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Bioactive herbal supramolecular hydrogels with a
hierarchical nanofibrillar structure via metal ion
mediated co-assembly†

Xinke Yu,a Sili Liu,a Zhili Wan *a,b and Xiaoquan Yang a

Supramolecular hydrogels assembled from natural herbal small molecules represent a promising platform

for the development of biocompatible and multifunctional soft biomaterials. In this study, we report a

novel multicomponent supramolecular hydrogel system constructed from the co-assembly of glycyrrhizic

acid (GA) and rhein (Rh) via Zn2+ modulation. The introduction of Zn2+ not only reinforces the mechanical

stiffness and toughness of the GA–Rh hydrogel network through complexation but also improves its anti-

bacterial efficacy and anti-inflammatory capacity. Notably, a hierarchical nanofibrillar gel network with an

internal multiscale structure is formed, in which a micron-scale pore network formed by the GA nanofi-

brils and a submicron-scale pore network formed by the GA–Rh co-assembled nanofibrils synergistically

contributed to the overall structural integrity and biological performance. In vitro assays demonstrate that

the GA–Zn–Rh hydrogels exhibit potent antibacterial activity against Staphylococcus aureus and

Escherichia coli, excellent biocompatibility, and pronounced anti-inflammatory effects. This work pro-

vides valuable insights into the relationships between nanostructure and functionality in multicomponent

bioactive herbal hydrogels, offering a supramolecular strategy to mimic the synergistic therapeutic prin-

ciples of traditional Chinese medicine. These findings pave the way for the development of nature-

inspired bioactive hydrogels for wound healing and broader biomedical applications.

1. Introduction

Supramolecular hydrogels, typically constructed through the
self-assembly of low molecular weight gelators (LMWGs) via
non-covalent interactions, have emerged as a class of versatile
and dynamic functional soft materials.1–6 In recent years,
supramolecular hydrogels formed from natural herbal-derived
LMWGs have attracted considerable attention owing to their
excellent biocompatibility, intrinsic biological activities, and
environmentally friendly fabrication processes.7–11 To achieve
precise control over the hierarchical structures and synergistic
therapeutic functionalities of these natural systems, increasing
efforts have focused on the co-assembly of multiple herbal-
derived LMWGs, enabling the creation of multicomponent
supramolecular hydrogels with tunable architectures and
diverse biomedical applications, such as wound healing and

drug delivery.12–17 Drawing inspiration from the macroscopic
therapeutic principle of traditional Chinese medicines, which
emphasizes the combination of multiple natural components
to achieve synergistic effects, it is desirable to explore how dis-
tinct herbal LMWGs interact, co-assemble into hierarchical
nanostructures, and collectively modulate biological activities.
Therefore, there is a need to imitate the cooperative thera-
peutic strategies of traditional Chinese medicines at the supra-
molecular level by elucidating the intrinsic relationships
between nanostructures and biofunctionality in these multi-
component systems, which can advance the rational design of
nature-inspired, multifunctional bioactive hydrogels for bio-
medical applications.

Among these natural herbal small molecules, glycyrrhizic
acid (GA), a naturally occurring amphiphilic triterpenoid
saponin extracted from licorice root, exhibits a range of bio-
logical activities, including anti-inflammatory, hepatoprotec-
tive, anticancer, and antiviral properties.18–20 Structurally, GA
is a chiral amphiphilic molecule comprising a hydrophobic tri-
terpenoid aglycone (18β-glycyrrhetinic acid) linked to a hydro-
philic diglucuronic acid moiety. This inherent amphiphilic
and chiral character enables GA molecules to undergo aniso-
tropic self-assembly to form supramolecular nanofibrils in
aqueous environments, driven by hydrophobic interactions
among the triterpenoid segments and hydrogen bonding

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5nr02063h

aLaboratory 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
bOverseas Expertise Introduction Center for Discipline Innovation of Food Nutrition

and Human Health (111 Center), Guangzhou 510640, China

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 19169–19181 | 19169

Pu
bl

is
he

d 
on

 2
2 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
0/

29
/2

02
5 

1:
05

:5
6 

A
M

. 

View Article Online
View Journal  | View Issue

http://rsc.li/nanoscale
http://orcid.org/0000-0002-5865-4301
http://orcid.org/0000-0002-0492-8987
https://doi.org/10.1039/d5nr02063h
https://doi.org/10.1039/d5nr02063h
https://doi.org/10.1039/d5nr02063h
http://crossmark.crossref.org/dialog/?doi=10.1039/d5nr02063h&domain=pdf&date_stamp=2025-08-18
https://doi.org/10.1039/d5nr02063h
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR017033


between the glucuronic acid residues.21,22 The resulting semi-
flexible nanofibrils exhibit a right-handed helical twist, with a
width of approximately 2.5 nm and a periodicity of 9 nm,
which subsequently entangle to form supramolecular hydro-
gels featuring three-dimensional networks.23 Moreover, the
abundance of functional groups, rigid molecular backbone, and
distinctive stacking behavior endow GA with exceptional struc-
tural versatility, facilitating the synthesis of a broad spectrum of
GA derivatives and advancing the development of multifunc-
tional hydrogel materials.24–26 Harnessing this unique combi-
nation of intrinsic bioactivities and self-assembly capabilities,
we have successfully fabricated versatile GA-based supramolecu-
lar hydrogels with favorable mechanical properties, stimuli-
responsive behavior, and multifunctionality, demonstrating the
promising potential in biomedical applications such as con-
trolled drug delivery and wound healing.27–30 Rhein (Rh), an
anthraquinone compound primarily isolated from the tra-
ditional Chinese medicinal herb Rheum palmatum, is another
bioactive herbal molecule with notable neuroprotective, anti-
inflammatory, and antibacterial activities.31–33 Notably, Rh pos-
sesses the intrinsic ability to self-assemble into supramolecular
hydrogels via intermolecular π–π stacking and hydrogen
bonding interactions.31 Combining GA and Rh may offer the
potential to create supramolecular hydrogels with complemen-
tary biological functionalities and novel nanostructures by
employing the multicomponent co-assembly approach. In
addition, the mechanical weakness of GA-based supramolecular
hydrogels, especially those assembled from small molecules
alone, often limits their practical applications.

To address the issue of unsatisfactory mechanical and func-
tional properties, our previous study has demonstrated that
Zn2+ possesses a strong complexation capability with GA,
markedly improving the mechanical properties of the GA
hydrogels and also promoting intrinsic antibacterial pro-
perties.34 It is known that metal ions such as Zn2+ can modu-
late the supramolecular assembly process by altering inter-

