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A B S T R A C T

Natural products have been used to prevent and treat human diseases for thousands of years, especially the
extensive natural small molecules (NSMs) such as terpenoids, steroids and glycosides. A quantity of studies are
confined to concern about their chemical structures and pharmacological activities at the monomolecular level,
whereas the spontaneous assemblies of them in liquids yielding supramolecular structures have not been clearly
understood deeply. Compared to the macromolecules or synthetic small molecular compounds, NSMs have the
inherent advantages of lower toxicity, better biocompatibility, biodegradability and biological activity. Self-
assembly of single component and multicomponent co-assembly are unique techniques for designing supramo-
lecular entities. Assemblies are of special significance due to their range of applications in the areas of drug
delivery systems, pollutants capture, materials synthesis, etc. The assembled mechanism of supramolecular NSMs
which are mainly driven by multiple non-covalent interactions are summarized. Furthermore, a new hypothesis
aimed to interpret the integration effects of multi-components of traditional Chinese medicines (TCMs) inspired
on the theory of supramolecular assembly is proposed. Generally, this review can enlighten us to achieve the
qualitative leap for understanding natural products from monomolecule to supramolecular structures and multi-
component interactions, which is valuable for the intensive research and application.
1. Introduction

Supramolecular assemblies are well-organized entities that result
from the spontaneous association of a non-defined number of chemical
species, which usually form into specific macroscopic systems like gel,
liposome, micelle, mesocrystal, host-guest composite, protein or enzyme,
biomembrane, etc. with well-defined microscopic architectures (Fig. 1)
[1]. The construction and development of them is relying on the progress
of several subjects, involving biological science, materials science,
pharmacy, pharmacochemistry, and physical chemistry. It also usually be
used as a design and synthesis strategy to produce various types of self- or
co-assembling prodrugs having supramolecular nanostructures of high
reproducibility [2]. Some macromolecular substances including pep-
tides, nucleic acids, lignin, cellulose, chitin, oligo- and polysaccharides
having a strong tendency to aggregate in supramolecular patterns are
important issues which people focus on and research. A large number of
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supramolecular assemblies based on them were constructed with a
realization of the translation of one-dimensional carbohydrate polymers
into various kinds of tunable, multifunctional, renewable and bioactive
materials for application in optical components, drug delivery systems,
regenerative medicine and tissue engineering. However, most of these
macromolecular polymers without biofunctional modifications could
only act as vehicles and carriers with insufficient bioactivities [3]. On the
other hand, more and more synthetic and NSMs exhibiting intrinsic
self-assembly properties have also attracted much attention. Thousands
of synthetic small molecules such as alkaloids, steroids, terpenes, lignans
and glycosides as building units of the self-assembly have been designed
that containing both hydrophobic and hydrophilic segments to form into
discrete nano- or microscale entities spontaneously in a certain solvent
[4]. By contrast, there are only a few dozen of supramolecular
self-assembled NSMs reported up to now and most are terpenoids.
Although the discovery of supramolecular self-assembled NSMs is full of
2022
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Fig. 1. Schematic representation of various supramolecular assembly systems.
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changeability and uncertainty, their great potential application in func-
tionalized materials have brought about the widespread attention in the
field of medicines and material science, due to more excellent safety,
biodegradability, biocompatibility and lower toxicity of them. Among
them, natural materials like natural small molecules (NSMs) are regarded
as currently approved or promising pre-new drug application resources
owing to their wide range of pharmacological activity.

Historically, natural-occurring small molecules, especially from
plants and animals, were always regarded as rich sources of leads for new
medicines owing to their wide range of structures and pharmacological
activities [5]. Currently, the utilization of NSMs and their synthetic de-
rivatives for discovering and developing new drugs is still an alive and
well measure to conquer various diseases. Taking new antitumor drugs
approved by the US Food and Drug Administration (FDA) as an example,
over the time frame from 1981 to 2019, unaltered natural products or
natural product derivatives account for nearly 33.5% of the all 185 small
molecules [6]. Of particular note is that traditional Chinese medicine
(TCM) is a major source of NSMs, and therein lies plenty of new chemical
entities and drug leads. Some like paclitaxel (PTX), camptothecin,
homoharringtonine, arteannuin, berberine etc. all as star molecules from
TCM have entered clinical trials or to provide leads for new drugs [7–11].
Every year, numerous novel small molecules from nature have isolated
and identified on account of natural pharmaceutical chemistry theory
and conventional separation techniques by the effort of medicinal
chemists. However, a major obstacle is that over 90% of the natural
compounds isolated from every organism are abandoned in new drug
screening owing to their poor, solubility, stability or pharmacokinetics.
Whilst it has been researched deeply and has relatively mature practice
and theoretical basis in structural determination and pharmacodynamic
study of monomolecular compounds, the spontaneous assemblies of
NSMs in liquids yielding supramolecular structures of nano-to micro--
meter dimensions like vesicles, fibers, spheres, tubules, etc. as well as the
relative action mode have not been clearly understood. Natural metab-
olites possessing diversified molecular frameworks and functional groups
offer new opportunities for the study of their assemblies because of their
availability in renewable supply. It also should be noted that integration
effects of multi-components of TCM may be attributed to assembly
2

