fit for the rest
of the hydrogel samples was bad (R* < 0.99). This suggests that
remarkable structural changes have occurred in the remaining
hydrogel samples.*> The GA fibrillar network remains stable
under acidic conditions, while at a pH levelled exceeding 7, GA
exists as a monomer and cannot effectively co-assembled with

14266 | Nanoscale, 2024, 16, 14261-14268

CG into a complete network structure.’® By comparison,
GA-CG-K5, and GA-CG-K;o, contained ordered double helical
assembled CG supramolecular structures, and thus displayed
a sustainable release manner for VB,, (Fig. 5c¢). It is worth
noting that the GA-CG-Na,5, and GA-CG-Kjs, fail to retard the
release of VB,,, although the double helical assembled CG
supramolecular structure is also present (Fig. 5c). This is
mainly due to the high osmotic pressure generated by the
exceedingly high ionic concentration as well as the excessively
fast reaction kinetics, which prevent the formation of an
ordered network structure. After 24 h, all hydrogel samples
except GA-CG-Ks, and GA-CG-K; o, were dissolved in simulated
intestinal fluid at pH 7.5, further confirming the structural
stability of GA-CG-Ks, and GA-CG-K;, (Fig. S61). In addition
to the pH-responsive controlled-release properties, the GA-CG

This journal is © The Royal Society of Chemistry 2024
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hydrogels exhibited great protective effects on VB;,. Compared
to the control samples, the retention of VB, in the GA-CG
hydrogels was above 80% after both light and thermal degra-
dation treatments (Fig. S71).

Conclusions

In summary, a natural, edible supramolecular self-assembly
system of GA and CG has been developed for fabrication of
hierarchically structured hydrogels with remarkable character-
istics and properties. An interesting phenomenon that the
appearance of the GA-CG hydrogels transited from turbid to
translucent and then back to turbid with the increase of metal
ions, was observed. At 50-100 mM metal ions, the co-assem-
bles of GA and CG nanostructures served as the building
blocks to form a hierarchical ordered double network structure
with larger pore size, which reduced the scattering of the light
and exerted a translucent appearance. When the metal ions
further increased to 250 mM, the huge osmotic pressure and
ultra-fast reaction kinetics led to the collapse of gel network
and thus the reduction in the transmittance of light. The hier-
archically co-assembled structure of GA-CG hydrogels also
endowed them with unique rheological properties. Moreover,
the GA-CG hydrogels with different levels of transparency dis-
played highly tunable controlled-release behaviors of active
cargoes, which can serve as an efficient and stimuli-responsive
gastrointestinal-based delivery platforms. These findings are
expected to provide a new perspective for the development of
robust and multifunctional supramolecular hydrogels based
on natural edible bio-building blocks (i.e., GA) in food and bio-
medical fields.
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