molecular interactions and electrostatic environments, thereby
regulating the nanostructural organization and enhancing the
biological functionalities of hydrogels.35 Therefore, we hypoth-
esize that Zn2+ could also tune the co-assembly behavior of GA
and Rh, thereby tuning both the structural and functional pro-
perties of the resulting multicomponent hydrogels. Herein, by
employing Zn2+ as a modulating agent, we successfully pre-
pared GA–Zn–Rh co-assembled supramolecular hydrogels with
excellent mechanical robustness and desirable biological per-
formance (Scheme 1). The hierarchical nanofibrillar architec-
tures and network features of these hydrogels were systemati-
cally visualized via cryo-scanning electron microscopy (Cryo-
SEM) and atomic force microscopy (AFM). Notably, a hierarchi-
cal gel network with an internal multiscale structure was
identified, wherein GA nanofibrils first formed a micron-scale
porous network, followed by the formation of a submicron-
scale porous network through the co-assembly of GA and Rh,
together constituting an interpenetrating supramolecular
nanofibrillar network. The underlying assembly mechanism
governing the formation of this hierarchical gel network was
comprehensively investigated through isothermal titration
calorimetry (ITC), zeta potential analysis, and a series of spec-
troscopic techniques. The antibacterial, biocompatibility, and
anti-inflammatory properties of the GA–Zn–Rh hydrogels were
thoroughly evaluated via in vitro antibacterial assays against
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli),
cytocompatibility assessments using L929 fibroblasts and
RAW264.7 macrophages, and in vitro anti-inflammatory tests,
respectively. This work represents the first demonstration of
the multicomponent supramolecular hydrogels derived
entirely from all-natural herbal small molecules, GA and Rh,
assembled via metal ion-mediated complexation. Importantly,
this work highlights the role of hierarchical structures and
multicomponent assemblies in enhancing the functional per-
formance of herbal supramolecular hydrogels, showing a great
potential for biomedical use.

Scheme 1 Schematic illustration of GA–Zn–Rh co-assembled bioactive herbal supramolecular hydrogels.
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2. Experimental
2.1 Materials

Glycyrrhizic acid mono ammonium salt (GA, purity >98%) was
purchased from Thermo Fisher, (USA). Rhein (Rh) was pur-
chased from Shanghai Aladdin Co., Ltd (China). S. aureus
(ATCC29213) and E. coli (ATCC8739) were obtained from the
National Institutes for Food and Drug Control. L929 fibroblasts
and RAW264.7 macrophages were purchased from the Cell Bank
of the Chinese Academy of Sciences. High-sugar Dulbecco’s
modified Eagle’s medium (DMEM), modified Eagle’s medium
(MEM) and Dulbecco’s phosphate-buffered saline (DPBS) were
purchased from Gibco Biotechnology (USA). 3-(4,5-
Dimethylthiazol-2)-2,5-diphenyltetrazolium bromide (MTT),
dimethyl sulfoxide (DMSO), and lipopolysaccharide (LPS)
(L2880) were purchased from Sigma-Aldrich (USA). Fetal bovine
serum, horse serum, TrypLE Express enzyme, 1× penicillin–
streptomycin–glutamine, mouse interleukin 6 (IL-6) and mouse
tumor necrosis factor α (TNF-α) enzyme-linked immunosorbent
assay (ELISA) kits were purchased from Thermo Fisher Scientific
(USA). Calcein/PI cell activity and cytotoxicity assay kit was pur-
chased from Shanghai Biyuntian Biotechnology Co. Milli-Q
water (18.2 MΩ cm) was used in this work, and all chemicals
used were of analytical grade.

2.2 Preparation of GA–Zn–Rh hydrogels

Stock solution of GA (8 wt%) was prepared by dissolving GA
powder in water and heating at 80 °C under mild agitation
to obtain a transparent solution. Stock solution of Rh
(2 wt%) was obtained by first dissolving Rh powder in water,
followed by sonication to promote dissolution. The mixture
was then heated at 80 °C under mild agitation to obtain a
homogeneous solution. ZnCl2 solution (2 M) was prepared by
dissolving ZnCl2 powder in water and adjusting pH to 4.0 to
prevent hydrolysis. Subsequently, the GA, Rh, and ZnCl2 solu-
tions were mixed in different volume ratios at 80 °C to
acquire the desired sample concentration. The resulting
samples were stored overnight (12 h) at room temperature

(25 °C) before further use. The final concentrations of GA
and Rh were 2 wt% and 0.25–1 wt%, respectively, and the
concentration of Zn2+ was 10 mM. The corresponding hydro-
gels were termed GA, GA–Zn, GA–Rhx, and GA–Zn–Rhx (x rep-
resents the concentration of Rh). The gelation of the sample
was determined by the tube inverted test, and the gel for-
mation was verified if no visual fluidity was observed after
1 min of tube inversion.

2.3 Cryo scanning electron microscopy (Cryo-SEM)

The 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 scan-
ning electron microscope (S-4800, Hitachi) at 3 kV.

2.4 Field emission scanning electron microscopy (FE-SEM)

The microstructures of freeze-dried hydrogel samples were
observed on a Zeiss Merlin field emission scanning electron micro-
scope (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.

2.5 Atomic force microscopy (AFM)

A droplet of hot hydrogel sample was deposited on freshly
cleaved mica and dried on air. AFM measurements were per-
formed by using a Bruker Dimension Icon atomic force
microscopy (Bruker, Germany) in tapping mode. AFM images
were analyzed using NanoScope Analysis software.

2.6 Isothermal titration calorimetry (ITC)

Thermodynamics of the binding between GA and Zn2+, GA and
Rh were investigated by isothermal titration calorimeter (Malvern
Instruments Ltd USA). All experiments were conducted at 25 °C
with 60 μL of ZnCl2 or Rh solution (40 mM) titrated into 300 μL
of GA solution (2 mM) in the sample cell. Accordingly, ZnCl2 or
Rh solution titrated into water was used as blank control. The
heat of dilution from the blank titration of titrants into water
was subtracted from the raw data. The reference cell, which was
housed with the sample cell in an adiabatic chamber, consisted
of water. Each individual injection lasted 4 s, and the time inter-
val between injections was 150 s. Data was analysed by MicroCal
PEAQ-ITC software and titration curves were fitted by one set of
sites fitting model. Thermodynamic parameters, including the
association constant (Ka), dissociation constant (Kd), Gibbs free
energy change (ΔG), enthalpy change (ΔH), and entropy change
(ΔS), were calculated by iterative curve fitting of the binding iso-
therms using following equation:

ΔG ¼ �RT ln Ka ¼ ΔH � TΔS ð2Þ

Kd ¼ 1
Ka

ð3Þ

where Q is the cumulative heat, [M]t is the total concentration
of reactants in the sample cell, [L]t is the total concentration of
titrant added, V is the volume of the sample cell, R is the gas
constant (8.314 Jmol−1 K−1), and T is the absolute temperature
(in kelvin).

Q ¼
ð1þ ½M�t � n � Ka þ Ka � ½L�tÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ ½M�t � n � Ka þ Ka � ½L�tÞ2 � 4 � ½M�t � n � Ka

2 � ½L�t
� �q

2 � Ka=V � ΔH
ð1Þ
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2.7 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of freeze-dried hydrogel samples were recorded at
400–4000 cm−1 using an FTIR spectrophotometer (Thermo
Fisher, USA) equipped with a narrow-band mercury cadmium
telluride detector with a resolution of 2 cm−1.

2.8 X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed using a Kratos Axis Supra+

XPS instrument (Kratos, UK). Al Kα radiation was used, and
the chamber pressure was less than 5 × 10−9 torr during oper-
ation. The XPS spectra were scanned with the pass energy of
160 eV and 40 eV for full and narrow spectra, respectively.
Thermo Scientific Avantage software was used for data ana-
lysis. The data was calibrated based on the C 1s peak at 284.8
eV, and a smart-type background was used.

2.9 1H nuclear magnetic resonance (1H-NMR)

The structure composition of complex units was elucidated by
Avance IIIHD 600 MHz spectrometer (Bruker, Germany).