properties of some NSMs. Previous studies have demonstrated that
colloidal aggregates formed in TCM played a key role in the interaction
with multiple targets and absorption in body [12,13]. In this review, a
new hypothesis will be proposed to help uncovering the mysterious veil
of the mode of action of TCM from the view of the supramolecular as-
sembly mechanism of NSMs in TCM.

Through physical phase states interconversion of various NSMs to
form nanoparticle (NP), gel, micelle, liposome etc. macroscopically in
certain condition, it can be deduced that new supramolecular entities are
constructed by self-assembly of single component or co-assembly of
multicomponent from nature [14]. Based on NSMs with suitable size and
structure, phase-behavior property of supramolecular assemblies are also
usually determined by pH, concentration, temperature, type of solvents
and ultrasonic frequency. Regretfully, there is no clear principle to
explore the phase transition behavior of NSMs at present. For example,
the preparation of natural product gels (NPGs) derived from
self-assembled NSMs has been described as an empirical science because
it is extremely difficult to predict whether a molecule is capable of
forming a gel or not according to structural similarity [15,16]. Despite
superior performance, it has already become one of the important factors
of restricting development and application of NPGs.

Avoiding redundant additives and complex chemical modification,
supramolecular assemblies can be established by the NSMs only via non-
covalent interactions, including electrostatic interactions, hydrogen
bonding, hydrophobic interactions, π-π stacking interactions and van der
Waals interactions [17]. Dynamic and stimulus-responsive characteris-
tics produced by these non-covalent interactions make the supramolec-
ular assemblies more conducive to interface with biological systems and
particularly use in the field of medicine. Researchers have realized
gradually that some supramolecular NSMs such as glycyrrhizic acid could
be induced by solvents to self-assemble to form gel or micelle used as
drug delivery carrier with high-efficient and low-toxicity [18–21]. In
addition, the co-assembled NPs formed by the combination of glycyr-
rhetinic acid and liquidambaric acid for constructing carrier-free nano-
drugs showed the stronger therapeutic effect with reliable biosafety
comparing with each single-component [22]. Importantly, the supra-
molecular assemblies highlight the distinctive advantages of NSMs in
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terms of bioactivity and biosafety compared to the monomers. As the
proverb goes, unity is strength. Therefore, supramolecular assembly may
be an innate and effective mode of action of NSMs, which is of great
significance in the research of natural products.

