
Aggregate

REVIEW

Supramolecular Assembly of Triterpenoids: Current State
and Biomedical Perspectives
Jie Zhong1,2 Juan C. Mareque-Rivas3 Xinmiao Lan1 Yu-Xiong Su2

1Beijing Area Major Laboratory of Peptide and Small Molecular Drugs, Engineering Research Center of Ministry of Education of China, Beijing Laboratory of
Biomedical Materials, School of Pharmaceutical Sciences, Capital Medical University, Beijing, China 2Division of Oral and Maxillofacial Surgery, Faculty of
Dentistry, The University of Hong Kong, Hong Kong SAR, China 3Department of Chemistry and Centre for NanoHealth, Swansea University, Swansea, UK

Correspondence: Jie Zhong (rexzhong@connect.hku.hk) Xinmiao Lan (xmiao.lan@ccmu.edu.cn) Yu-Xiong Su (richsu@hku.hk)

Received: 24 April 2025 Revised: 18 May 2025 Accepted: 28 May 2025

Funding: This study was supported by the National Natural Science Foundation of China (NSFC) project (32301133), the University of Hong Kong Seed Fund for
Basic Research (104006533), and the R&D Program of Beijing Municipal Education Commission (KM202310025022).

Keywords: hydrogels | nanotheranostics | natural products | supramolecular assembly | triterpenoids

ABSTRACT
Triterpenoids exhibit remarkable pharmacological characteristics and have garnered significant research attention, owing to
their unique backbone structures and numerous modification sites. Recent advancements in supramolecular chemistry have
highlighted the potential of triterpenoids to form organized assemblies through noncovalent interactions, affording versatile
functional properties. By leveraging their unique structural characteristics and biological activities, innovative strategies can be
developed to enhance the efficacy and safety of biomedical therapies. This review describes the recent advances in triterpenoids
serving as (i) functional groups for aggregation-induced emission, (ii) building blocks for self-transportation and drug delivery,
(iii) potential gelators for rational hydrogel design, and (iv) cholesterol alternatives for optimizing lipid-based nanoparticles. The
biomedical perspectives of triterpenoid-based supramolecular assemblies and potential bottlenecks in clinical translation are also
discussed, with the hope of offering insights into future research and biomedical applications.

1 Introduction

Triterpenoids are a diverse group of natural products derived
from squalene precursors [1, 2] with a wide range of struc-
tural and functional characteristics. They are renowned for
impressive biological activities and remarkable ability to undergo
supramolecular assembly [3–6]. Bag’s identification of the first
nano-sized supramolecular oleanane-type triterpenoid, arjunolic
acid, presented a significant opportunity for the development of
supramolecular architectures at the nanoscale and the fabrication
of triterpenoid nanomaterials [7]. Arjunolic acid and its deriva-
tives exhibited excellent assembly performance and efficient
gelation in various solvents at low concentrations [7]. Subsequent
studies further emphasized the importance of chirality in the

assembly behavior of triterpenoids [8]. These findings were the
foundation for a new research area for triterpenoid compounds
in supramolecular chemistry.

During the assembly process, the hydrophobic effects and van der
Waals interactions between the rigid triterpenoid skeletons and
intermolecular hydrogen bonds are the primary driving forces
for the formation of supramolecular entities. The optimal con-
formations of the different molecules result in varying directions
and steric hindrances of the intermolecular forces, leading to
the formation of diverse assemblies. By artificially modifying
the triterpenoid skeleton with new functional groups, such as
oxime [9], oligopeptides [10], and benzoyl [11] groups, additional
interactions can be introduced, further enhancing the diversity
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SCHEME 1 Schematic of triterpenoid-based supramolecular assembly behavior and biomedical applications.

of the assembly properties. Currently, this approach represents
a simple and effective strategy for constructing triterpenoid
assemblies.

Despite the rich three-dimensional (3D) structures and chiral
centers revealed in various naturally occurring triterpenoids,
there remains a significant gap in understanding their self-
assembly mechanisms in supramolecular chemistry and how
these self-assembly processes influence specific biological prop-
erties. In this review, we systematically summarize the self-
assembly properties of triterpenoids, highlighting their potential
as structural frameworks for diverse biomedical applications
(Scheme 1). By discussing the current knowledge on triterpenoid
supramolecular assemblies, we seek to provide valuable insights
into their self-assembly behavior and pave the way for future
research on supramolecular design, with the aim of developing
new triterpenoid-based therapeutics.

2 Structural and Functional Characteristics of
Natural Triterpenoids

Naturally occurring triterpenoids include a diverse group of
organic compounds that are widely found in plants, fungi, and
marine organisms (Figure 1A) and are characterized by their
complex structures and various biological functions [12].

These compounds typically feature a thirty-carbon skeleton
(C-30), which varies from acyclic to hexacyclic, exhibiting over
20,000 known structural variations. Despite their considerable
structural diversity, triterpenoids share a common biosynthetic
pathway and adhere to analogous synthetic routes [1, 2, 13].
Indeed, all terpenoids are enzymatically cyclized products
derived from substrate alkene chains that contain a specific
number of linear, head-to-tail condensed C-5 isoprene units
[13]. The number of repeated isoprene units dictates the type
of terpenoid produced. For triterpenoids, six C-5 isoprene units
combine to formC-30 squalene, which is then cyclized into one of

FIGURE 1 (A) Sources of triterpenoids and some representative
species. (B) Different skeletons of triterpenoid sapogenins.

the signature carbon skeletons [14]. Based on scaffold variations,
natural triterpenoids are mainly classified into several major
types (Figure 1B), including tetracyclic triterpenoids (lanostane,
dammarane, tirucallane, cucurbitane, cycloartane, and melia-
cane), pentacyclic triterpenoids (oleanane, ursane, lupane, and
friedelane), and their glycoconjugates—triterpenoid saponins
[12, 15]. As cyclization increases, the rigidity of triterpenoids also
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increases, which is accompanied by the formation of multiple
chiral centers. Combined with the conformational rigidity
of the side chains, this results in more complex triterpenoid
molecules. Additional artificial modifications, such as the
addition of hydroxyl, carbonyl, glycosyl, and acyl chains, endow
triterpenoids with greater structural diversity, together with a
wide range of biological properties. Triterpenoids are known to
have numerous important pharmacological characteristics (e.g.,
hepatoprotective, antioxidant, anti-inflammatory, antitumor,
antimicrobial, and antiparasitic properties), making them
protagonists in traditional Chinese medicine (TCM) and modern
drug development since the 1930s [12, 15].

3 Supramolecular Assembly Behavior and
Gelation Properties of Natural Triterpenoids

Triterpenoids exhibit remarkable self-assembly properties
influenced by their unique structural characteristics [4]. The
supramolecular assembly of triterpenoids mainly involves
noncovalent interactions, including hydrophobic effects,
hydrogen bonding, electrostatic interactions, and van der Waals
forces [4]. Self-assembly can lead to the formation of micelles,
vesicles, or fibrous hydrogel networks, depending on the specific
triterpenoid and its environment [16–18]. For example, ursolic
acid, a natural pentacyclic triterpenoid carboxylic acid extracted
from various medicinal plants, exhibits antitumor activity
against various cancer types [19]. However, its poor aqueous
solubility greatly limits its clinical applications. After self-
assembling into nano-micelles using a solvent exchange method,
it showed increased water solubility and improved therapeutic
efficiency [20]. More recently, studies revealed that tuning the
solvent system can result in a change in the microstructure
of triterpenoids. For example, Li et al. [21] demonstrated that
the elastic modulus of self-assembled oleanolic acid could be
regulated by adjusting the ethanol content in an antiparallel
zigzag manner. Compared with flexible oleanolic acid nanogels,
rigid oleanolic acid nanoparticles showed enhanced antitumor
efficacy accompanied by decreased collagen production.

Interestingly, many triterpenoids exhibit remarkable gelation
properties that allow them to form hydrogels [22, 23] or
organogels [7, 24–28] in different solvent systems. The gelation
process is often driven by the molecular interactions within the
triterpenoid aggregates, which can trap solvents and create a 3D
network with a highly porous structure and large surface area
[29]. This property is particularly valuable in pharmaceutical
applications, where gels can serve as sustained-release matrices
for therapeutic agents. Furthermore, owing to their intrinsic
biological activity, triterpenoids can exhibit dual functionality,
serving as both gel matrices and therapeutical agents. The
ability of natural triterpenoids to self-assemble into micro-
/nanostructures and form gels makes them promising candidates
for various biological applications, especially in imaging, drug
formulations, tissue scaffolds, and wound dressings [5, 30–32].

Currently, the supramolecular assembly and gelation properties
of triterpenoids present exciting opportunities for innovation in
materials science and biomedicine, warranting further investiga-
tion into their underlyingmechanisms and practical applications.
In the following sections, we briefly outline the four main

biomedical applications of triterpenoid-based assemblies to pro-
vide a general understanding of the development of versatile
therapeutic platforms that will propel the biomedical field
forward.

4 Design and Biological Applications of
Functional Triterpenoid-Based Assemblies

4.1 Triterpenoids as Functional Groups for
Aggregation-Induced Emission

Aggregation-induced emission (AIE) refers to the phenomenon
in which certain molecules exhibit enhanced fluorescence upon
aggregation, in contrast to traditional fluorophores, which typi-
cally quench in concentrated solutions [33]. Triterpenoids possess
complex multi-ring frameworks, largely chiral structures, mul-
tiple modification sites, and various functional groups, such as
hydroxyl and carbonyl groups. These structural features not only
contribute to their biological activity but also play a crucial role
in the construction ofmodifiedAIEmicro-/nanomaterials. Lever-
aging the super self-assembly abilities of natural triterpenoids,
triterpenoid functionalization can significantly regulate strong
intra-/inter- molecular interactions that are essential for the
optimization of AIE micro-/nanomaterials [34–37]. First, self-
assembling triterpenoid compounds are often used as template
materials for the preparation of supramolecular chiral materials
(Figure 2A) [38–41]. For example, Gao et al. [39] reported the
use of an oleanolic acid-derived ideal amphiphilic molecule, C4-
MOP, as a template to create novel chiral silica materials via a
sol-gel silica mineralization process. Building on this research
and to address the thermal stability issues of AIE-based circularly
polarized luminescence materials, C4-MOP was utilized as a
template to fabricate two helical organic-inorganic hybrid silica
ribbons with single-handed helicity [40]. The template-removed
helical silicas exhibited circularly polarized luminescence activ-
ities with enhanced luminescence efficiency (Figure 2B). This
supramolecular templating polymerization approach offers a
straightforward and effective method for preparing imprinting
supramolecular chiral silica and enhances the application of
chiral natural triterpenoids in materials science.