2.10 Ultraviolet-visible spectroscopy

The hydrogel samples were diluted 20 times and transferred
to10 mm quartz cuvettes (200–900 nm) at a test temperature of
25 °C. The UV-vis absorption spectrum (200–900 nm) was then
acquired using a C40 Touch UV-Vis spectrophotometer
(Implen, Germany).

2.11 In vitro antibacterial activity

In the antibacterial assay, Staphylococcus aureus (S. aureus)
and Escherichia coli (E. coli) were selected as representative
Gram-positive and Gram-negative bacterial strains, respect-
ively. Hydrogels were prepared under aseptic conditions fol-
lowing the aforementioned protocols. Briefly, bacterial stock
suspensions of S. aureus and E. coli were inoculated into
20 mL of Luria–Bertani (LB) medium and incubated at 37 °C
for 12 h with continuous shaking at 100 rpm. The resulting
cultures were centrifuged at 5000 rpm for 10 min, and the
supernatants were discarded. The bacterial pellets were then
resuspended in sterile PBS (pH 7.4) and adjusted to an
optical density (OD600) of approximately 0.65. For real-time
monitoring of bacterial growth kinetics, the bacterial suspen-
sions (OD600 ≈ 0.65) were further diluted 1 : 100 in fresh LB
medium. Aliquots of the diluted bacterial suspension
(30 mL) were supplemented with 3 g of hydrogel or an equi-
valent volume of PBS and incubated at 37 °C with shaking at
100 rpm. The optical density at 600 nm (OD600) was recorded
at predefined time intervals throughout the incubation
period. For colony-forming unit (CFU) enumeration, 10 μL of
bacterial suspension (OD600 ≈ 0.65) was dispensed onto the
surface of 0.2 g of hydrogel and incubated at 37 °C for 2 h.
Subsequently, 990 μL of sterile PBS was added to the re-
suspend bacterial survivors. In parallel, a control group was
prepared by adding 10 μL of bacterial suspension to 0.2 g of
PBS solution under identical conditions. Following incu-
bation, the suspensions were serially diluted 102–106 fold

with sterile PBS, and 50 μL of each dilution was spread onto
LB agar plates. The plates were incubated at 37 °C for 24 h
prior to CFU enumeration. All experiments were performed
in triplicate. The survival rate of bacteria was calculated by
the following equation:

Survival rate ð%Þ ¼ CFU count ðhydrogel� treated groupÞ
CFU count ðcontrol groupÞ

� 100

ð4Þ
For further morphological characterization of the bacteria,

samples were collected and fixed in 2.5% (v/v) glutaraldehyde
solution for 4 h at 25 °C. The fixed specimens were sub-
sequently dehydrated through a graded ethanol series, and the
morphologies of bacteria were observed by FE-SEM.

2.12 In vitro cytocompatibility

Mouse fibroblast cells (L929) and mouse mononuclear macro-
phages leukemia cells (RAW264.7) were employed to assess the
cytocompatibility of GA–Rh–Zn hydrogels. Biocompatibility
was evaluated via a material extract method coupled with MTT
reduction assays. For cytotoxicity analysis in L929 cells, hydro-
gel extract liquids were prepared by immersing 0.1 g of hydro-
gel in 5 mL of modified Eagle’s medium (MEM) and incubat-
ing at 37 °C under 5% CO2 for 24 h. L929 cells were main-
tained in MEM supplemented with 10% donor equine serum
in a humidified atmosphere containing 5% CO2 at 37 °C. Cells
were seeded into 96-well plates at a density of 1 × 104 cells per
well and incubated for 24 h under standard culture conditions.
Subsequently, the culture medium was replaced with fresh
medium containing varying concentrations of hydrogel extract
liquids (0.2, 1, and 5 mg mL−1). Following a 24 h incubation
with the extract liquids, the media were substituted with MTT
solution (0.5 mg mL−1) and incubated for an additional 4 h at
37 °C in 5% CO2. The absorbance was then measured at
570 nm using a microplate reader. Cells treated with PBS
served as the control. The cell viability was calculated by the
following equation:

Cell viability ð%Þ ¼ Atest � Ablank
Acontrol � Ablank

� 100 ð5Þ

where Atest represents the absorbance of hydrogel groups;
Ablank represents the absorbance of pure MTT solution without
cells; and Acontrol represents the absorbance of the control
group. Live/dead fluorescence staining was conducted to evalu-
ate cell toxicity following a 24 h incubation with hydrogel
extract liquids (5 mg mL−1). Viable cells were labeled with
calcein-AM, emitting green fluorescence, while non-viable cells
were stained with propidium iodide (PI), yielding red fluo-
rescence. The cytocompatibility of the hydrogels towards
RAW264.7 cells was assessed using an identical protocol to
that employed for L929 cells. Specifically, RAW264.7 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum.
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2.13 In vitro anti-inflammatory assays

The in vitro anti-inflammatory properties of the hydrogels were
assessed using a lipopolysaccharide (LPS)-induced inflamma-
tory model. Briefly, RAW 264.7 macrophages were cultured in
complete medium under standard conditions (37 °C, 5% CO2)
for 24 h, and subsequently seeded into 12-well plates at a
density of 1 × 105 cells per well. To induce an inflammatory
response, cells were stimulated with LPS (1 mL, 300 ng mL−1)
for 24 h. Following stimulation, 1 mL of medium containing
hydrogel extract liquids was added to each well, and the cul-
tures were maintained for an additional 24 h. The concen-
trations of pro-inflammatory cytokines, including interleukin-6
(IL-6) and tumor necrosis factor-α (TNF-α) in the collected
supernatants were quantified using enzyme-linked immuno-
sorbent assay (ELISA) kits.

2.14 Statistical analysis

All testing was performed in triplicate unless specifically men-
tioned and results were presented as mean ± standard devi-
ation for all measurements. The statistical differences between
groups were tested by one-way analysis of variance (ANOVA) for
multiple comparisons followed by LSD’s post hoc test using the
OriginPro 2021 software. P-Value < 0.05 was considered statisti-
cally significant (*p < 0.05, **p < 0.01, ***p < 0.001).

3 Results and discussion
3.1 Preparation and characterization of GA–Zn–Rh hydrogels

The supramolecular fibrillar self-assembly and intrinsic bio-
logical activities of GA molecules endow them with significant
potential as multifunctional building blocks for the design of
natural bioactive hydrogels. Nevertheless, the inherently weak
mechanical strength and limited processability of pure GA
hydrogels pose substantial constraints on their practical utility
in food and biomedical applications. To address these limit-
ations, we strategically employed Zn2+ to modulate the self-
assembly behaviors of two natural LMWGs, GA and Rh. Based
on the multicomponent co-assembly strategy, we successfully
fabricated GA–Zn–Rh co-assembled supramolecular hydrogels
featuring hierarchical nanofibrillar architectures, significantly
improved mechanical performance, and enhanced biological
functionalities. The hydrogels were prepared via a straight-
forward one-pot method, wherein GA, ultrasonicated Rh, and
ZnCl2 solutions were combined under continuous stirring and
heating, followed by cooling to trigger hydrogel formation
(Fig. 1a). Notably, the visual appearance of GA–Zn hydrogels
remained essentially unchanged upon the addition of 10 mM
Zn2+, retaining their transparent supramolecular gel nature,
while the incorporation of Rh imparted a uniform yellow color
to the system (Fig. 1b). Furthermore, the morphology of GA–
Zn–Rh hydrogels was systematically characterized by Cryo-SEM
and AFM. Pure GA hydrogels exhibited a uniform, intercon-
nected fibrillar network, forming a micron-scale porous gel
network with pore size around 5 µm, whereas the incorpor-
ation of 10 mM Zn2+ induced a pronounced irregularity and

aggregation within the network structure (Fig. S1d and e†). In
contrast, Rh1 displayed irregular lamellar and columnar mor-
phologies (Fig. S1f†), which is attributed to the preferential
assembly of protonated Rh molecules into globular aggregates
in aqueous solution, which further clustered into lamellar and
columnar structures, thereby hindering the formation of a con-
tinuous three-dimensional network and resulting in a liquid
state for Rh1.