2. Diversity of self-assembled natural molecular structures

2.1. Terpenoids

As one of the most abundant secondary metabolites in nature,
terpenoid natural products possess various critical biological activities
and unique self-assembled behaviors owing to the structure of multiple of
isoprene units. The first self-assembly study of NSMs, betulinic acid (BA),
was reported to have ability to self-assemble in nineteen organic liquids
and alcohol-water mixtures to afford strong gels which revealed a
fibrillar network microcosmically in 2011 [23]. Being an oxidation
product of betulin, BA is a naturally 6-6-6-6-5 pentacyclic triterpenic acid
widely distributed in the plant kingdom like Ziziphus jujubae and
Eucommia ulmoides. In a study to evaluate the potency of self-assembled
betulinic acid (SA-BA) against doxorubicin (DOX) induced cytotoxic ef-
fects in human peripheral blood lymphocytes (PBLs), pre-treatment with
SA-BA could protect the PBLs from DOX induced inflammation and
oxidative stress, which confirmed SA-BA can be used to ameliorate
chemotherapeutic toxicity from DOX in cancer patients [24]. Comparing
with non-assemble BA, SA-BA also could facilitate reactive oxygen spe-
cies (ROS) and TNF-α mediated leukemic cell death, thus producing
higher efficacy toward human leukemic cell lines [25]. As a triterpenoid
having the same pentacyclic skeleton with BA, betulin from Betula pap-
yrifera, liquidambaric acid from Liquidambar formosana, and lupeol from
Taraxacum mongolicum all could self-assemble spontaneously in various
media exhibiting different micromorphology and similar rheological
behaviors [16,17,26]. Among rigid 6-6-6-6-6 pentacyclic triterpenoid
compounds, arjunolic acid extracted from Terminalia arjunawas reported
to self-assemble hierarchically to yield vesicular structures in aqueous
solvents, accompanied by its derived compounds including crown ether,
esters, ketals and arjunabromolactone affording gels [27–31]. Likewise,
maslinic acid, corosolic acid, and oleanolic acid (OA) present in the fruits
of Olea europaea, leaves of Psidium guajava, respectively, both underwent
self-assembly especially in aqueous binary liquids giving supramolecular
gels with vesicular morphology [32–34]. Moreover, in different liquids,
self-assembled glycyrrhetinic acid from Glycyrrhiza glabra and OA from
Lantana camara produced spherical objects and vesicles or fibrils to form
supramolecular gels, respectively [34,35]. Besides, sumaresinolic acid
from Melastoma candidum and echinocystic acid from Albizzia julibrissin
had been identified as spherical or irregular NPs [36,37]. Ursolic acid
(UA) presented in the leaves of Plumeria rubra were proved to aggregate
into stable self-assembly in the form of supramolecular gel or nanocrystal
which could improve its solubility and anticancer activity in vitro
[38–40]. Subsequential experiments in vivo showed that self-assembled
UA NPs enabled the population of CD4þ T-cells to increase signifi-
cantly in the mice with the A549 cell xenograft tumor, and had the liver
protection effect when inhibit the tumor growth [41]. Erythrodiol from
the dried leaves of Olea europia was found to self-assemble for flowers-
and grass-like fibrillar architectures [42]. The latest study revealed that
pomolic acid from Rosa cymosa was capable of forming supramolecular
gel with micromorphology of stacked layer in mixed solvent of DMSO
and H2O [43]. Tetracyclic triterpenes such as dehydrotrametenolic acid
(DTA), dehydrotumulosic acid and tricyclic triterpenes like poricoic acid
A which all originated from Poria cocos also were reported to
self-assemble with mixed solvents to yield gels consisted of regular
nanoscale fibers (Table 1) [17,44].

Self-assembled natural diterpene acids prepared by standard
emulsion-solvent evaporation method, including abietic acid (AA), 12-
hydroxyabietic acid, dehydroabietic acid, and 15-hydroxy-dehydroa-
bietic acid from Pinus koraiensis, were discovered as NPs with different
morphologies (Table 2) [45].
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2.2. Sterols

Steroids, a widespread class of NSMs containing the cyclopentano-
perhydrophenanthrene steroid nucleus, have presented multiple medi-
cal value and health function, encompassing C21-steroids, phytosterols,
bile acids and so forth. Phytosterols are natural bioactive constituents
originated from plants, whose aliphatic side chain at C-17 often consist of
9 or 10 carbon atoms, which play major roles in stabilizing the phos-
pholipid bilayers in cell membranes similar to cholesterol. Various
products based on them have been widely applied in the areas of phar-
maceuticals, nutrition, and cosmetics [46]. In the studies on chemical
constituents of different plants, diosgenin from Dioscorea Nipponica,
ergosterol (Ergo) from Pleurotus ostreatus, stigmasterol from Taxus chi-
nensis and β-sitosterol from Arisaema heterophyllum Blume were found to
have striking self-assembled abilities to form nanostructures [16,47].