Secondly, the unique structures of compounds (such as
tetraphenylethylene and triphenylamine) which are typical
building blocks for AIE, enable them to dissipate energy through
molecular rotation and vibrational processes when in a high-
energy excited state in solution. This results in a significantly
low fluorescence quantum yield in the solution phase [42].
Conversely, in the aggregated state, intramolecular interactions
restrict the motion of the rotatable groups within the molecules
(Figure 2A). Additionally, the twisted, nonplanar molecular
structure effectively mitigates the strong π–π interactions
commonly observed in conventional fluorescent dyes, which
stem from their rigid planar configurations. This helps prevent
fluorescence quenching caused by planar stacking. After
conjugated with triterpenoids, which inherently possess self-
assembly capabilities, the motion of the rotatable groups
within the molecules is further constrained (Figure 2A).
Collectively, these factors contribute to the maintenance
of high-efficiency fluorescence emission in AIE molecules
when in the triterpenoid aggregated state. For example, after
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FIGURE 2 (A) Schematic of strategies for boosting the performance of AIE molecules with triterpenoids. (B) Schematic of the formation of chiral
hybrid silicas withAIE properties using a triterpenoid template and chemical structures of assemblymotifs. Reproducedwith permission [40]. Copyright
2022, Elsevier. (Ca) Chemical structures, (Cb) TEM images, and (Cc) proposed schematic of the self-assembly process. Reproduced with permission
[35]. Copyright 2023, American Chemical Society. (D) Schematic of the fabrication of berberine–glycyrrhetinic acid salts via the lipophilic salt-forming
strategy. Reproduced with permission [44]. Copyright 2024, American Chemical Society.

conjugation with glycyrrhetinic acid, the thermo-responsive
amphiphilic cis-/trans-tetraphenylene-glycyrrhetinic acid-
polyethylene glycol (TPE-GA-PEG) isomers displayed different
self-assembly behavior in different solvent systems under light
irradiation (Figure 2C) [35]. As the water content increased in
the tetrahydrofuran/water solution, trans-molecules exhibited
characteristic AIE properties, leading to the formation of
nanospheres. In contrast, isomers demonstrated enhanced
fluorescence, accompanied by a red shift in wavelength and
the generation of nanovesicles (Figure 2C). This strategy
can also be observed in some other studies [37, 43]. In
addition, when conjugated with AIE luminogens (AIEgens),
the resulting triterpenoid–AIEgen complexes have been
reported to enhance cancer treatment through chemotherapy
combined with photodynamic therapy. A recent example
is mitochondria-targeted triterpenoid–AIEgens comprising
betulinic acid/oleanolic acid/ursolic acid and triphenylamine
with pyridinium groups [36]. These triterpenoid–AIEgen

fluorescent derivatives possessed near-infrared-activated and
AIE properties, which endowed them with imaging and potent
chemo-photodynamic combined therapy activities both in vivo
and in vitro.

Finally, in addition to molecular conjugation, the lipophilic
salts self-assembled with acidic triterpenoids and alkaline AIE
molecules often exhibit a limited dynamic vibration in solution,
thus enhancing the performance of AIE (Figure 2A) [44, 45].
For instance, berberine–glycyrrhetinic acid salt nanodrugs have
been successfully fabricated following a proprietary lipophilic salt
formation strategy (Figure 2D) [44]. An almost 10-fold increase
in fluorescence intensity was observed compared with berberine
alone, which is beneficial for in vivo imaging [44].

Triterpenoid–AIE conjugated materials, with their unique struc-
tural features and enhanced AIE properties, represent a com-
pelling field of research that bridges natural products with
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advanced materials science. The unique molecular architecture
of triterpenoids contributes to their biological activity and facili-
tates their application in innovative material technologies. Their
ability to enhance fluorescence upon aggregation holds great
potential for innovative applications, particularly in enhanced
imaging techniques and photodynamic therapy, making them
valuable research subjects in the ongoing exploration of AIE-
based functional materials. To sum up, their dual function of
being both therapeutic agents and advanced materials renders
them highly promising for applications in the field of AIE-based
technologies.

4.2 Triterpenoids as Building Blocks for
Self-Transportation and Drug Delivery

4.2.1 Co-Assembled Triterpenoid Nanoparticles for
Self-Transportation and Drug Delivery

Inspired by the self-assembly of natural triterpenoids, studies
have focused on the capacity of self-transportation and drug
loading of natural triterpenoids and their derivatives in different
solvent systems (Figure 3A) [46–53]. The ability to control these
assemblies opens new avenues for designing novel drug delivery
systems with unique properties. For example, maslinic acid is a
naturally occurring bioactive triterpenoid containing dihydroxyl
and mono-carboxyl groups. Sodium and potassium salts of
the nanosized maslinic acid can efficiently self-assemble into
vesicular nanoparticles and load drugs (Figure 3B). Furthermore,
changes in the pH of the medium can result in lysis of the
vesicular morphology with concomitant release of the entrapped
doxorubicin [50]. In addition, recent reports have unveiled that
triterpenoid-based carbon dots exhibit self-assembly capabilities
and possess unique biological properties [54–61]. For instance,
using three triterpenoids (oleanolic acid, glycyrrhetinic acid,
and ursolic acid) as precursors, novel triterpenoid-carbon dots
were fabricated using a one-step solvothermal approach for
effective cancer therapy (Figure 3C) [56]. In two other examples
ursolic acid–carbon dots [55] and ginsenoside Rg1–carbon dots
[59] were successfully prepared using similar methods. Both
nanoparticles functioned as multi-model anticancer therapeutic
agents, resulting in improved therapeutic efficiency and reduced
adverse effects [55, 59].

The co-assembling of multiple terpenoids [65–68] or with other
compounds (e.g., flavonoids [69–71], carotenoids [72], polyphe-
nols [73], bilins [74], and quinones [75, 76]) greatly improves the
aqueous solubility and bioavailability of drugs and achieves high
drug loading. Besides, through some specific chemical modifi-
cations, the introduction of various stimuli-responsive linkers or
targeting moieties can benefit the smart delivery and controlled
release of therapeutics [62, 77–81]. In one example termed TK-
GA2-Rh2 NPs, a carrier-free triterpenoid-based co-assembled
prodrug consisting of ginsenoside Rh2 and TK-GA2 (two gly-
cyrrhetinic acidmolecules conjugatedwith a thioketal linker)was
fabricated [62]. These glucosyl group-equipped nanoparticulate
prodrugs were competitively taken up by oral squamous cell car-
cinoma cells through glucose transporters (GLUTs). The reactive
oxygen species (ROS) endogenously generated by glycyrrhetinic
acid triggered the ROS-specific bond cleavage for self-boosted

drug release and synergistically induced strong cell apoptosis
with ginsenoside Rh2 (Figure 3D).

Furthermore, owing to the combination of various functional
components, it is often feasible to fabricate carrier-free nan-
odrugs. This innovative approach leverages the synergistic
properties of multiple constituents, allowing the development
of nanodrugs that do not rely on traditional carrier systems.
Compared with single treatments, triterpenoid-based carrier-free
nanodrugs exhibit outstanding synergistic therapeutic effects and
fewer side effects [62, 66–71, 75, 77, 78, 82–92]. Noncovalent
interactions between triterpenoids and other types of compounds
(such as sonosensitizers and photosensitizers) often participate in
the construction and stability maintenance of the self-assembled
carrier-free prodrug systems. For example, oleanolic acid could
self-assemble with heptamethine cyanine (Cy7) and hemato-
porphyrin (Hp) via hydrogen bonds and hydrophobic interac-
tions [84]. This prodrug showed deep tumor penetration and
generated multiple long-lived hypertoxic reactive species, thus
achieving effective chemo-sonodynamic combination therapy.
The absence of carriers can enhance the pharmacokinetic profiles
of triterpenoid-based nanodrugs, potentially improving their
therapeutic efficacy and reducing their side effects. Consequently,
triterpenoid-based carrier-free nanodrugs are highly promising
for facilitating the translation of triterpenoid-based therapeutics
from the bench to the bedside.

Triterpenoids can also serve as multifunctional platforms for
delivering biomacromolecules (e.g., peptides) in addition to small
molecules [63, 93–95]. In one example of triterpenoid–peptide
complexes, a lanostane-type triterpenoid acid, dehydrotrame-
tenolic acid (DTA), was used to encapsulate GLP-1 (Figure 3E)
[63]. The resulting GLP-1-NPs exhibited a rod-like morphology
akin to that of DTA-NPswithout encapsulation. During intraperi-
toneal glucose tolerance tests, mice received an intraperitoneal
injection of glucose followed by oral delivery of GLP-1-NPs and
showed a significant decrease in their glucose levels compared
with the free GLP-1 oral group. To address the low solubility and
poor permeability in the transdermal delivery of peptide drugs,
bioactive self-assembled nano-micellar ionic liquids were suc-
cessfully prepared using oleanane-type triterpenoid glycyrrhizic
acid and oxymatrine in another example [95]. The amphiphilic
nature of glycyrrhizic acid, combined with the presence of car-
boxyl groups, enhances the strong electron-donating capabilities
of theN+–O− andC═Obonds in the chemical structure of oxyma-
trine, thereby facilitating the formation of stable nano-micellar
ionic liquids. After loading with palmitoyl pentapeptide-4 in the
absence of additional auxiliary materials, permeation, and sub-
cutaneous retention were significantly increased. Furthermore,
the exceptional anti-inflammatory properties of glycyrrhizic acid,
combined with the antiphotoaging capabilities of oxymatrine
and palmitoyl pentapeptide-4, collectively contributed to an
unprecedented antiphotoaging effect. These results suggest that
triterpenoids are promising peptide drug delivery vehicles for
both oral and transdermal delivery.