36 Intriguingly, in the GA–Rh1, a distinct double
network structure was clearly observed, wherein a secondary
fibrillar network with submicron-scale gel pore size (approxi-
mately 500 nm) was interwoven within the primary GA nanofi-
brillar network. Notably, these finer fibrils exhibited Rh-
derived nano-aggregates adhered to their surfaces (Fig. 1f and
g), suggesting a cooperative co-assembly process between GA
and Rh. For this hierarchical architecture, GA nanofibrils inde-
pendently self-assemble to form a primary gel network with
∼5 µm pore, while GA–Rh interactions yield a secondary fibril-
lar gel network of finer dimensions (∼500 nm). Upon the
addition of Zn2+, the double network structure underwent sig-
nificant aggregation and fusion, characterized by increased
pore wall thickness and enlarged pore diameters. This struc-
tural evolution is predominantly ascribed to the electrostatic
screening effect introduced by Zn2+, which modulates the
inter-fibrillar interactions and enhances the overall aggrega-
tion tendency of the supramolecular system (Fig. 1h). The
nanoscale architectures of the hydrogels were further eluci-
dated by AFM. GA alone formed an interconnected three-
dimensional fibrillar network through extensive inter-nanofi-
bril entanglements and associations. Notably, the incorpor-
ation of Zn2+ did not markedly alter the fundamental assembly
mode of the GA fibrils but reinforced inter-fibrillar associ-
ations, resulting in a denser and more compact network
arrangement (Fig. S1a and b†). In contrast, Rh exhibited irre-
gular, polydisperse structures of uneven dimensions, consist-
ent with the morphologies observed in Cryo-SEM (Fig. S1c†).
For the GA–Rh1, a distinctive hierarchical structure was
evident, where the primary GA fibrillar network intertwined
with a secondary GA–Rh co-assembled network, forming an
interpenetrating nanofibrillar architecture throughout the
matrix (Fig. 1c). Following the introduction of Zn2+, the aggre-
gation level within the GA–Zn–Rh1 was markedly enhanced,
accompanied by increased pore wall thickness, enlarged pore
diameters, and progressive fusion of the double network struc-
ture (Fig. 1d and e). These observations are in good agreement
with the Cryo-SEM findings (Fig. 1h), confirming the electro-
statically mediated modulation of supramolecular assembly
behavior by Zn2+.

To further elucidate the correlation between nanostructural
organization and macroscopic mechanical properties, rheolo-
gical measurements were performed on the hydrogel systems
(Fig. 2). Frequency sweep tests revealed that the incorporation
of Rh substantially enhanced both the storage modulus (G′)
and loss modulus (G″) of the GA by nearly an order of magni-
tude, demonstrating the mechanical reinforcement by the for-
mation of a double nanofibrillar network structure. This sig-
nificant enhancement reflects the synergistic interplay
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between GA nanofibrils and GA–Rh co-assembled nano-
structures within the hierarchical network. More strikingly, the
incorporation of Zn2+ further amplified the viscoelastic
moduli, with the G′ of GA–Zn increasing from approximately
50 Pa to nearly 10 000 Pa (Fig. 2a), which is an indicator of
stronger fibrillar aggregation and strengthened inter-fibril
interactions driven by Zn2+-mediated electrostatic screening
and complexation effects. Among all tested systems, GA–Zn–
Rh1 exhibited the highest viscoelastic moduli, with both G′
and G″ remaining essentially frequency-independent across
the tested range, reflecting the formation of a highly intercon-
nected gel network with excellent mechanical stability. Strain
sweep tests provided complementary insights into the
mechanical adaptability of the hydrogels (Fig. 2b–d). Zn2+ com-
plexation substantially increased the stiffness of the GA, as evi-
denced by the increased yield and flow stresses, but the
reduced yield strain and flow strain mean the increased brittle-
ness. Interestingly, although the addition of Rh alone
decreased the critical strains without significantly affecting
stresses, the combined GA–Zn–Rh1 maintained yield and flow
strains comparable to GA alone while achieving a remarkable

increase in yield and flow stresses. This finding highlights a
synergistic enhancement in stiffness without compromising
toughness, which is attributed to the hierarchical double
network structure with thickened pore walls and moderated
fibrillar aggregation (Fig. 1d, e and h). Overall, these rheologi-
cal results demonstrate the role of nanostructure–functionality
relationships within the multicomponent hydrogels. The
double nanofibrillar architecture, modulated by GA–Rh co-
assembly and further consolidated by Zn2+-mediated com-
plexation, endows the system with superior mechanical resili-
ence and structural integrity, which lays a structural foun-
dation for the excellent biofunctional performances of GA–Zn–
Rh hydrogels in subsequent antibacterial and anti-inflamma-
tory evaluations.

3.2 Assembly mechanism of GA–Zn–Rh hydrogels

Elucidating the intermolecular interactions for GA–Zn–Rh
hydrogel formation is a key for understanding their assembly
mechanism. Isothermal titration calorimetry (ITC) was
employed to quantify the thermodynamic parameters govern-
ing the interactions between GA and Zn2+, as well as GA and

Fig. 1 (a) Schematic diagram of the fabrication process and (b) digital photos of GA–Zn–Rh hydrogels. AFM height images of (c) GA–Rh1 and (d and
e) GA–Zn–Rh1. (e) Magnified image of selected area in image (d). Cryo-SEM images of (f and g) GA–Rh1 and (h) GA–Zn–Rh1. (g) Magnified image of
selected area in image (f ).
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Rh (Fig. 3a and b). The thermodynamic parameters such as
binding constant (Ka), dissociation constant (Kd), Gibbs free
energy (ΔG), enthalpy (ΔH) and entropy (ΔS) were obtained by
fitting calculation. The Ka values for GA–Zn

2+ and GA–Rh inter-
actions were determined to be 1.16 × 104 M−1 and 6.80 × 103

M−1, respectively, indicating a strong affinity between GA and
Zn2+, characteristic of high-affinity binding systems (>104

M−1).37 The slightly lower binding affinity in the GA–Rh system
is attributed to its acidic environment, wherein the limited
solubility of Rh and the mutual electrostatic repulsion between
negatively charged GA and Rh molecules weaken the inter-
action strength. The ΔG values for both GA–Zn2+ (−23.21 kJ
mol−1) and GA–Rh (−21.90 kJ mol−1) interactions were nega-
tive, confirming the spontaneous nature of these bindings
(Fig. 3c).38 Thermodynamic signatures of ΔH < 0, ΔS > 0, and
|ΔH| > |TΔS| for both systems revealed that the interactions
were predominantly enthalpy-driven, with electrostatic inter-
actions and hydrogen bonding proposed as the primary
driving forces.39,40

The intermolecular interactions within the GA–Zn–Rh
hydrogels were further elucidated through zeta potential
measurements and complementary spectroscopic analyses.