Bile acids, a cholesterol-derived facial amphiphiles, usually present in
the bile of animals with salts formation responsible for the digestion of
lipids in the body, having the side chain of valeric acids at C-17 [48].
Since early 20th century, the micellization or gelation from self-assembly
of bile salts in aqueous solution has been extensively investigated. It has
been reported that sodium lithocholate (monohydroxy bile salt) and
sodium deoxycholate (dihydroxy bile salt) can yield self-assembled he-
lical ribbons or nanotubes to further form hydrogels in certain conditions
[49–53]. Inexplicably, sodium cholate have not been confirmed to
exhibit self-assembled property as a trihydroxy bile salt [53]. It is worth
mentioning that cholesterol, known as a ubiquitous sterol molecule in
biological membrane systems and a precursor to bile acids, vitamin D,
and steroidal hormones, has been extensively exploited as hydrophobic
building block to construct kinds of self-assembly systems in supramo-
lecular andmaterials chemistry. In the solvent of isopropanol, cholesterol
could be transformed into gel state in lower temperature spontaneously
(Table 3) [54]. A number of fascinating cholesterol modified
self-assemblies were created to give liposome anchors, liquid crystals,
lipoprotein delivery vehicles, endosomal membrane disrupting vehicles,
etc [55].

2.3. Glycosides

Theoretically, numerous hydroxyl groups residing in the glycosides
will contribute to forming more hydrogen bonds, which can promote this
class of compounds easy to self-assemble. And there are a lot of reports
associated with self-assemblies based on saponin glycosides. The
amphiphilic characteristic structure endows saponins with excellent self-
assembly property and surface activity. Considering the molecular
weight (MW) of most saponins is usually larger than 1000 and they are
one of the well-known plant-derived biosurfactants like escin [56], tea
saponin [57], Quillaja saponin [58], platycodin [59,60], ginsenosides
[61] and so forth, several typical saponins with MW<1000 will be
emphasized in this review.

As a representative triterpenoid saponin, the glycyrrhizic acid is a
principal active ingredient in licorice, and also acknowledged as a spe-
cific ligand for targeting nanosystems. According to pioneer research, the
amphiphilic nature of glycyrrhizic acid, the hydrophilic diglucuronic unit
and the hydrophobic glycyrrhetic acid residues, endows it with micelle-
forming capability and aggregation behavior in aqueous and non-
aqueous media [62]. In recent years, it was found to self-assemble into
a moldable hydrogel with microstructure of nanocluster fibrillar net-
works in physiological phosphate buffered saline (PBS) or pure water
[18,63]. Superior self-assembled performance lead it to become the most
frequently used amphiphilic molecule applying in diverse multifunc-
tional biomaterials. Another group of dammarane-type triterpenoid
saponin, ginsenosides with remarkable self-assembled performances
from Panax ginseng attract researcher's attention all the time. It was re-
ported that the amphiphilic molecule, ginsenoside Rg1, was prone to
form spherical micelles or core-shell structure NP whose hydrophilic
glycosyl side chains toward the outside and the hydrophobic triterpenes



Table 1
Reported self-assembled triterpenoid NSMs.

Compound Structural formula Micromorphology Macroscopic Phase Ref.

Betulinic acid Fibrillar network Gel [23]

Betulin Flower-like fibrillary network Gel/colloidal suspension [26]

Liquidambaric acid Fibrillar network Gel [17]

Lupeol Rod/lamellae/fibrillar network Gel [16]

Arjunolic acid Vesicle Gel [31]

Maslinic acid Vesicle Viscous suspension [33]

Corosolic acid Vesicle Gel/colloidal suspension [32]

Oleanolic acid Vesicle/fiber Gel [34]

Glycyrrhetinic acid Sphere/petal Gel [35]

Sumaresinolic acid Sphere NP [36]

Echinocystic acid Irregular NP [37]

(continued on next page)
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Table 1 (continued )

Compound Structural formula Micromorphology Macroscopic Phase Ref.

Ursolic acid Vesicles/tubes/fibers/flowers/sphere/layer Gel/colloidal suspension/nanocrystal/NP [38–41]

Erythrodiol Flower/grass-like fibrillary network Colloidal suspension [42]

Pomolic acid Layer Gel [43]

Dehydrotrametenolic acid Fibrillar network Gel [16]

Dehydrotumulosic acid Fibrillar network Gel [17]

Poricoic acid A Fibrillar network Gel [16,17,44]

Table 2
Reported self-assembled diterpenoid NSMs.

Compound Structural formula Micromorphology Macroscopic Phase Ref.

Abietic acid Sphere NP [45]

12-Hydroxyabietic acid Sphere NP [45]

Dehydroabietic acid Rod Microparticle [45]

15-Hydroxy-dehydroabietic acid Rod Microparticle [45]

Y. Hou et al. Materials Today Bio 15 (2022) 100327
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Table 3
Reported self-assembled steroid NSMs.