The assembly of triterpenoids with biomacromolecules signifi-
cantly facilitates the delivery of active biomolecules as discussed
above, while certain biomacromolecules can also participate
in and regulate the formation of triterpenoid self-assemblies.
These biomacromolecules typically exhibit excellent molecular
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FIGURE 3 (A) Schematic of self-assembly strategies for triterpenoids. (B) Self-assemblies of sodium and potassium salts of maslinic acid and
their applications on drug loading. Reproduced with permission [50]. Copyright 2023, Elsevier. (C) Triterpenoid-based carbon dots exert anticancer
activity through a multimodel approach. Reproduced with permission [56]. Copyright 2023, Elsevier. (D) Triterpenoid-based prodrug fabricated with
ROS self-supplied TK-GA2 and ginsenoside Rh2 for self-boosted drug release and synergistic oral squamous cell carcinoma chemotherapy. Reproduced
with permission [62]. Copyright 2024, American Chemical Society. (Ea) Molecular structure of DTA and (Eb) SEM images of GLP-1-NPs, scale bar:
500 nm. Reproduced with permission [63]. Copyright 2019, Springer Nature. (F) Schematic design of pH-responsive cofactor-assisted ursolic acid helix.
Reproduced with permission [64]. Copyright 2025, American Chemical Society.
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flexibility and tunable intermolecular interactions, demonstrat-
ing significant potential in the construction of functional triter-
penoid nanomaterials. Inspired by the dynamic regulatory mech-
anisms of molecular chaperones, Lin et al. innovatively designed
an active polypeptoid as an assembly facilitator for ursolic acid
compounds (Figure 3F) [64]. To do so, the team simulated the
precise assembly process of biomacromolecules, utilizing bioac-
tive polypeptoids to regulate the in situ dynamic self-assembly
of ursolic acid, successfully constructing a pH-responsive helical
nanofiber structure. This self-assembly process exhibited a dis-
tinct three-stage evolution: initially forming nanoscale subunits,
followedby assembly into virus-like nanoparticles, andultimately
organizing into stable helical nanofibers (Figure 3F). The sta-
bility of this assembly system was synergistically regulated by
multiple factors, particularly critical parameters such as charge
ratio, salt concentration, degree of polymerization, and solution
pH. Notably, this system demonstrated excellent reversible pH-
responsive behavior, maintaining a stable fibrous morphology
under neutral pH conditions while spontaneously transforming
into virus-like nanoparticles in acidic environments at the tumor
site. This intelligent morphological transformation significantly
enhanced the penetration efficiency of the nanodrug in tumor
tissues, thus inhibiting tumor growth and metastasis.

4.2.2 Improved Intracellular Delivery and
Endosomal/Lysosomal Escape through
Triterpenoid-Induced Lipid Reintegration

In 1962, Bangham et al. [96] first reported triterpenoid saponin-
induced membrane permeabilization after observing hexagonal
structures on cholesterol-containing planar membranes treated
with triterpenoid saponin. They suggested the formation of a
hexagonal micellar structure by saponins and cholesterol, which
generated transient pores in the membrane plane. This observa-
tion was subsequently confirmed ex vivo when isolated human
erythrocyte cell membranes were treated with saponin, resulting
in the formation of pores that were large enough to permit the
diffusion of substantial 450 kDa proteins [97]. The membrane
disruption and reintegration caused by the sophisticated interac-
tion between triterpenoid saponins and phospholipidmembranes
have been applied to enhance the intracellular delivery of drugs
and improve lysosomal escape, particularly for peptides and
nucleic acid therapeutics (Figure 4A). For example, based on
these findings, α-hederin, a pentacyclic triterpenoid saponin, was
utilized as a drug carrier for intracellular delivery (Figure 4B) [98].
The distinctive permeabilization and amphiphilic characteristics
of triterpenoid saponins enabled the successful delivery of large
nanoparticles in less than 5 min, which is approximately 20
times faster than that of previously reported nanoparticle delivery
systems.

To access the cellular transcriptionmachinery, nucleic acidsmust
escape from the endosomes/lysosomes into the cytosol. Several
innovative strategies have been developed to augment the endo-
somal/lysosomal escape of nucleic acids and avoid therapeutic
failures [102]. Owing to their excellent fusogenic properties with
cell lipid membranes, triterpenoid saponins have been explored
as powerful tools for increasing the endosomal/lysosomal escape
of peptide or nucleic acid-containing nanocarriers. Weng et al.

first demonstrated that certain triterpenoid saponins specifically
facilitated the release of saporins from late endosomes and lyso-
somes into the cytosolwhile preserving the integrity of the plasma
membrane [103]. Since then, considering the major obstacle of
efficient gene delivery and the membrane-active properties of
triterpenoid saponins, studies have focused on a series of triter-
penoid saponins isolated from plants as endosomal/lysosomal
escape-enhancing agents for improved gene delivery [99, 100,
104, 105]. Among these, SO1861, a natural triterpenoid glycoside,
has been shown to efficiently augment the escape of the genetic
cargo from endosomes and lysosomes into the cytosol via its
membrane-activated properties (Figure 4C) [99]. A strategy has
been developed by Kolster et al., who described a gene delivery
vector consisting of plasmid DNA, a poly-L-lysine (PLL) cationic
peptide, and the triterpenoid SO1861 (Figure 4D) [100]. Trans-
fection efficiency assay on multiple cell lines showed superior
susceptibility to transfection in various tissues and organisms
of origin. Corresponding in vivo tests showed inhibited tumor
growth and improved survival rate for the SO1861-equipped gene
delivery vector compared with the control group.

In addition, the independent construction of triterpenoid
saponin-functionalized nanoparticles, combined with targeted
drug delivery systems, has been shown to be an effective
strategy for enhancing endosomal escape. An example of a
modified superparamagnetic iron oxide nanoparticle (SPION)
incorporated dianthin-epidermal growth factor (a targeted
toxin) and SO1881, allowing for a comparison of the toxicity and
targeting efficacy of the dianthin-epidermal growth factor in the
presence or absence of SO1861-SPION (Figure 4E) [101]. The
results demonstrated that SO1861-SPION significantly enhanced
the toxicity (by 2000-fold) and targeting efficacy (by 6.7-fold) of
dianthin-epidermal growth factor-SPION when used alone.

4.2.3 Triterpenoids for Immune Stimulating and
Fabricating Vaccine Adjuvant System

Quillaja saponaria-21 (QS-21, Figure 5A), a triterpenoid saponin
present in the chromatographic fractions of the Chilean soap-
bark tree, is well known for its role as an immunostimulatory
adjuvant in vaccines. This is especially important in subunit
vaccines, where the immune systemmay not respond sufficiently
strongly to the isolated antigens without an adjuvant. QS-21 is a
potent adjuvant currently used in both exploratory and licensed
vaccines. Compared with classical vaccine adjuvants, such as
aluminum hydroxide [106], QS-21 can boost the effectiveness of
vaccines by enhancing the immunogenicity of antigens via the
activation of immune cells. QS-21 has been utilized as an integral
component of advanced/licensed vaccines against malaria [107,
108], respiratory syncytial virus [109, 110], severe acute respiratory
syndrome coronavirus 2 [111, 112], rabies virus [113], cancers [114],
and many more [115, 116].

Several hypotheses suggest that QS-21 enhances the antigen
uptake by the antigen-presenting cells (APCs) by binding to cell
surface lectins via its carbohydrate domains. This interaction can
result in specific cytokine profiles that boost the responses of
T and/or B cells [117–119]. Additionally, a proposed mechanism
indicates that QS-21 (and other related QS triterpenoid saponin
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FIGURE 4 (A) Improved intracellular delivery and endosomal/lysosomal escape through triterpenoid saponin-induced lipid disruption and rein-
tegration. (B) Schematic of the cell permeabilization mechanism of triterpenoid saponin micelles for the ultrafast delivery of nanoparticles. Reproduced
with permission [98]. Copyright 2017, American Chemical Society. (C) Triterpenoid aglycon SO1861 mediates the enhanced endosomal/lysosomal
escape of the genetic cargo. Reproduced with permission [99]. Copyright 2015, Elsevier. (D) Cationic peptide-triterpenoid conjugates with superior
transfection efficiency and cell viability mediated by SO1861. Reproduced with permission [100]. Copyright 2024, American Chemical Society. (E)
SO1861-functionalized superparamagnetic iron oxide nanoparticles as endosomal escape enhancers for the delivery of targeted toxins. Reproduced with
permission [101]. Copyright 2021, MDPI.

adjuvants) acts effectively on both dendritic cells (DCs) and
T cells [117–119]. Most importantly, the strong affinity of QS-
21 for lipid bilayer membranes destabilizes the membrane [96,
97], leading to membranous pore formation as discussed above.
This process facilitates the escape of antigens into the cytosol
where they are further processed into peptides. These peptides
are then loaded ontomajor histocompatibility complexmolecules
and present on the surface of DCs to naïve CD8+ T cells,
resulting in the generation of cytotoxic T lymphocytes (CTLs)
and the secretion of the corresponding cytokines (Figure 5C)
[115, 117–119]. In a recent representative example (Figure 5D)
[112], a highly modular triterpenoid saponin-based nanoparticle
platform has been developed, incorporating Toll-like receptor
agonists (TLRas) such as TLR1/2a, TLR4a, and TLR7/8a adju-
vants, alongwith theirmixtures. These diverse TLRa-triterpenoid
saponin nanoparticle adjuvant constructs elicited distinct acute
cytokine and immune-signaling profiles, resulting in specific T
helper responses. Overall, this work highlighted amodular TLRa-
triterpenoid saponin nanoparticle adjuvant platform that has
the potential to enhance vaccine design and influence modern
vaccine development.