Zeta potential data revealed that both GA and Rh individually
exhibited negative surface charges of −35.7 mV and −30.0 mV,
respectively. Upon co-assembly, the GA–Rh system displayed a
markedly enhanced negative surface charge of −56.6 mV,
which is indicative of strong electrostatic repulsion between
the components. However, the introduction of Zn2+ substan-
tially reduced this negative charge, with the zeta potential of
the GA–Zn–Rh hydrogel increasing to −31.7 mV, meaning a
pronounced electrostatic screening effect mediated by the
complexed metal ions (Fig. 3d). The molecular interactions
underlying the hydrogel assembly were further elucidated by
FTIR of the lyophilized hydrogel samples (Fig. 3e). For GA, the
characteristic absorption bands were observed at 1726 cm−1

(CvO stretching vibration), 1657 cm−1 (CvC stretching
vibration in the triterpene skeleton), 1398 cm−1 (C–H bending
vibration of –CH3 group), 1215 cm−1 (C–O stretching vibration)
and 1172 cm−1 (C–O–C stretching vibration within diglucuro-
nic unit).34,41 The introduction of 10 mM Zn2+ did not produce
significant shifts in the characteristic peaks of GA–Zn, in
agreement with earlier findings.34 For Rh1, the characteristic
peaks mainly appeared near 3062 cm−1 (C–H stretching
vibration of benzene ring), 1693 cm−1 (CvO stretching

Fig. 2 (a) Frequency sweeps, (b) strain sweeps, (c) yield and flow strain, and (d) yield and flow stress of GA–Zn–Rh hydrogels. G’ and G’’ are shown
as filled and open symbols, respectively. Different lowercase letters indicate significant differences between samples at the p < 0.05 level.
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vibration of ketone), 1570 cm−1 (CvC stretching vibration of
aromatic ring), 1452 cm−1 (C–O stretching vibration of carboxyl
group), 1267 cm−1 (O–H bending vibration) and 752 cm−1

(meso-substitution of benzene).42,43 Upon co-assembly within
GA–Rh1 and GA–Zn–Rh1, marked spectral changes were
observed. As can be seen, the C–H stretching band of the Rh
aromatic ring and the CvO stretching band of GA diminished,
while the CvO stretching band of the Rh ketone shifted to
1700 cm−1. Simultaneously, the CvC stretching bands corres-
ponding to both the GA triterpenoid skeleton and Rh aromatic
ring disappeared. Notably, the intensities of the C–O stretch-
ing and O–H bending vibrations associated with the Rh car-
boxyl group, as well as the C–H bending, C–O stretching, and
C–O–C stretching vibrations within GA, were diminished.
Additionally, the meso-substitution band of the Rh benzene
ring was weakened. These spectral changes collectively suggest
that the co-assembly between GA and Rh is primarily driven by
hydrogen bonding, hydrophobic interactions among the
hydrophobic backbones, and electrostatic interactions invol-
ving carboxylate groups. Importantly, the incorporation of Zn2+

did not induce substantial alterations in the molecular frame-
works of either GA or Rh.

These interaction mechanisms were further confirmed by
XPS analysis. As shown in the high-resolution C 1s spectra, the
intensities of the C–O and OvC–O groups decreased in both
GA–Zn and GA–Rh1, while there is no significant change in the
position of the binding energies of the groups (Fig. 3f).
Complementary UV-Vis absorption spectroscopy revealed a
characteristic CvC absorption peak at 256 nm for GA, which
remained essentially unchanged upon the addition of Zn2+

(Fig. 3g). In contrast, Rh1 exhibited distinct anthraquinone-
associated absorption bands at 229, 259, and 433 nm. Notably,
in both GA–Zn and GA–Rh1, the absorption band at 229 nm
disappeared, while the 433 nm peak underwent a red shift,
suggesting π–π stacking interactions between Rh molecules
and between GA and Rh, resulting in the formation of
J-aggregates.31,44 Further evidence for intermolecular hydrogen
bonding between GA and Rh was obtained from 1H NMR spec-
troscopy. Upon complexation, the proton signals corres-
ponding to the diglucuronic acid moiety of GA exhibited both

Fig. 3 Assembly mechanism of GA–Zn–Rh hydrogels. ITC raw heat flow and fitting curves for the interaction of (a) Zn2+ with GA and (b) Rh with
GA. (c) Thermodynamic parameters (ΔG, ΔH, and −TΔS) for the binding of Zn2+ to GA and Rh to GA. (d) Zeta potential, (e) FTIR spectra, (f ) high-
resolution XPS C 1s spectra, (g) UV-Vis spectra, and (h) 1H-NMR of GA–Zn–Rh hydrogels.
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a downfield shift and peak shape changes, reflecting the for-
mation of hydrogen bonds and alterations in the local chemi-
cal environment (Fig. 3h). Collectively, these results confirm
that the GA–Zn–Rh hydrogel network is primarily stabilized by
a combination of non-covalent interactions, including GA–GA
inter-fibrillar hydrogen bonding, complexation between GA
and Zn2+, and a synergistic interplay of intermolecular hydro-
gen bonding, hydrophobic interactions, electrostatic forces,
and π–π stacking between GA and Rh.

3.3 In vitro antibacterial properties

The antibacterial performance of the GA–Zn–Rh hydrogels was
assessed against Staphylococcus aureus (S. aureus, Gram-posi-
tive bacteria) and Escherichia coli (E. coli, Gram-negative bac-
teria). Additionally, the influence of Rh concentration on the
antibacterial efficacy of the hydrogels was also investigated. As
shown in the bacterial growth curves (OD600) for S. aureus, GA
alone exhibited moderate antibacterial activity relative to the

PBS control, which was promoted upon incorporation of Zn2+.
Notably, the introduction of Rh into the GA–Zn system mark-
edly enhanced the inhibitory effect, with GA–Zn–Rhx effectively
suppressing bacterial growth, maintaining OD600 values
around 0.1 from 2 to 10 h. Furthermore, the antibacterial
capacity was positively correlated with the increasing Rh con-
centration (Fig. 4a). Compared with S. aureus, GA exhibited
minimal inhibitory activity against E. coli, with OD600 values
showing no significant difference from the control group after
8 h of incubation. However, the incorporation of Zn2+ substan-
tially improved the antibacterial performance, and this effect
was further amplified in the GA–Zn–Rhx. Notably, increasing
the concentration of Rh consistently enhanced the antibacter-
ial efficacy against E. coli (Fig. 4b). To further verify these find-
ings, quantitative antibacterial assays were performed via plate
counting. As illustrated in Fig. 4c, S. aureus exhibited a survival
rate of 36.2% after treatment with GA, which was decreased
markedly to 14.4% upon the addition of Zn2+. Strikingly, the