Compound Structural formula Micromorphology Macroscopic Phase Ref.

Diosgenin Fiber/pellet/pleat/rod Gel [16]

Ergosterol Lamellae/rod/pleat/clavate Gel/NP [16,47]

Stigmasterol Rod NP [47]

β-Sitosterol Clavate/belt/sheet/fiber/honeycomb/lamellae Gel/NP [47]

Cholesterol －a) Gel [54]

a)
“－” means no reported.
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aglycones in the center. Nevertheless, ginsenoside Ro molecule
self-assembled to form vesicles in aqueous solution with diameters of
30–50 nm [64]. Furthermore, saikosaponin A was also found to have
self-assembly behavior similar to ginsenoside Rg1 [65].

It is worth noting that gastrodin extracted from Gastrodia elata is the
only phenolic glycoside consisting of benzene ring and monosaccharide
simply which can gel with acetonitrile, acetone, and ethyl acetate [16].
Structurally similar molecules were abundant in nature so that we can
discovered more to make up for the lack of natural low-molecular-weight
gelators. Above structural formulae of self-assembled glycosides are
shown in Table 4.

2.4. Others

Zheng et al. reported on rhein induced by temperature and pH to self-
assemble directly into sustained release supramolecular hydrogels,
which could enter cells easily and facilitate to bind to the active site of
toll-like receptor 4 so as to exert better anti-neuroinflammatory effects
than free-drugs with almost no cytotoxicity [66]. This is to date the only
naturally occurring anthraquinone having a strong capacity of
self-assembly. By contrast, physcion, aloe-emodin, emodin, and chrys-
ophanol could not form hydrogels, suggesting that the carboxyl group in
anthraquinones played a key role in the gelation process [66]. Besides,
sodium/potassium betulinates and sodium glycyrrhetinate had been also
confirmed as excellent gelators of aqueous solvent mixtures [67,68]. The
salts of NSMs is particularly conducive in fabricating water-soluble su-
pramolecular architectures (Table 5). Therefore, supramolecular assem-
blies approach based on salts of NSMs should be considered to construct
new host�guest complexation engaging in building enzyme-triggered
drug delivery systems because of their intrinsic striking biocompati-
bility. There were some other biological small molecules noticed to
building diverse supramolecular systems, for instance, self-assembled
6

D-sorbitol organogel and vitamin B2 nanocrystals, which would help us
to give insight into the structure-property relationship of self-assembled
NSMs.

3. Directly assembly mechanism of supramolecular natural
products

3.1. Main driving forces of self-assembly

Structural diversities of NSMs and their multi-target differential
physiological activity provide a broad foresight to screening of appro-
priate molecules with self-assembled characteristic and preparation of
complex supramolecular systems because they are renewable resources
without convoluted synthetic effort. Regrettably, in terms of self-
assembled NSMs, the quantity found is not significant up to now and
the vast majority of them were triterpenes. Although it was reported that
a general method was proposed to screen new natural product gels for
obtaining self-assembled NSMs through testing the gelation ability
constantly in the whole process of extraction and separation of organisms
[16], the structure-property relationship studies of them fell far behind
the biological application and pharmacological research. Currently, there
are hardly any other studies to focus on how to discover new
self-assembled NSMs. The path to exploring more self-assembled NSMs is
full of randomness and uncertainty. Therefore, summarizing the rela-
tionship between structures and self-assembled properties is needed ur-
gently for predicting more and better correlative NSMs to expand their
functional applications.

It is widely believed that the self-assembly property leads these NSMs
to form micro- or nano-entities spontaneously through intermolecular
noncovalent interactions such as hydrophobic interaction, hydrogen
bonding, van der Waals forces, π-π interaction and others, as well as Host-
Guest interaction, which determine mutually the packing patterns of



Table 5
Reported self-assembled ionic NSMs.

Compound Structural formula Micromorphology Macroscopic Phase Ref.

Sodium betulinate Fibrillary network Gel [67]

Potassium betulinate Fibrillary network Gel [67]

Sodium glycyrrhetinate Petal Gel [68]

Sodium rhein Fibrillary network Gel [66]

Table 4
Reported self-assembled glycosides NSMs.

Compound Structural formula Micromorphology Macroscopic Phase Ref.