QS-18 is the most abundant QS saponin fraction, exhibiting a
subtle structural difference (an additional β-D-glucopyranosyl
unit) in the oligosaccharide domain of the quillaic acid moiety
(Figure 5B). However, the applications of QS-18 are limited due
to toxicity concerns, according to some preclinical studies [122].
Compared with QS-21 liposomes, recent studies revealed that QS-

18 formulated in liposomes (Figure 5E) generated higher levels of
CD8+ T cells specific to cancer neoepitopes and tumor-associated
antigens. This study comprehensively evaluated the adjuvanticity
and toxicity of QS-18 and QS-21 to determine the feasibility of
replacing QS-21 with QS-18 in vaccine development [120].

Macrophages, as a crucial component of the innate immune sys-
tem, heavily rely on specificmetabolic reprogramming to perform
their immune functions [123]. Therefore, the development of
adjuvants that can reprogram macrophages is equally important.
Most recently, a polysaccharide nanoparticle adjuvant termed
MPSNPr has been developed (Figure 5F) [121]. This innovative
study directly conjugated dextran with betulinic acid to create an
engineered nanoparticle adjuvant. Compared with free betulinic
acid, dextran-betulinic acid enhanced cancer immunotherapy
by inducing M1 polarization in macrophages, promoting DC
maturation, and activating CTLs, leading to significant inhibition
of tumor growth in the mouse model.

Collectively, QS-21 together with the related QS fractions (such
as QS-18, QS-17, and QS-7) [122, 124] and other potential
immunomodulatory triterpenoids play crucial roles in the fields
of immunotherapy and vaccine development. Their ability to
enhance immune responses and act as effective adjuvants makes
them promising candidates for improving vaccine formulations
and overall public health outcomes. Particularly in the context of
liposomal vaccines, the incorporation of these triterpenoids may
enhance the stability and delivery of antigens, thereby affording

8 of 30 Aggregate, 2025



FIGURE 5 Chemical structures of (A) QS-21 and (B) QS-18. (C) Proposed mechanism of action for QS-21-related saponin adjuvants. Reproduced
with permission [119]. Copyright 2021, Springer Nature. (D) Schematic representation of triterpenoid saponin nanoparticles and different formulations.
Reproducedwith permission [112]. Copyright 2024, TheAmericanAssociation for theAdvancement of Science. (E) QS-18 formulated liposomal vaccines.
Reproducedwith permission [120]. Copyright 2024, Elsevier. (F)Activation ofAPCs by proinflammatory polysaccharide nanoadjuvant (dextran-betulinic
acid) for enhanced cancer immunotherapy [121]. Reproduced with permission. Copyright 2025, The Authors.

a more robust immune response. With ongoing research delving
deeper into the mechanisms of action and optimal formulations
of immune-stimulating triterpenoids, their potential applications
in immunotherapy and vaccine technologies are likely to expand
significantly. This could pave the way for innovative therapeutic
interventions and ultimately contribute to advancements in
disease prevention and treatment strategies in public health.

4.2.4 Enhanced Active Targeting Drug Delivery by
Triterpenoid Modification

In the 1990s, studies [125–127] revealed that glycyrrhetinic acid
and glycyrrhizic acid bound specifically and reversibly to a
particulate fraction of rat livers, suggesting, for the first time,

the higher affinity of these two triterpenoids toward the liver
compared with other organs, through their specific binding
proteins. Since then, several studies have reported the pres-
ence of a large number of glycyrrhetinic acid receptors in
human hepatocyte membranes, especially hepatocellular carci-
noma cells [128]. Receptor-mediated endocytosis facilitates the
selective uptake of drugs conjugated with glycyrrhetinic acid,
enhancing their accumulation in liver tissues and minimizing
systemic side effects. These studies have paved the way for
the development of hepatoma-targeted therapy with the fab-
rication of glycyrrhizic acid and glycyrrhetinic acid-modified
liposomes [129–132], polymeric nanoparticles [133–137], recom-
binant human serum albumin nanoparticles [138], extracellu-
lar vesicles [139], metal-organic frameworks [140], and others
[141–143] (Figure 6A). As shown in Figure 6B, a drug carrier was
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FIGURE 6 (A) Chemical structures of glycyrrhetinic acid and modified delivery systems with hepatocyte-targeting effects. Reproduced with
permission [143]. Copyright 2022, MDPI. (Ba) Preparation of the CTS/PEG-GA nanoparticles. (Bb) TEM image of the CTS/PEG-GA nanoparticles.
(Bc) Single-photon emission computed tomography images of the mice after injections with the CTS/PEG and CTS/PEG-GA nanoparticles at 15,
90, and 180 min. (Bd) Tissue distribution of radiolabeled CTS/PEG and CTS/PEG-GA nanoparticles 180 min after intravenous injection. Reproduced
with permission [133]. Copyright 2010, Elsevier. (C) Schematic depiction of ginsenoside Rg3-engineered exosomes for potent and orthotopic
glioblastoma-specific synergistic therapy. Reproduced with permission [144]. Copyright 2023, Elsevier.

fabricated using chitosan/poly(ethylene glycol)-glycyrrhetinic
acid (CTS/PEG-GA, Figure 6Ba) and characterized (Figure 6Bb).
After injection, single-photon emission computed tomography
was used to evaluate the liver-targeting ability of the CTS/PEG-
GA nanoparticles. Real-time biodistribution analysis revealed
consistently high radioactivity in the liverwithin 180min,with no
significant decrease observed until the end of the measurement
(Figure 6Bc,Bd) [133].

Considering the critical role of targeting performance in phar-
macology, glycyrrhizic acid, and glycyrrhetinic acid is highly
promising as targeting ligands in liver-targeted drug delivery
systems. Their inherent ability to bind selectively to specific
liver receptors significantly enhances the efficacy and safety
of therapeutic agents. This selective binding mechanism not
only facilitates the precise delivery of drugs to liver tissues
but also minimizes off-target effects, thereby improving the
overall therapeutic index of the administered agents. Incorpo-
ration of these ligands into advanced drug delivery strategies
represents a substantial advancement in the field of targeted
therapy. By leveraging their natural affinity for liver recep-
tors, more effective delivery systems can be developed, that
optimize drug concentration at the site of action, while reduc-
ing systemic exposure. This is particularly beneficial for the
treatment of liver-related diseases, in which localized delivery
can lead to improved patient outcomes. Ongoing research is
actively investigating the full potential of glycyrrhizic acid and
glycyrrhetinic acid for various therapeutic applications. As the
knowledge in this area expands, it is anticipated that these
compounds will play a pivotal role in the development of
innovative treatment modalities for liver diseases, ultimately
contributing to enhanced clinical management and therapeutic
success.

Glycosylation strategies have been a focal point of research in
the field of pharmacology owing to their potential to facili-
tate carrier-mediated transport across the blood–brain barrier
through specific binding to the GLUTs on endothelial cells [145].
Numerous triterpenoid glycosides, such as ginsenoside Rg3 and
Rh2, have been shown to contribute to the development of
targeted drug delivery systems via the interaction between the
glycones and GLUTs. Notably, many tumor cells exhibit high
expression of GLUTs due to their abnormal proliferation pheno-
type and significant energy demands, providing an opportunity
for triterpenoid glycoside-modified drug delivery systems [62,
144, 146]. Consequently, they are particularly well-suited for
the treatment of brain tumors, such as glioblastoma. Li et al.
recently reported a ginsenoside Rg3-functionalized homologous
glioblastoma cell-derived exosomes encapsulated with arsenic
trioxide and chlorin e6 (Figure 6C). The presence of glucosyl
residues in ginsenoside Rg3 was shown to significantly enhance
the ability to cross the blood–brain barrier and target glioma sites
of the drug system, thereby exerting a potentiated synergistic
antitumor effect [144]. It is noteworthy that the application of
glycosylation strategies, combined with the use of triterpenoids
as cholesterol substitutes, significantly enhances the construction
and optimization of lipid-based nanoplatforms. This topic will be
further discussed in Section 4.4.

4.3 Triterpenoids as Potential Gelators for
Rational Hydrogel Design

Self-assembled triterpenoid hydrogels have attracted
considerable attention in payload-free hydrogel [147–151] and the
delivery of small-molecule drugs [152–162], TCM extracts [163],
or pharmacological nanoparticles [157, 164–166]. These hydrogels
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are formed through the spontaneous assembly of triterpenoid
molecules into a 3D network [3–5, 22, 167, 168], offering excellent
biocompatibility, biodegradability, and sustained drug release.
By incorporating specific additional materials and employing
tailored preparation methods, triterpenoid hydrogels can be
endowed with tunable viscoelasticity, injectability, and thermo-
responsiveness, which are required for various biological
applications [3–5]. The three main approaches for designing
functional triterpenoid-based hydrogels are summarized and
emphasized in the following sections.

4.3.1 Triterpenoid Derivative Development

Triterpenoids and their derivatives have beenwidely used as gela-
tors, owing to their structural versatility, which allows for tailored
modifications for enhanced solubility, mechanical strength, and
biocompatibility.