Fig. 4 Antibacterial properties of GA–Zn–Rh hydrogels. Optical density (OD600) growth curves of (a) S. aureus and (b) E. coli incubating with GA–
Zn–Rh hydrogels. Survival rates of (c) S. aureus and (d) E. coli after treatment with GA–Zn–Rh hydrogels. (e) Photographs of bacterial agar plates
after incubation with GA–Zn–Rh hydrogels. (f ) FE-SEM images of S. aureus and E. coli after treatment with GA–Zn–Rh hydrogels (*p < 0.05, **p <
0.01, ***p < 0.001).
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GA–Zn–Rhx, particularly at higher Rh concentrations, demon-
strated near-complete bactericidal activity, with survival rates
approaching zero (Fig. 4c and e). A comparable trend was
observed for E. coli (Fig. 4d), where the survival rate after
exposure to GA remained at 73.0%, reducing to 53.1% follow-
ing Zn2+ incorporation. Further, the survival rate progressively
decreased from 38.3% to 30.6% as the Rh concentration
increased in GA–Zn–Rhx (Fig. 4d and e). These results confirm
the synergistic antibacterial effect of Zn2+ and Rh within the
GA-based hydrogel system. Further morphological evidence of
the antibacterial mechanism was obtained via FE-SEM. As
depicted in Fig. 4f, the untreated S. aureus and E. coli exhibited
smooth and intact surfaces, whereas bacteria exposed to GA–
Zn–Rh hydrogels displayed pronounced membrane shrinkage,
surface wrinkling, and cellular rupture (indicated by arrows),
with these effects being the most evident in the GA–Zn–Rhx

groups. These morphological alterations directly correlate with
the observed antibacterial performance. The antibacterial
activity of the GA–Zn–Rh hydrogels can be primarily attributed
to the intrinsic bioactivities of their constituent components—
GA, Rh, and Zn2+—each of which can disrupt bacterial mem-
brane integrity and interfere with essential intracellular pro-
cesses, including the synthesis of bacterial DNA, RNA, and
proteins.45,46 In addition to the chemical bioactivity of these
molecules, growing evidence indicates that the three-dimen-
sional structural features of supramolecular nano-assemblies

—such as their shape, size, surface area, and hierarchical
organization—significantly influence their biological behavior
and therapeutic efficacy by modulating interfacial interactions,
for example through the formation of a protein corona
(biocorona).47,48 In our work, the hierarchical nanofibrillar
networks constructed by GA nanofibrils and GA–Rh co-assem-
blies, further regulated by Zn2+ complexation, exhibit distinct
morphologies and multiscale dimensional characteristics.
These features are presumed to enhance the diffusion of bio-
active components, promote intimate interactions with bac-
terial membranes, and collectively contribute to the superior
antibacterial performance of the GA–Zn–Rh hydrogel system,
thereby underscoring the pivotal role of nanostructure–func-
tion relationships in modulating the bioactivity of multicom-
ponent hydrogels derived from natural herbal small molecules.
Notably, the inhibitory effect of GA–Zn–Rh hydrogels against
E. coli was markedly lower than that against S. aureus, which
can be explained by the fundamental structural differences
between Gram-positive and Gram-negative bacterial cell envel-
opes. Compared to Gram-positive bacteria such as S. aureus,
Gram-negative bacteria like E. coli possess a dual-layered cell
wall structure, comprising an outer lipopolysaccharide mem-
brane and an inner phospholipid membrane. The dense, nega-
tively charged lipopolysaccharide layer functions as a robust
permeability barrier, impeding the penetration of the nega-
tively charged GA–Zn–Rh hydrogels and consequently reducing

Fig. 5 In vitro biocompatibility and anti-inflammation ability of GA–Zn–Rh hydrogels. (a–e) Viability of L929 cells incubated with GA–Zn–Rh hydro-
gel extract liquids at different concentrations (0, 0.2, 1, and 5 mg mL−1) for 24 h by MTT assay: (a) GA, (b) GA–Zn, (c) GA–Zn–R0.25, (d) GA–Zn–R0.5,
and (e) GA–Zn–R1. (f ) Live/dead fluorescence staining images of L929 cells incubated with hydrogel extract liquids (5 mg mL−1) for 24 h. (g) Viability
of RAW264.7 cells incubated with GA–Zn–Rh hydrogel extract liquids at 5 mg mL−1 for 24 h by MTT assay. Intracellular (h) IL-6 and (i) TNF-α levels in
LPS-stimulated RAW246.7 cells after treatment with GA–Zn–Rh hydrogel extract liquids at 5 mg mL−1 for 24 h (*p < 0.05, **p < 0.01, ***p < 0.001).
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their antibacterial efficacy against E. coli.49,50 Taken together,
these results demonstrate that compared to GA alone, the GA–
Zn–Rh hydrogels possess potent antibacterial activity, effec-
tively suppressing the growth and proliferation of S. aureus,
and also exhibiting significantly enhanced inhibitory effects
against E. coli.

3.4 In vitro biocompatibility and anti-inflammation effects

As a promising antibacterial and anti-inflammatory biomater-
ial, the biocompatibility of GA–Zn–Rh hydrogels is a critical
prerequisite for their potential biomedical applications.
Therefore, the cytocompatibility of GA, GA–Zn, and GA–Zn–
Rhx was systematically evaluated using MTT assays against
L929 fibroblasts and RAW264.7 macrophages. As shown in
Fig. 5a–e and Fig. S3a–e,† the average cell viability of both
L929 and RAW264.7 cells remained above 85% after 24 h incu-
bation with extract liquids of GA, GA–Zn, and GA–Zn–Rhx at
various concentrations, indicating that these hydrogels exerted
negligible cytotoxic effects within the tested concentration
range. To further visualize cellular viability and morphology,
live/dead fluorescence staining was performed. Live cells
emitted green fluorescence, while dead cells exhibited red fluo-
rescence. After 24 h of co-culture with 5 mg mL−1 extract
liquids of GA, GA–Zn, and GA–Zn–Rhx, both L929 and
RAW264.7 cells displayed normal, healthy morphology—
spindle-shaped for L929 fibroblasts and round-shaped for
RAW264.7 macrophages, which are comparable to those of the
control group, with scarcely any dead cells detected (Fig. 5f
and Fig. S3f†). The above results demonstrate that GA–Zn–Rh
hydrogels possess excellent cytocompatibility and exhibit no
appreciable cytotoxicity towards both fibroblasts and macro-
phages under the tested conditions, which demonstrate their
suitability for biomedical applications involving antibacterial
and anti-inflammatory therapies.