Glycyrrhizic acid Fibrillary network Gel/micelle [18,62,63]

Ginsenoside Rg1 Sphere Micelle/NP [64]

Ginsenoside Ro Vesicle NP [64]

Saikosaponin A Sphere Micelle/NP [65]

Gastrodin Fiber/pleat Gel [16]
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molecular assembly (Fig. 2) [69]. In general, disordered molecules
self-assemble to form dimers via hydrogen bonding firstly, and then
stacking axially or helically to fabricate the higher-order aggregates, or in
other words one-dimensional nanosturctures through non-covalent
forces generated by molecular skeletons like van der Waals force. Ter-
penoids and steroids are two typical type of NSMs which deserve to
analyze self-assembly performances emphatically. Similar rather rigid
and quasi-planar backbone constituted by polycyclic alkane system with
polar hydroxyl groups and nonpolar methyl groups promotes them to be
preferable self-assembly building units. The number of carbon rings and
7

substituent groups as well as their spatial dispositions may exert great
influence upon the self-assembly property of them with distinguishing
morphologies. Through analysis of their molecular structures, it can be
deduced that polycyclic alkane skeleton, oxygen-containing functional
groups, and olefin moieties constitute the three important elements of
self-assembled terpenoids and steroids. Oxygen-containing functional
groups generally include hydroxyl and carboxyl groups, which are
acknowledged as hydrogen bonding donors/acceptors. In supramolecu-
lar self-assembly, hydrogen bond plays the dominant role in intercon-
nection of single molecule for forming dimer. Despite being defined as a



Fig. 2. Schematic illustration of multiple non-covalent interactions (hydrogen bonding, van der Waals force, π�π, hydrophobic, electrostatic and dipole�dipole
interactions, etc.) in the formation of the supramolecular structure.
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kind of noncovalent interaction, the energy of a hydrogen bond can
achieve the dynamic changes from 0.5 to 40 kcal/mol relying on the
nature of donators and acceptors so that it can become either strong
enough to impel molecules closer together and aligning orientationally or
weak sufficiently to allow molecules association disintegrating and
moving chaotically at normal temperatures [70]. It has electrostatic and
van der Waals origins, along with partly covalent and polarized char-
acter, which have been validated to exist between molecules as a
real-space visualized non-covalent interaction force [71]. Accordingly,
the hydroxyl or carboxyl groups present in different positions and ori-
entations in self-assembled NSMs are indispensable which can contribute
to providing hydrogen bond linked sites.

In addition, the polycyclic alkane skeleton with distributing multiple
methyl groups of terpenoids and steroids are particularly advantageous
in molecular assembly via van der Waals forces and hydrophobic inter-
action. Molecular dynamics (MD) simulation and experimental methods
such as 2D NMR NOESY, IR etc. both had been exploited to demonstrate
that the van der Waals force, principally considered as dispersive inter-
action like σ-σ and π-σ dispersion, was the critical driving force in self-
assembly of NSMs [17,35,38,43]. The van der Waals force is a kind of
weak electrical attraction existing commonly between neutral molecules
or atoms to maintain charge fluctuations with each other [72]. Zhi et al.
had supposed that the van der Waals force occurring in self-assembled
triterpenoid molecule made a contribution mainly by the formation of
repulsive force [17]. The hydrophobic polycyclic alkane skeleton also
will be constrained to gather together for avoiding water molecules. The
self-assembly performances of most of reported NSMs in aqueous solu-
tions suggested the hydrophobic interaction could not be neglected. Parts
of hydrophilic groups like hydroxyl or carboxyl can make the molecular
aggregates in aqueous solution achieving a fine hydrophilic/hydrophobic
balance, thereby forming macroscopic supramolecular systems, for
example, gel or nano-emulsion. Despite the amphiphilic structural
characteristics of terpenoids and steroids are not obvious comparing with
that of corresponding saponins, they are still proven to be fascinating
supramolecular building units.