Many triterpenoid compounds can spontaneously assemble into
stable hydrogel systems under specific experimental conditions
without the need for additional crosslinking agents or any chem-
ical modification. These hydrogel systems often exhibit greater
structural stability compared with poorly soluble monomeric
triterpenoids. For instance, while the water solubility of sodium
aescinate is relatively low, a simple process of heating, dissolving,
cooling to gel, and freeze-drying results in a sodium aesci-
nate powder that demonstrated excellent self-gelling properties
(Figure 7A), making it suitable for effective wound sealing and
rapid hemostasis [149]. Furthermore, these hydrogel systems
also display enhanced biological activity in most cases, largely
attributed to the unique interactions between their nanofibril
structures and biological membrane interfaces following gel for-
mation. A recent study reported a hydrogel network formed from
a triterpenoid saponin zingibroside R1 extracted fromPanax noto-
ginseng (Figure 7Ba) [150]. In solution, zingibroside R1 exhibits
poor solubility and limited antifungal activity; however, after a
straightforward heating-cooling process, zingibroside R1 could
form a 3D hydrogel network composed of tubular nanofibrils
(Figure 7Bb), significantly enhancing its stability and antifungal
properties. Studies on the interaction between the fibril structure
and fungal cell walls revealed that zingibroside R1’s nanofiber
structure can specifically recognize the glucan components of
fungal cell walls, thereby compromising their structural integrity
(Figure 7Bc).

Triterpenoid derivatives can also be engineered to exhibit
enhanced gelation properties, leading to hydrogels with desirable
characteristics such as controlled release and biodegradabil-
ity, together with an unprecedented hierarchical self-assembly
behavior [169–177]. For instance, using glycyrrhetinic acid
(Figure 7Ca) as the mother nucleus, the derivative GN-Bn
(Figure 7Cb) was designed and synthesized. Governed by π–π
stacking, hydrogen bonding, and van der Waals forces, GN-Bn
could self-assemble into a hydrogel in water containing 10–30%
ethanol. Micromorphology analyses showed that its 3D network
skeleton was composed of nanofibers [169]. To explore novel
bacteriostatic agents based on glycyrrhetinic acid hydrogels,
Guo et al. developed a glycyrrhetinic acid derivative, GA-O-20
(Figure 7Cc), which exhibited exceptional bactericidal ability and

was two to four times more effective than the glycyrrhetinic acid
hydrogel [173]. Similarly, functionalized with an aromatic pyri-
dinium cation (Figure 7Cd), both the molecular hydrophilicity
and the origin of π–π stacking methyl glycyrrhetate conju-
gates were significantly enhanced, resulting in well-ordered
supramolecular helical nanofibers [170].

Building on the structure of MGP, Gao et al. [178] substituted
pyridinewith bipyridine to design and synthesize a glycyrrhetinic
acid amphiphile containing a π-chromophore (MGB, Figure 7D).
This study demonstrated multiple strategies for modulating the
supramolecular assembly structure ofMGBP by adjusting solvent
polarity and counterions. Depending on the solvent’s polarity,
MGBP could assemble into nanofibers, helices, pentagonal, and
hexagonal microplates. Furthermore, by introducing counterions
of varying sizes and valences, nanofibers in a methanol/water
mixture could be transformed into ribbon-like robust fibers
and fiber bundles. This work offers a straightforward approach
to control the assembly structure of a natural triterpenoid
amphiphile, thereby expanding the applications of natural prod-
ucts to supramolecular materials [178].

Glycyrrhizic acid (Figure 7Ea), a glycoside compound of gly-
cyrrhetinic acid, stands as one of the most extensively stud-
ied triterpenoid hydrogel gelators. Low-molecular-weight gly-
cyrrhizic acid can dissolve rapidly in hot water, forming a
clear solution that transitions into a flowable, shape-moldable
hydrogel upon cooling (Figure 7Eb,F) [22, 154], Derivatives of
glycyrrhizic acid, such as GL-An [176] and AGA [171], have also
been designed to form hydrogels with distinct properties. In the
following sections, glycyrrhizic acid, this star triterpenoid, plays
a pivotal role in synergizing with other compounds to create
multifunctional materials with tailored properties for specific
biomedical applications.

4.3.2 Metal Ion Complexation

Metal ions tend to adopt diverse geometries for coordinating
with molecules in supramolecular chemistry and yield different
stable coordinated complexes. The functional groups present in
triterpenoids, such as hydroxyl, carboxyl, and carbonyl groups
can interact with metal ions (e.g., Na+ [147, 149, 179, 180], K+

[179–181], Ag+ [182, 183], Mn2+ [184, 185], Mg2+ [186, 187], Zn2+
[188–192], Cu2+ [181, 193–195], Fe2+ [196–198], Sr2+ [199], and Ga3+
[200, 201]), which play crucial roles in the structural integrity and
functional regulation of the metal ion-complexed triterpenoid
hydrogel.

Glycyrrhizic acid is a naturally occurring edible chiral triter-
penoid saponin capable of undergoing hierarchical self-assembly
in water, thus forming supramolecular hydrogels. To customize
the properties of glycyrrhizic acid supramolecular hydrogels
for wider biomedical applications, Yu et al. introduced several
metal ions with different valence states (Na+, K+, Ca2+, Zn2+,
and Al3+) and concentrations (5 and 50 mM) for glycyrrhizic
supramolecular hydrogel fabrication (Figure 8A). They revealed
that monovalent metal ions at low concentrations exerted
minor effects on the linear/nonlinear rheological and network
properties of the glycyrrhizic acid hydrogels. Conversely, when
complexed with high concentrations of monovalent metal ions,
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FIGURE 7 (A) Schematic diagram of the self-assembly mechanism of sodium aescinate self-gelling powder. Reproduced with permission [149].
Copyright 2025, Wiley-VCH GmbH. (Ba) Hydrogel formation of zingibroside R1. (Bb) SEM (left) and TEM (right) images of zingibroside R1 gel.
(Bc) Density functional theory calculations (left) and molecular dynamics simulation (right) of the potential interactions between zingibroside R1
nanofibril and fungal cell membrane. Reproduced with permission [150]. Copyright 2025, Wiley-VCHGmbH. Chemical structures of (Ca) glycyrrhetinic
acid and its derivatives (Cb) GN-Bn, (Cc) GA-O-20, and (Cd) MGP. (D) Schematic of hierarchical assembly of MGBP regulated by solvents and
counterions. Reproduced with permission [178]. Copyright 2021, Elsevier. (Ea) Chemical structure of glycyrrhizic acid and (Eb) its shape-moldable
property. Reproduced with permission [22]. Copyright 2019, American Chemical Society. (Fa) The transition of glycyrrhizic acid from sol to gel and
(Fb) the transmission electron microscope image of glycyrrhizic acid hydrogel. Reproduced with permission [154]. Copyright 2023, American Chemical
Society.

the glycyrrhizic acid hydrogels exhibited prominent nonlinear
rheological properties, featuring a distinct transition from elastic
to viscous behavior. Owing to their higher charge density and
stronger binding with glycyrrhizic acid, polyvalent metal ions
greatly enhanced the network strength of the hydrogel at low
concentrations, whereas unstable fibrillar structures and discrete
gel networks were observed at higher concentrations [179]. Based
on these findings, a novel hierarchical supramolecular hydrogel
composed of glycyrrhizic acid and carrageenan was fabricated
using Na+ and K+ [180].

Metal ions can significantly influence the properties of the
resulting hydrogel, including its swelling behavior, mechanical
strength, and bioactivity. Among the polyvalent metal ions, Zn2+
proved more effective in promoting glycyrrhizic acid hydro-
gel formation even at a glycyrrhizic acid concentration of 0.5
wt% [188, 189]. However, considering the special functions of
some metal ions themselves, studies have focused on finding
a balance between physical properties and biological functions
when selecting ionmodules for triterpenoid hydrogel preparation
(Figure 8B). For example, given the multiple effects of Mg2+
in soft tissue repair [202], Zhang et al. [186] reported a Mg2+-

complexed betulinic acid self-stacked hydrogel forwound healing
(Figure 8C). The sustained release and synergistic pharmaco-
logical effects of Mg2+ and betulinic acid endowed this wound
dressing with excellent mechanical properties that can be applied
to chronic wounds to accelerate scar-free healing. Zn2+ serves as
a crucial structural and catalytic factor, playing important roles
in maintaining homeostasis, immune function, and oxidative
stress response [203]. Wang et al. [191] complexed Zn2+ with
glycyrrhizic acid to form a primary network, which was then
mixedwith hyaluronic acidmethacrylate and polyvinyl alcohol to
create a robust cross-linked hydrogel network. This low-swelling
and moisturizing hydrogel demonstrated excellent therapeutic
efficacy in a rat model of infected wounds (Figure 8D). In another
study, a Cu2+-complexed dual-triterpenoid hydrogel composed
of glycyrrhizic acid and celastrol was developed that exerted a
formidable antitumor effect [193]. In addition to participating in
the construction of the gel, Cu2+, as a redox-active metal ion,
can dynamically regulate the tumor microenvironment through
chemodynamic therapy and stimulate cuproptosis (Figure 8E)
[193]. Table 1 summarizes the composition and biological appli-
cation of triterpenoid hydrogels complexed with different metal
ions.
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TABLE 1 Prominent examples of metal ion-complexed triterpenoid hydrogels.