An efficient anti-inflammatory capability is essential for
hydrogels intended for wound healing applications to mitigate
excessive inflammatory responses. To evaluate this property,
RAW264.7 macrophages were stimulated with lipopolysacchar-
ide (LPS) to induce a pro-inflammatory M1 phenotype, charac-
terized by the upregulation of pro-inflammatory cytokines. After
co-incubation with extract liquids of GA, GA–Zn, and GA–Zn–
Rhx (5 mg mL−1) for 24 h, the average viability of RAW264.7 cells
remained above 85% (Fig. 5g), confirming that this in vitro
model is appropriate for anti-inflammatory assessment. IL-6
and TNF-α are key pro-inflammatory cytokines involved in the
inflammatory cascade,51 and their levels were subsequently
measured to evaluate the anti-inflammatory efficacy of the
hydrogels. As shown in Fig. 5h and i, LPS stimulation markedly
elevated the secretion of both IL-6 and TNF-α compared to the
unstimulated control group, indicating the successful establish-
ment of an inflammation model. Notably, treatment with GA–
Zn–Rhx extract liquids for 24 h significantly suppressed IL-6 pro-
duction, with levels decreasing from 20.48 pg mL−1 to 13.99 pg
mL−1 as the Rh concentration increased, approaching that of
the control group (12.77 pg mL−1) (Fig. 5h). Similarly, TNF-α
secretion was substantially reduced from 53.36 pg mL−1 to 40.54

pg mL−1 with increasing Rh concentrations, also near the base-
line level of the control group (32.43 pg mL−1) (Fig. 5i). These
in vitro findings demonstrate that GA–Zn–Rh hydrogels possess
pronounced anti-inflammatory properties, mainly due to the
synergistic bioactivity of the naturally derived GA and Rh mole-
cules, which effectively suppress the production of inflammatory
cytokines and thereby modulate macrophage-mediated inflam-
matory responses.28,31,52,53 Additionally, this anti-inflammatory
performance is closely associated with the hierarchical double
nanofibrillar nanostructures within the hydrogels, as the dis-
tinct nano-architectures influence the interactions between the
hydrogel assemblies and immune cells, further regulating
inflammatory signaling pathways and enhancing biofunctional
outcomes.54

4 Conclusions

In summary, we successfully developed GA–Zn–Rh co-
assembled bioactive supramolecular hydrogels by modulating
the self-assembly behavior of two natural LMWGs, GA and Rh,
via Zn2+ complexation. These hydrogels were predominantly
stabilized through a combination of non-covalent interactions,
including GA–GA hydrogen bonding, GA–Zn2+ complexation,
and intermolecular hydrogen bonding, hydrophobic, electro-
static forces, and π–π stacking between GA and Rh. Notably, a
hierarchical nanofibrillar network structure was formed,
wherein GA nanofibrils self-assembled to form a primary gel
network featuring micron-scale pore sizes (∼5 µm), while a sec-
ondary, denser gel network with submicron-scale pore sizes
(∼500 nm) emerged through the co-assembly of GA and Rh.
Importantly, the introduction of Zn2+ not only regulated the
assembly dynamics by electrostatic screening effects but also
enhanced the double network architecture by increasing pore
wall thickness, enlarging pore diameters, and promoting fibril-
lar aggregation and fusion. These nanostructural features pro-
foundly influenced the mechanical properties and biological
functions of the hydrogels. Co-assembly with Rh significantly
improved the viscoelastic moduli, while Zn2+ further strength-
ened network connectivity, enhancing stiffness without sacrifi-
cing toughness. Biologically, the GA–Zn–Rh hydrogels demon-
strated potent antibacterial activity (especially against
S. aureus) and exhibited excellent biocompatibility alongside
remarkable anti-inflammatory effects, primarily attributed to
the synergistic bioactivities of GA, Rh, and Zn2+ and the func-
tional advantages imparted by the hierarchical fibrillar nano-
structure. This work not only elucidates the critical nano-
structure–functionality relationships governing the perform-
ance of multicomponent supramolecular hydrogels assembled
from natural herbal-derived LMWGs but also offers a supramo-
lecular-level design strategy to emulate the synergistic thera-
peutic principles of traditional herbal medicine. These find-
ings offer useful insights for the rational design of nature-
inspired bioactive hydrogels for biomedical applications.
Nonetheless, challenges such as long-term stability, in vivo per-
formance, and scalable fabrication remain to be addressed in
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future studies to fully realize the clinical potential of these
biomaterials.

Author contributions

Xinke Yu: investigation, methodology, formal analysis, visual-
ization, writing – original draft. Sili Liu: investigation, method-
ology. Zhili Wan: conceptualization, methodology, supervision,
project administration, funding acquisition, resources, formal
analysis, writing – review & editing. Xiaoquan Yang: conceptu-
alization, resources.

Conflicts of interest

There are no conflicts to declare.

Data availability

The data are available upon reasonable request.

Acknowledgements

This work is financially supported by the Outstanding Youth
Project of Guangdong Natural Science Foundation
(2024B1515020081), the National Natural Science Foundation
of China (32172347), and the 111 Project (B17018).

References

1 L. E. Buerkle and S. J. Rowan, Chem. Soc. Rev., 2012, 41,
6089.

2 X. Du, J. Zhou, J. Shi and B. Xu, Chem. Rev., 2015, 115,
13165–13307.

3 E. R. Draper and D. J. Adams, Chem, 2017, 3, 390–410.
4 P. R. A. Chivers and D. K. Smith, Nat. Rev. Mater., 2019, 4,

463–478.
5 D. J. Adams, J. Am. Chem. Soc., 2022, 144, 11047–11053.
6 D. K. Smith, Soft Matter, 2024, 20, 10–70.
7 K. Zhi, H. Zhao, X. Yang, H. Zhang, J. Wang, J. Wang and

J. M. Regenstein, Nanoscale, 2018, 10, 3639–3643.
8 H. Huang, W. Gong, X. Wang, W. He, Y. Hou and J. Hu,

Adv. Healthcare Mater., 2022, 11, 2102476.
9 M. Hao, S. Wei, S. Su, Z. Tang and Y. Wang, ACS Appl.

Mater. Interfaces, 2024, 16, 24221–24234.
10 X. Guo, W. Luo, L. Wu, L. Zhang, Y. Chen, T. Li, H. Li,

W. Zhang, Y. Liu, J. Zheng and Y. Wang, Adv. Sci., 2024, 11,
2403388.

11 M. Peng, Q. Peng, W. Li, X. Chen, Q. Yan, X. Wu, M. Wu,
D. Yuan, H. Song and J. Shi, Adv. Mater., 2025, 37, 2503283.

12 M. Li, H. Wang, J. Hu, J. Hu, S. Zhang, Z. Yang, Y. Li and
Y. Cheng, Chem. Mater., 2019, 31, 7678–7685.

13 Z. Wang, J. Lu, Z. Yuan, W. Pi, X. Huang, X. Lin, Y. Zhang,
H. Lei and P. Wang, Small, 2023, 19, 2205528.

14 S. Fu and X. Yang, J. Mater. Chem. B, 2023, 11, 4584–4599.
15 Y. Ji, Y. Yuan, F. Peng, S. Fu, B. Liu, Z. Dong, Q. Li, S. Ma

and Z. Ao, ACS Appl. Mater. Interfaces, 2025, 17, 5223–5231.
16 W. Luo, Z. Yang, J. Zheng, Z. Cai, X. Li, J. Liu, X. Guo,

M. Luo, X. Fan, M. Cheng, T. Tang, J. Liu and Y. Wang, ACS
Nano, 2024, 18, 28894–28909.

17 C. Lei, J. Wen, Y. Sun, M. Ren, R. Qiao and C. Li, Chem.
Eng. J., 2025, 503, 158477.

18 M. N. Asl and H. Hosseinzadeh, Phytother. Res., 2008, 22,
709–724.

19 B. Schröfelbauer, J. Raffetseder, M. Hauner, A. Wolkerstorfer,
W. Ernst and O. H. J. Szolar, Biochem. J., 2009, 421, 473–482.

20 Z. Zhao, Y. Xiao, L. Xu, Y. Liu, G. Jiang, W. Wang, B. Li,
T. Zhu, Q. Tan, L. Tang, H. Zhou, X. Huang and H. Shan,
ACS Appl. Mater. Interfaces, 2021, 13, 20995–21006.