According to the analysis of the molecular formula comparatively in
Tables 1–4, we found that there were a more or less number of olefin
moieties encompassing carbonyl double bonds (C––O) and olefinic
double bonds (C––C) in these structures, whichmeant that π-π interaction
would play a certain role in molecular assembly. UV spectrum was used
to determine that only the C––C exhibited its π-π interaction in the self-
8

assembly of NSMs, while C––O participated in the formation of
hydrogen bonding as receptor [17]. Despite relatively weak in nature,
π�π interactions between aromatic rings are known to produce stacking
effect with significant impact on molecular spatial arrangement owing to
the extended π conjugation [73]. The results of MD simulation of dehy-
droabietic acid and 15-hydroxy-dehydroabietic acid suggested that offset
π�π stacking dominated the monomer molecule to form dimers in a
coplanar arrangement [45]. In rhein hydrogel, π�π interactions pro-
duced by the anthraquinone structure induced the aggregate conforma-
tional transformation from H-type to J-type aggregation in the process of
self-assembly [66]. Hence, natural compounds containing aromatic
structures are prone to bring about π�π stacking interactions, exampled
with naphthalene, phenanthrene, anthracene, etc.

Out of these, some prominent low-molecular-weight hydrogelators
based on synthetic alkali metal salt of NSMs had attracted our attention
(Table 4). Apparently, the introduction by alkali metal salt can make the
molecular self-assembly regulated by the pH of solution systems [66]. In
the study of self-assembled sodium glycyrrhetinate hydrogel, the results
of gelling critical temperature change with solution pH revealed that the
hydrogel would became more stable as pH increasing. Comparing with
sodium 3-acetyl-glycyrrhetinate, it was confirmed that 3-OH group had
no impact on the molecular self-assembly. Therefore, the electrostatic
and dipole–dipole interactions between alkali metal carboxylates have
turned into the dominant driving forces in the process of self-assembly
[67,68]. In general, there is a strong attractive force between the posi-
tive and the negative charges which endowsmolecules with a high dipole
moment to draw them assembly in an orderly way through electrostatic
and dipole–dipole interactions [74].

Even though the strength of a single type of noncovalent interaction is
much weaker than covalent bonds, multiple noncovalent interactions can
elicit dramatic effects on steering molecular assembly directly so as to
construct steady supramolecular systems when occurring en masse. Ac-
cording to the relationships between noncovalent interactions and mo-
lecular structures, it is hopeful that more and more appropriate NSMs are
found to self-assemble as high-performance materials using in reality.
3.2. Diverse packing patterns of self-assembled NSMs

Spontaneous self-assembly of NSMs in different liquids will yield
supramolecular microstructures such as fibers, vesicles, tubules, spheres,
etc. with nano-to micro-meter dimensions, accompanied by phase change
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behaviors macroscopically under certain conditions to afford gel, liquid
crystal, NP, and so forth. The microstructures are dependent on molec-
ular packing patterns of self-assembly, and also closely associated with
the mechanism of action of these natural supermolecules. Therefore, it
will be quite necessary to summarize the packing patterns of known self-
assembled NSMs, which can be beneficial to make use of them in ver-
satile application.

The NSMs were often self-assembled into the uniform spherical
structures obtained by reprecipitation or standard emulsion–solvent
evaporation method, which were comprised of the inward hydrophobic
backbones and the outward hydrophilic hydroxyl and carboxyl groups
[41,45,75]. Vesicle is also one rare and valuable kind of spherical
manifestation with distinct membrane structure in self-assemblied NSMs,
which can be formed in aqueous medium spontaneously. Typically,
arjunolic acid, maslinic acid, corosolic acid, OA and UA could
self-assemble to yield vesicles, whose diameters were in the nanometer to
the micron level [31–34,39,76]. The vesicles usually can retain so robust
spherical shapes that observed in the experimental conditions. The
identical alkyl chained skeleton having one or two hydroxyl groups at
one end and the free carboxyl group on the other end in these pentacyclic
triterpenic acids have remained the cornerstone to construct bilayered
vesicular structures. And the thickness of bilayered membrane obtained
by electron microscopes exactly matches with the length of the dimers
with optimal configuration [77,78].

Fibrillary microstructure can be found commonly in the self-
assemblies of most NSMs, such as BA, liquidambaric acid, poricoic acid
A and so forth [17,23,44,66]. Generally, the one-dimensional nanofibers
can crosslink with the solvent molecules to form three-dimensional net-
works relying on polar groups. Self-assembled fibrillar networks are even
so strong that hindering the mobility of solvent molecules to generate
gel-like materials.