Metal
ions Triterpenoids Payloads

Other
cross-linked
networks Bioapplications References

Na+ Glycyrrhetinic acid / / Postoperative
peritoneal adhesion

[147]

β-Aescin / / Traumatic brain
injury

[149]

Ag+ Glycyrrhizic acid / Silk fibroin Bacteria-infected
wound healing

[182]

Glycyrrhizic acid / Silk sericin Bacteria-infected
wound healing

[183]

Mn2+ Glycyrrhizic acid Kansui Radix
ethyl acetate

extract

/ Cancer [184]

Glycyrrhizic acid / / Degenerated
intervertebral discs

[185]

Mg2+ Betulinic acid / Bacterial cellulose Wound healing [186]
Asiatic acid / Bacterial cellulose Wound healing [187]

Zn2+ Glycyrrhizic acid / Methacrylate silk
fibroin

Diabetic wound
healing

[188]

Glycyrrhizic acid / / Respiratory
syncytial virus

[189]

Glycyrrhizic acid / Methacrylate
konjac

glucomannan

Diabetic wound
healing

[190]

Glycyrrhizic acid / Methacrylate silk
fibroin

Bone defects [192]

Glycyrrhizic acid Epigallocatechin-
3-gallate

Hyaluronic acid
methacrylate,

polyvinyl alcohol

Bacteria-infected
wound healing

[191]

Cu2+ Glycyrrhizic acid Celastrol / Cancer [193]
Glycyrrhizic acid Norcantharidin / Cancer [194]
Glycyrrhizic acid Protocatechuic

acid
/ Wound healing [195]

Fe2+ Glycyrrhizic acid / / Bacteria-infected
wound healing

[197]

Glycyrrhizic acid / Carboxymethyl
chitosan

Bacteria-infected
wound healing

[198]

Glycyrrhizic acid Iron sulfide / Diabetic wound
healing

[196]

Sr2+ Glycyrrhizic acid
ammonium salt

Pectin / Wound healing [199]

Ga3+ Glycyrrhizic acid / / Pressure ulcers [200]
Glycyrrhizic acid / Gelatin

methacryloyl
Bacteria-infected
diabetic foot ulcers

[201]

/: nil or not mentioned.
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FIGURE 8 (A) Schematic of the metal ion-modulated glycyrrhizic acid supramolecular hydrogel networks. Reproduced with permission [179].
Copyright 2024, Elsevier. (B) Hydrogel fabricated with multiple biological function-equipped metal ions and triterpenoids. (C) Schematic of the
preparation and self-assembly mechanism of Mg2+-complexed betulinic acid supramolecular hydrogel networks. Reproduced with permission [186].
Copyright 2024, Elsevier. (D) Schematic of Zn2+-complexed glycyrrhizic acid supramolecular hydrogel networks. Reproduced with permission [191].
Copyright 2025, Royal Society of Chemistry. (E) Schematic of the preparation of Cu2+-complexed glycyrrhizic acid supramolecular hydrogel loaded with
celastrol. Reproduced with permission [193]. Copyright 2025, Elsevier.

In summary, metal-ion complexation represents a valuable
approach for fabricating triterpenoid-based hydrogels with
improved properties and diverse applications. Future research
should prioritize the optimization of both triterpenoid and metal
ion selection to maximize the beneficial effects of complexation.
A thorough investigation of the underlying mechanisms of
complexation is essential to elucidate theways the differentmetal
ions interact with triterpenoids at the molecular level. This will
provide insights into the formation of hydrogels with tailored
properties suitable for specific applications.

4.3.3 Interpenetrating Multinetwork Hydrogel With
Other Gelators

Another innovative approach to enhance the properties of triter-
penoid hydrogels is the development of multiple interpenetrating
networks by cross-linking with other macromolecules/small

molecules. Interpenetrating multinetwork hydrogels involves
the simultaneous presence of two or more polymer networks
in a single hydrogel system. In the context of triterpenoid-
based hydrogels, this can entail integrating natural or artificially
synthetic macromolecules (e.g., hyaluronic acid [204], chitosan
[205], polyvinyl alcohol [206], carrageenan [180, 207], silk fibroin
[182, 208, 209], sodium alginate [210–213], gelatin [214], bacterial
cellulose [187, 215], gellan gum [216], mussel adhesive protein
[181], soy protein isolate [217–219], astragalus polysaccharide
[220], and synthetic polymers [53, 188, 221–230]) and other small-
molecule gelators (e.g., puerarin [231]). The interpenetration
network strategy often affords synergistic effects in which the
combined properties of different networks can lead to enhanced
performance.

By varying the composition and ratio of the interpenetrating
networks, several mechanical properties (e.g., swelling behavior,
tensile strength, elasticity, and adhesion) can be fine-tuned and
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FIGURE 9 (A) Primary sequence of the peptide PEP1, the chemical structure of glycyrrhizic acid, and schematic of the peptide/glycyrrhizic acid
supramolecular hydrogel networks. Reproduced with permission [223]. Copyright 2023, Elsevier. (Ba) Chemical structures of the ginsenoside compound
K-hyaluronic acid conjugates and β-cyclodextrin-hyaluronic acid conjugates and the fabrication of triterpenoid-based host-guest hydrogel. (Bb) ROS-
mediated apoptosis induced by triterpenoid-based supramolecular host–guest hydrogel for cancer therapy. Reproducedwith permission [232]. Copyright
2024, Elsevier. (C) Schematic for the preparation of two-component small-molecule hydrogel built from triterpenoid gelator and puerarin gelator.
Reproducedwith permission [231]. Copyright 2025, AmericanChemical Society. (D)Molecular docking simulation of asiaticoside and Panax notoginseng
saponins hydrogel and proposed co-assembly mechanism. Reproduced with permission [233]. Copyright 2024, Elsevier.

the biocompatibility of hydrogels can be enhanced. For example,
3D hydrogel networks composed solely of glycyrrhizic acid
often exhibit low adhesion, morphological instability, and low
mechanical strength. Furthermore, self-assembled glycyrrhizic
acid can induce cytotoxicity at certain concentrations, rendering
it unsuitable for most biomedical applications. However, when
cross-linked with other gel materials, these interpenetrating net-
works typically demonstrate superior mechanical strength and
biological functionality compared with single gel networks. For
instance, the supramolecular hydrogel formed by crosslinking the
peptide PEP1 with glycyrrhizic acid demonstrated strong tissue
adhesion on wet surfaces [223]. This adhesion was attributed
to the bidentate hydrogen-bond-associated salt bridges between
the guanidinium groups of arginine residues in PEP1 and the
deprotonated carboxylic groups of glycyrrhizic acid, along with
additional driving forces such as hydrogen bonding (Figure 9A).
Animal experiments revealed that this interpenetrating network
hydrogel can serve as a reliablemedical adhesive for dural sealing
and repair.

Self-assembling polymers based on β-cyclodextrin as noncovalent
host–guest modules have attracted attention owing to the ease of
modification, the capability of β-cyclodextrin to form complexes
with different guest molecules (such as adamantane), and the
reversible nature of this complexation [234]. Alternatively, triter-
penoids have been explored recently as a novel guest molecule
for the fabrication of supramolecular self-healable materials,
with the host-guest interaction being based on β-cyclodextrin
[232, 235–239]. In a previous study, the ginsenoside compound
K was employed as a novel guest molecule to fabricate an
injectable supramolecular hydrogel [232]. This hydrogel was
obtained by straightforward mixing ginsenoside compound K
and β-cyclodextrin complexes with different molar ratios, with
both components being previously attached to hyaluronic acid
(Figure 9B). The obtained hydrogel showed enhanced antitu-
mor efficacy and immune responses compared with single-drug
treatment, which can be attributed to the prolonged release of
the ginsenoside compound K to the tumor tissues from the
hydrogel.
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Small molecule gelators are not exclusive to triterpenoid com-
pounds; other small molecules with different chemical frame-
works, such as rhein and puerarin, also exhibit significant
hydrogel-forming capabilities at low concentrations [240, 241].
Therefore, the co-assembly strategy of triterpenoid compounds
with other low molecule weight gelators, alongside polymeric
materials, provides a new research direction for constructing sta-
ble hydrogel systems. This approach establishes a novel research
paradigm of “component interactions-supramolecular structure-
biological activity,” significantly advancing the development of
functional hydrogels. Notably, many of these natural small-
molecule gelators are derived from active components of TCM.
Investigating their molecular interaction mechanisms not only
offers scientific support for the combination of TCM theories but
also inspires innovative hydrogel design based on these princi-
ples. Research by Ji et al. [231] demonstrated that glycyrrhizic acid
can form stable two-component hydrogels with puerarin through
a simple heating-cooling process, exhibiting notable antibacterial
activity (Figure 9C).

Furthermore, it has been observed that certain triterpenoids,
which exhibit weak or no gelation properties when isolated, can
form stable hydrogel systems when blended with other triter-
penoid molecules. This synergistic effect significantly enhances
the stability and bioavailability of triterpenoids, especially show-
casing important application prospects in transdermal delivery
systems and oral formulations. For instance, Huang et al. suc-
cessfully developed a hydrogel dressing with wound-healing
properties by optimizing the ratio of the poorly soluble triter-
penoid asiaticoside and nongel-forming TCM extracts (Panax
notoginseng saponins), achieving significant therapeutic effects in
animal models (Figure 9D) [233].

Collectively, exploring innovative fabrication and processing
techniques is crucial for enhancing the physical properties
of triterpenoid hydrogels, including their mechanical strength,
elasticity, and stability, as well as their biological performance.
While conventional crosslinking methods remain fundamental
for hydrogel formation, advanced techniques such asmicrofluidic
fabrication, freeze-thaw cycling, and photopolymerization can
be employed to create triterpenoid-based hydrogels with tailored
architectures and functionalities [242–244]. Additionally, post-
processing approaches including 3D printing and electrospinning
of hydrogel composites enable the creation of sophisticated con-
structs with precise structural features [245, 246]. By advancing
these research areas, the efficacy and applicability of triterpenoid-
based hydrogels can be significantly improved, ultimately con-
tributing to the development of next-generation biomaterialswith
transformative potential for biomedical applications.

4.4 Triterpenoids as Cholesterol Alternatives for
Optimizing Lipid-Based Nanoparticles

The majority of clinically approved nanoparticle-mediated thera-
peutics are lipid-based nanoparticles, such as liposomes and lipid
nanoparticles (LNPs). In particular, with the advent of COVID-
19 vaccines, LNPs have been more widely recognized since 2020
[247, 248]. Most lipid-based nanoparticles contain cholesterol
[248, 249]. As an amphiphilic compound, cholesterol can interact
with the phospholipids and embed itself within phospholipid

molecules during lipid-based nanoparticle preparation, thereby
regulating the structure and properties of the liposomal mem-
brane [250, 251]. Additionally, cholesterol modulates the fluidity
of the phospholipid bilayer, reduces membrane permeability,
and minimizes drug leakage. Another reason for the widespread
use of cholesterol is its ability to impart flexibility to the lipid
membranes and prevent phospholipid oxidation [251]. Therefore,
lipid-based nanoparticles containing cholesterol help combat
variations in external conditions, owing to their dual-phase
regulatory effect on the phase transition of phospholipids [250,
252].