21 Q. Li, M. Xu, J. Xie, E. Su, Z. Wan, L. M. C. Sagis and
X. Yang, Food Res. Int., 2021, 140, 110076.

22 Q. Li, Z. Wan and X. Yang, Curr. Opin. Food Sci., 2022, 43,
107–113.

23 A. Saha, J. Adamcik, S. Bolisetty, S. Handschin and
R. Mezzenga, Angew. Chem., Int. Ed., 2015, 54, 5408–5412.

24 X. Yu, Y. Meng, H. Zhang, J. Guo, S. Wang, H. Li, J. Hu and
M. H. Li, Nanoscale, 2021, 13, 15257–15266.

25 L. Zhao, H. Zhang, Z. Guo, X. Yu, X. Jiao, M. H. Li and
J. Hu, ACS Appl. Mater. Interfaces, 2022, 14, 51394–51403.

26 W. Liu, Z. Li, Z. Wang, Z. Huang, C. Sun, S. Liu, Y. Jiang and
H. Yang, ACS Appl. Mater. Interfaces, 2023, 15, 7767–7776.

27 Q. Li, X. Yu, S. Zhang, M. Xu, Y. Yang, Z. Wan and X. Yang,
ACS Appl. Mater. Interfaces, 2023, 15, 43633–43647.

28 Q. Li, S. Zhang, R. Du, Y. Yang, Y. Liu, Z. Wan and X. Yang,
ACS Appl. Mater. Interfaces, 2023, 15, 17562–17576.

29 X. Yu, J. Cai, M. Xu, Q. Li, Y. Yang, Z. Wan and X. Yang,
Nanoscale, 2024, 16, 14261–14268.

30 Q. Li, Y. Liu, S. Liu, S. Zhang, X. Yu, Z. Wan, Y. Yuan, P. V. der
Meeren and X. Yang, Chem. Eng. J., 2025, 512, 162677.

31 J. Zheng, R. Fan, H. Wu, H. Yao, Y. Yan, J. Liu, L. Ran,
Z. Sun, L. Yi, L. Dang, P. Gan, P. Zheng, T. Yang, Y. Zhang,
T. Tang and Y. Wang, Nat. Commun., 2019, 10, 1604.

32 W. Fu, M. Guo, X. Zhou, Z. Wang, J. Sun, Y. An, T. Guan,
M. Hu, J. Li, Z. Chen, J. Ye, X. Gao, G. F. Gao, L. Dai,
Y. Wang and C. Chen, ACS Nano, 2024, 18, 11200–11216.

33 D. Zhong, K. Jin, R. Wang, B. Chen, J. Zhang, C. Ren,
X. Chen, J. Lu and M. Zhou, Adv. Mater., 2024, 36, 2312275.

34 X. Yu, M. Xu, J. Cai, Q. Li, Y. Yang, Z. Wan and X. Yang,
Giant, 2024, 17, 100240.

35 K. Wong, Z. Nie, M. Wong, Y. Wang and J. Liu, Adv. Mater.,
2024, 36, 2404053.

36 Y. H. Feng, X. P. Zhang, Y. Y. Hao, G. Y. Ren and X. D. Guo,
Colloids Surf., B, 2020, 195, 111260.

37 W. B. Turnbull and A. H. Daranas, J. Am. Chem. Soc., 2003,
125, 14859–14866.

38 W. Pi, L. Wu, J. Lu, X. Lin, X. Huang, Z. Wang, Z. Yuan,
H. Qiu, J. Zhang, H. Lei and P. Wang, Bioact. Mater., 2023,
29, 98–115.

Paper Nanoscale

19180 | Nanoscale, 2025, 17, 19169–19181 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 2
2 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
0/

29
/2

02
5 

1:
05

:5
6 

A
M

. 
View Article Online

https://doi.org/10.1039/d5nr02063h


39 A. R. Patel, J. Seijen-ten-Hoorn, P. C. M. Heussen, E. Drost,
J. Hazekamp and K. P. Velikov, J. Colloid Interface Sci.,
2012, 374, 150–156.

40 P. Sarker, P. K. Jani, L. C. Hsiao, O. J. Rojas and S. A. Khan,
J. Colloid Interface Sci., 2023, 650, 541–552.

41 E. Su, Q. Li, M. Xu, Y. Yuan, Z. Wan, X. Yang and
B. P. Binks, J. Colloid Interface Sci., 2021, 587, 797–809.

42 S. Petralito, I. Zanardi, R. Spera, A. Memoli and V. Travagli,
Spectrochim. Acta, Part A, 2014, 127, 355–360.

43 C. Yin, X. Han, Q. Lu, X. Qi, C. Guo and X. Wu, Int. J. Biol.
Macromol., 2022, 201, 14–19.

44 D. Cai, Y. Yang, J. Lu, Z. Yuan, Y. Zhang, X. Yang,
X. Huang, T. Li, X. Tian, B. Xu, P. Wang and H. Lei, ACS
Appl. Mater. Interfaces, 2022, 14, 43035–43049.

45 H. K. Kim, Y. Park, H. N. Kim, B. H. Choi, H. G. Jeong,
D. G. Lee and K.-S. Hahm, Biotechnol. Lett., 2002, 24, 1899–
1902.

46 J. Azelmat, J. F. Larente and D. Grenier, Arch. Oral Biol.,
2015, 60, 342–346.

47 C. Ge, J. Du, L. Zhao, L. Wang, Y. Liu, D. Li, Y. Yang,
R. Zhou, Y. Zhao, Z. Chai and C. Chen, Proc. Natl. Acad.
Sci. U. S. A., 2011, 108, 16968–16973.

48 P. Zhang, M. Cao, A. J. Chetwynd, K. Faserl, F. A. Monikh,
W. Zhang, R. Ramautar, L. J. A. Ellis, H. H. Davoudi,
K. Reilly, R. Cai, K. E. Wheeler, D. S. T. Martinez, Z. Guo,
C. Chen and I. Lynch, Nat. Protoc., 2024, 19, 3000–3047.

49 R. Huwaitat, A. P. McCloskey, B. F. Gilmore and G. Laverty,
Future Microbiol., 2016, 11, 955–972.

50 R. Ruhal and R. Kataria, Microbiol. Res., 2021, 251, 126829.
51 J. Deng, D. Lin, X. Ding, Y. Wang, Y. Hu, H. Shi, L. Chen,

B. Chu, L. Lei, C. Wen, J. Wang, Z. Qian and X. Li, Adv.
Funct. Mater., 2022, 32, 2109173.

52 Y. Qian, Y. Zheng, J. Jin, X. Wu, K. Xu, M. Dai, Q. Niu,
H. Zheng, X. He and J. Shen, Adv. Mater., 2022, 34, 2200521.

53 W. Zhao, X. Zhang, R. Zhang, K. Zhang, Y. Li and F.-J. Xu,
ACS Appl. Mater. Interfaces, 2020, 12, 56898–56907.

54 Y. Li, R. Yuan, Y. Luo, X. Guo, G. Yang, X. Li and S. Zhou,
Adv. Mater., 2023, 35, 2300216.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 19169–19181 | 19181

Pu
bl

is
he

d 
on

 2
2 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
0/

29
/2

02
5 

1:
05

:5
6 

A
M

. 
View Article Online

https://doi.org/10.1039/d5nr02063h

	Button 1: 