However, safety concerns regarding the use of cholesterol in lipid-
based nanoparticle formulations have been reported recently
[253]. First, excess exogenous cholesterol is metabolized in the
body and is partially converted to oxysterols, which can affect the
immune system and potentially promote immune evasion and
tumor growth in the tumor microenvironment [253–255], as well
as exacerbate inflammatory diseases [253]. Second, cholesterol-
dependent complement activation has been suggested as a poten-
tial factor that influences the pathogenesis of atherosclerosis [256]
and the occurrence of complement-mediated pseudoallergic reac-
tions [257–259]. Third, cholesterol may be detrimental in certain
patients. For instance, as a precursor of testosterone biosyn-
thesis, cholesterol can increase the levels of testosterone and
dihydrotestosterone in the body, leading to follicular damage and
hair loss. Therefore, cholesterol-free ginsenoside Rg3 liposomes
[260] and dutasteride-loaded cholesterol-free protopanaxadiol
liposomes [261] have been developed to treat alopecia.

Steroids [262–273] and triterpenoids [274–282] have a skeletal
portion that closely resembles that of cholesterol and possess
certain pharmacological activities. Several studies have reported
that they can partially or completely substitute cholesterol
in lipid-based nanoparticle formulations (Figure 10A). More-
over, cationic amphiphilic drugs have also been reported to
improve cytosolic nucleic acid delivery and serve as choles-
terol alternatives [283–285]. Numerous studies have shown that
triterpenoid-based cholesterol-free lipid-based nanoparticle for-
mulations often exhibit comparable or even superior biological
performance compared with traditional cholesterol-containing
lipid-based nanoparticle formulations [274, 277–281], particularly
in the context of diseases associated with cholesterol homeostasis
imbalance.

Triterpenoids possess the ability to regulate membrane fluidity
and stability akin to cholesterol, while additionally providing a
variety of other functionalities, such as pharmacological activity
and immunomodulatory properties. This multiple functionality
positions triterpenoids as a compelling strategy to enhance
LNP performance. For instance, a study comparing doxorubicin-
loaded liposomes composed of corosolic acid and cholesterol
revealed that corosolic acid liposomes exhibited higher stability,
lower drug leakage (Figure 10Ba), and better tumor spheroid pen-
etration characteristics (Figure 10Bb) than traditional liposomes
[275].

Notably, compared with traditional cholesterol-containing LNPs,
triterpenoid saponins with glycosyl ligands often expose glucose
moieties on the surface of LNPs due to their amphiphilicity
during LNP preparation, providing new insights for blood-brain
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FIGURE 10 (A) Comparison of cholesterol and triterpenoids for the fabrication of lipid-based nanoparticles. (Ba) Drug release profile from
cholesterol-/corosolic acid-containing liposomes. (Bb) Penetration depth in 3D tumor spheroids of cholesterol-/corosolic acid-containing liposomes.
Reproducedwith permission [275]. Copyright 2020, Elsevier. (Ca) Quantitative analysis of the cellular uptake of cholesterol-/ginsenoside Rg3-containing
liposomes by circulating tumor cells and red blood cells. (Cb) Representative confocal laser scanning microscope images of the cellular uptake of
cholesterol-/ginsenoside Rg3-liposomes by circulating tumor cells. (Cc) In vivo fluorescent and bioluminescent images of mice and various organs
and (Cd) Semi-quantification of the fluorescent signals in lung tissues. Reproduced with permission [288]. Copyright 2022, The American Association
for the Advancement of Science. (D) Screening ginsenosides to assemble self-adjuvant lipid nanoparticles for antigens tagging guided therapeutic tumor
vaccine. Reproduced with permission [296]. Copyright 2025, Wiley-VCH GmbH.

barrier transport and tumor targeting. Considering the high
demand for glucose in tumors, active targeting can be achieved
via the interaction between the glycosyl moiety-enriched triter-
penoids and glucose transporters (GLUTs) overexpressed in
tumors. Several actively targeting cholesterol-free triterpenoid
lipid-based nanoparticles based on GLUT targeting have been
successfully fabricated [280, 281, 286–295]. For example, Xia
et al. [288] compared Rg3-containing liposomes with traditional
cholesterol-containing liposomes and validated the specific inter-
nalization capability of Rg3-containing liposomes into circulating
tumor cells in vitro, which was not observed in normal cells
(red blood cells) (Figure 10Ca,Cb). In vivo experiments further
demonstrated that the Rg3-containing liposomes could be exten-

sively captured by tumor cells after injection compared with
cholesterol-containing liposomes (Figure 10Cc,Cd). Furthermore,
Rg3-GLUT1 docking and surface plasmon resonance experiments
demonstrated the strong affinity of Rg3 for GLUT1 through its
glycosyls, suggesting that it could serve as a promising active
targeting ligand for GLUT overexpressed tumor therapy.

LNPs, as nonviral carriers, demonstrate remarkable efficacy in
the delivery of nucleic acid vaccines [297]. Traditional vaccines
activate CTLs by delivering antigens to DCs to kill tumor
cells; however, tumor cells can evade the immune response
by downregulating surface antigens. Conventional LNPs often
require adjuvants to enhance immune responses, making the
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development of self-adjuvant tumor vaccine platforms that can
simultaneously target tumor cell antigens and activate DCs par-
ticularly important. The role of triterpenoids is becoming increas-
ingly prominent for enhancing nucleic acid vaccine delivery
owing to their multifunctional properties as cholesterol analogs,
GLUT targeting groups, immune adjuvants, and pharmacological
agents. Liang et al. screened various ginsenosides and identified
ginsenoside Rg3-LNPs as the most effective formulation, capable
of efficiently loading nucleic acids and promoting gene transfec-
tion (Figure 10D) [296]. Co-loading ginsenoside Rg3-LNPs with
GM-CSF (granulocyte-macrophage colony-stimulating factor) in
a porous hydrogel allowed for localized delivery around tumors,
facilitating accumulation in both the tumor and lymph nodes.
Ginsenoside Rg3-LNPs mediated targeting through GLUT1 on
tumor cell surfaces, anchoring antigens to enhance CTL recog-
nition while simultaneously activating DCs in lymph nodes
to improve antigen presentation. Additionally, ginsenoside Rg3
inhibited the infiltration of immunosuppressive cells and angio-
genesis, working synergistically with GM-CSF to remodel the
tumor microenvironment and significantly enhance antitumor
immune responses. This strategy has shown potent immune
activation and antitumor activity in breast cancer and melanoma
models, offering a novel approach for the clinical application of
tumor nucleotide vaccines.

The structural similarities between triterpenoids and cholesterol,
their exceptional efficiency asmembranemodulators, unique bio-
logical functions, targeting capabilities, and, most importantly,
the growing concerns regarding cholesterol safety, render the
substitution of cholesterol by triterpenoids in the development of
lipid-based nanoparticles for drug delivery systems a promising
strategy. This approach is especially important for treating dis-
eases associated with cholesterol homeostasis imbalance, such as
alopecia and cardiovascular conditions. Table 2 summarizes the
prominent examples of triterpenoid-substituted cholesterol-free
lipid-based nanoparticles.

Nevertheless, it is crucial to acknowledge that, despite the
extensive clinical research supporting traditional lipid-based
nanoparticle formulations, significant challenges remain in the
pursuit of establishing triterpenoids as viable alternatives to
cholesterol within these systems. Although triterpenoids exhibit
promising properties that can enhance the performance of lipid-
based nanoparticle formulations, the transition from theoretical
applications to practical and clinically relevant alternatives neces-
sitates rigorous investigation and validation. Furthermore, a
comprehensive evaluation of the potential biotoxicity of triter-
penoids is imperative. Understanding the safety profiles of these
compounds is essential for ensuring their suitability for pharma-
ceutical applications. This requires an assessment of their cyto-
toxic effects on various cell types and research on the potential
immunogenic responses and long-term biocompatibility.

5 Conclusion and Future Perspectives

Research on triterpenoids and their derivatives has revealed their
promising clinical potential, particularly as lead compounds for
new anticancer and antiviral drugs. Triterpenoids have been
employed in a wide range of functional nano-sized biomaterials
andmultitasking hydrogels, with the design of triterpenoid-based

assemblymaterials being an emerging frontier in supramolecular
chemistry. The triterpenoid unit is not only a superb assembling
motif but also an excellent therapeutic agent with extensive bio-
functions, exemplifying promising avenues for future biomedical
applications.

Although significant milestones have been achieved, the full
potential of triterpenoid-based supramolecular assemblies
remains unclear. Consequently, considerable efforts have
been dedicated to investigating the self-assembly of naturally
derived/artificially synthesized triterpenoids, facilitating the
development of more functionally complex biomaterials. In
recent years, the rapid advancement of multiscale modeling—
particularly through density functional theory calculations and
molecular dynamics simulations—has provided valuable tools for
studying the self-assembly structures and evolutionary processes
of triterpenoid assemblies. These approaches complement
experimental results and enhance our understanding of
noncovalent interactions within these assemblies. Moreover,
with the advancement of artificial intelligence, deep learning
has demonstrated significant potential in the structural design
and performance research of co-assembled nanodrugs [295,
318–322]. By utilizing deep learning, the relationship between
drug structure and co-assembly performance can be elucidated,
enabling the prediction of co-assembled drug molecules
and the further construction of co-assembled nanodrugs.
This approach provides potential support for analyzing the
influence of molecular local structures in the co-assembly
process of triterpenoid assemblies and for designing novel
triterpenoid-based drug formulations.

Notably, as prominent natural products, triterpenoids are the pri-
mary active components of various commonly used TCMs, such
as ginseng, hoelen, and astragalus. Research on the supramolec-
ular chemistry of triterpenoid compounds has greatly aided the
development of new drug formulations and shed light on the
theories and principles underlying TCM preparations [323–325].
Supramolecular self-assembly in TCMs, characterized by specific
structures, can afford distinct pharmacological effects compared
with the simple additive properties of monomer compounds,
serving as an essential theoretical foundation for TCM practices.
Further studies on the supramolecular assembly of triterpenoids,
such as the hierarchical structure of the assemblies, assembly
process, and potential mechanisms, could provide breakthroughs
in theoretical research on TCM compatibility, processing, and the
intrinsic properties of medicinal substances.

In our opinion, future research on the enhancement and opti-
mization of triterpenoid-based supramolecular chemistry and
biomedical applications should focus on the following areas:

1. The supramolecular assembly of triterpenoids faces a signifi-
cant challenge due to their inherent hydrophobicity—most
triterpenoids are soluble in organic solvents but exhibit
negligible water solubility, confining their assembly pro-
cesses predominantly to organic media and severely limiting
biomedical applications. To overcome this, strategic struc-
tural modifications of the triterpenoid scaffold have emerged
as a promising solution. Introducing hydrophilic groups
(e.g., PEG chains or ionic moieties) to create prodrugs or
derivatives [326], or incorporating stimuli-responsive linkers
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TABLE 2 Prominent examples of triterpenoid-substituted cholesterol-free lipid-based nanoparticles.

Triterpenoids Payloads Compositions Bioapplications References

Asiatic acid (AA) Doxorubicin S100∶AA
(10∶3, mass ratio)

Cancer [282]

Corosolic acid
(CA)

Doxorubicin HSPC∶CA∶DSPE-PEG2000
(56.3∶38.4∶5.3, molar ratio)

Cancer [275]

Paclitaxel SPC∶CA (/) Cancer [276]
pDNA DLin-MC3-DMA∶DSPC∶CA∶DSPE-

PEG2000(/)
Avian influenza [298]

Corosolic acid
derivative (CAβ)

mRNA/siRNA ALC-0315∶CAβ∶DSPC∶DMG-PEG
(50∶38.5∶10∶1.5, molar ratio)

Cancer [299]

Ginsenoside
Compound K
(CK)

Dexamethasone EYPC∶CK
(10∶3, mass ratio)

Rheumatoid
arthritis

[300]

Ilexgenin A (IA) Docetaxel EYPC∶IA
(10∶3, mass ratio)

Cancer [295]

Ginsenoside Rg3
(Rg3)

Docetaxel EYPC∶Rg3
(10∶3, mass ratio)

Cancer [288, 301]

Paclitaxel EYPC∶Rg3
(10∶3, mass ratio)

Cancer [289, 290]

Paclitaxel EYPC∶Rg3
(5∶2, mass ratio)

Cancer [292]

Garcinic acid EYPC∶Rg3
(5∶2, molar ratio)

Cancer [287]

Oxaliplatin and
calcium
peroxide

EYPC∶Rg3
(4∶1, molar ratio)

Cancer [293]

Celastrol SPC∶Rg3
(7∶1, mass ratio)

Cancer [294]

Celastrol SPC∶Rg3
(10∶3, mass ratio)

Cancer [302]

Rivastigmine
hydrogen
tartrate

PL-100M∶Rg3 (/) Alzheimer’s
disease

[303]

/ EYPC∶Rg3
(10∶3, mass ratio)

Psoriasis [304]

/ EYPC∶Rg3
(10∶3, mass ratio)

Alopecia [260]

Berberine EYPC∶Rg3
(10∶3, mass ratio)

Infectious wound
healing

[305]

/ EYPC∶Rg3∶DSPE-PEG2000
(3∶1∶0.15, molar ratio)

Corneal alkali
burn

[306]

Ginsenoside Rg5
(Rg5)

siRNA DOTAP∶DOPE∶Rg5
(5∶5∶1, mass ratio)

Cancer [274]

siRNA/DNA DOTAP∶DOPE∶Rg5
(5∶5∶4, mass ratio)

Cancer [307]

Ginsenoside Rh2
(Rh2)

Paclitaxel EYPC∶Rh2
(10∶3, mass ratio)

Cancer [286]

Docetaxel EYPC∶Rh2∶DSPE-PEG2000
(24∶6.5∶2.8, mass ratio)

Cancer [308]

Paclitaxel EYPC∶Rh2
(10∶3, mass ratio)

Cancer [291]

(Continues)
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TABLE 2 (Continued)

Triterpenoids Payloads Compositions Bioapplications References

Paclitaxel EYPC∶Rh2∶DSPE-PEG2000
(22∶5∶4, mass ratio)

Cancer [309]

Annonaceous
acetogenins

SPC∶Rh2
(45∶12, mass ratio)

Cancer [310]

Ginsenoside Rk1
(Rk1)

Cabazitaxel EYPC∶Rk1
(5∶1, mass ratio)

Cancer [311]

Ginsenoside Rb1
(Rb1)

/ SPC∶Rb1∶DSPE-PEG2000
(56∶6∶1, mass ratio)

Atherosclerosis [312]

Glycyrrhetinic
acid (GA)

Carthamin
yellow

DOPG∶GA (/) Diabetic
nephropathy

[313]

Glycyrrhizic acid
(GL)

Triptolide EYPC∶GL
(5∶1, mass ratio)

Cancer [314]

Kaempferol SPC∶CTAB∶GL (/) Helicobacter pylori
infection

[315]

Cantharidin EYPC∶GL
(20∶7, mass ratio)

Cancer [131]

Protopanaxadiol
(PPD)

Dutasteride SPC∶PPD
(3∶1, mass ratio)

Alopecia [261]

Cisplatin
prodrug

EYPC∶PPD
(5∶1, mass ratio)

Cancer [316]

Tubeimoside I
(TubI)

Gemcitabine SPC∶TubI
(10∶3, mass ratio)

Cancer [317]

Abbreviations: /, nil or not mentioned; HSPC, (hydrogenated soybean phosphotidylcholine, 1,2-diacyl-sn-glycero-3-phosphocholine); DSPE-PEG2000, (1,2-
distearoyl-sn‑glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]); SPC, (soybean phosphatidylcholine, soybean lecithin); DSPC, (dis-
tearoylphosphatidylcholine, 1,2-distearoyl-sn-glycero-3-phosphacholine); EYPC, (egg yolk lecithin, egg yolk phosphatidylcholine); DOTAP, (1,2-dioleoyl-
3-trimethylammonium-propane); DOPE, (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine); DOPG, (dioleoylphosphatidylglycerol, 1,2-dioleoyl-sn-glycero-3-
phosphoglycerol); CTAB, (cetyltrimethylammonium bromide).

(e.g., ROS-/pH-/enzyme-cleavable bonds) [62, 77, 78], can
markedly enhance aqueous stability and enable controlled
assembly in physiological environments. Future research
should further focus on expanding their assembly in aqueous
systems and utilizing these assemblies to better leverage
the excellent pharmacological activities of triterpenoids and
broaden the scope of triterpenoid-based supramolecular
systems.

2. An in-depth exploration of the relationship between the
molecular structure, functional groups, and assembly pat-
terns of triterpenoids, as well as the impact of chiral selection
during the assembly process, is essential for regulating the
assembly process and reliably predicting their supramolecu-
lar structures. Such a study will facilitate the development of
more self-assembled systems with specific functions, thereby
establishing a solid theoretical foundation for supramolecu-
lar assemblies and supporting extensive future research.

3. Given the abundance and variety of triterpenoid compounds
in TCM, the assembly behavior of triterpenoids is very
important for the modernization and globalization of TCM.
Emphasis should be therefore placed on the ways the assem-
bly behavior of triterpenoids with exogenous or endogenous
components contributes to solubilization enhancement, tox-
icity reduction, efficacy improvement, and other beneficial
effects of TCM formulations. This will provide a research

foundation for the modernization of the fundamental theo-
ries of TCM.

4. Although the preparation of most triterpenoid supramolecu-
lar assemblies is relatively straightforward, enhancing their
stability poses a significant challenge for clinical transla-
tion because of the weak noncovalent forces driving the
self-assembly process. Particularly, in complex physiological
environments, triterpenoid assemblies may interact with
various biomolecules, potentially interfering with their spe-
cific biological functions. To address this issue, research
should focus on promoting the clinical application of triter-
penoid bioactive materials, ensuring their biocompatibil-
ity, biodegradability, and environmental friendliness, while
advancing the study of their stability in both in vivo and in
vitro complex environments.

5. Another important avenue for future research is the
systematic investigation of the pharmacokinetics and
pharmacodynamics of triterpenoid-containing lipid-based
nanoparticle formulations, including thorough toxicological
studies. By addressing these critical factors, the feasibility
of incorporating triterpenoids as cholesterol alternatives in
lipid-based nanoparticle formulations can be ascertained,
ultimately paving the way for the development of safer and
more effective drug delivery systems. This comprehensive
approach is vital for advancing the field and ensuring that the

20 of 30 Aggregate, 2025



new lipid-basednanoparticle formulationsmeet the stringent
safety and efficacy standards required for clinical use.

This review summarizes the ongoing supramolecular assembled
research that involves the use of triterpenoids as an assembled
module to produce organized functional supramolecular bioma-
terials with tunable physicochemical and biological parameters.
With advancements in pharmaceutical technologies, the design
and development of novel triterpenoid-based supramolecular
therapeutics with tailored functionalities have emerged as a
critical challenge for future research. Achieving this goal requires
a deeper and more nuanced understanding of the underly-
ing assembly mechanisms governing the formation of these
supramolecular structures. As researchers strive to create effec-
tive and customizable therapeutics tomeet specific clinical needs,
the integration of triterpenoids into supramolecular frameworks
is highly promising.

Taken together, triterpenoid-based supramolecular therapeutics
are poised to revolutionize drug delivery and treatment modali-
ties, offering innovative solutions to complex medical challenges.
Addressing the above multifaceted issues is essential for har-
nessing the full potential of triterpenoids for the development of
advanced biomaterials and therapeutics, ultimately contributing
to improved health outcomes and enhanced therapeutic efficacy.
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