In some other cases, the microstructure of self-assemblies can be
characterized by lamellae or sheet. As a typical of lamellar structure, the
self-assembly mechanism of pomolic acid suggested that numerous
monomers were assembled directly to form monolayer architecture and
crosslinked with solvent molecules into laminated flake-like network
successively [43]. Nevertheless, other structurally similar NSMs like
betulin could be erected as porous nanosheets initially, and further form
three dimensional flower-like superstructures which provided highly
accessible surfaces to complete the fast adsorption of some ions or elec-
trolytes [26,79]. The intermolecular “head-to-tail” arrangement also was
confirmed by X-ray single crystal diffraction analysis [80,81]. The
anisotropic molecular arrangement of NSMs brings about different as-
semblies with all sorts of microstructures, and further forming network
structures via interacting with solvent molecules when the concentration
is high enough [82]. Undeniably, the solvent has a dramatic effect on the
supramolecular assembly modes. In the mixed solvent of ethanol–water,
spherical self-assemblies of UA had been observed, while mesitylene,
toluene and chlorobenzene could make the formation of flower-like su-
perstructure [39]. And with respect to β-sitosterol, belt-like, sheet and
fiber morphology exist in the solvent of methanol, DMSO and cyclo-
hexane, respectively [83]. All in all, diverse packing patterns of
self-assemblies can throw some light into the discovery of more similar
NSMs, and the schematic representation for the formation of various
self-assemblies in NSMs is depicted in Fig. 3.

4. Multi-components assembled systems based on NSMs

Multi-components assembled system is not a definite theoretical
concept in pharmacy and chemistry. It could be classified into two types,
namely, multi-components directed self-assemblies and NSMs-tuned co-
assemblies according to their assembly modes. Herein, the multi-
components directed self-assemblies are designated as the new assem-
bled micro- or nano-entities obtained by combining different chemical
compositions without self-assembled ability in themselves. And the
NSMs-tuned co-assemblies refers to novel multicomponent coordinated
9

hybrid systems assembled usually including and depending on at least
one component possessing strong capacity of self-assembly. Of particular
note is that no matter what assembly modes, the intermolecular non-
covalent interaction among diverse components is the driving force in
the construction of multi-components assembled system in nature, thus
no strict distinction exist in practice. Whilst the class and number of
components were no limited conceptually, most of related research
narrowly focus on a mixture of two components so far, probably due to
complicated ratio and imprecise concentration of each component.
Generally speaking, both of them designated as synthetic strategies are
designed and developed to acquire effective, safe, renewable and
multifunctional materials. They are especially common in reports asso-
ciated with polymers, proteins, coupled antibodies etc. With the increase
in the quantity of self-assembled NSMs, researchers have made a series of
tentative explorations on multicomponents assembled systems based on
NSMs and achieved some preliminary success.

4.1. Multi-components directed self-assemblies

In mining compatibility of TCM, self-precipitation and colloid of
compounds induced by decocting has drawn a widespread attention.
During the decocting of Huang-Lian-Jie-Du-Tang (HLJDT), one tradi-
tional Chinese medicinal prescription composed of Coptidis Rhizoma,
Gardeniae Fructus, Radix Scutellariae, and Phellodendri Cortex in 3:3:2:2
proportions, naturally occurring precipitate were detected and identified
as baicalin-berberine self-assembled complex with uniform spherical NPs
microcosmically [84–86]. Inspired by that, two or three main bioactive
compositions from TCMwere integrated into a new self-assembled entity
via intermolecular interactions. Baicalin and wogonoside, two main
bioactive components in Scutellariae radix, were self-assembled with
berberine to produce baicalin-berberine NPs and wogonoside-berberine
nanofibers, respectively, governed by hydrophobic and electrostatic in-
teractions. Different self-assembly processes and spatial structures of NPs
and nanofibers determined the distinguishing bacteriostatic properties.
The enhanced antibacterial activity was ascribed to the stronger affinity
of external hydrophilic glucuronic acid in baicalin-berberine NPs to
bacteria comparing with wogonoside-berberine nanofibers [87]. Simi-
larly, a great deal of evidence supported that variety of phytochemicals
rhein from Rheum palmatum L, cinnamic acid from Cinnamomi cortex,
tannic acid from Rhei radix et rhizome, 3,4,5-methoxycinnamic acid from
Polygalae radix and aristolochic acid in Asarum and Aristolochia all could
be bound with berberine to form new self-assembled supramolecular
systems in order to attain the goal of reducing the toxicity and increasing
the effect of medicine [88–92]. Hence one can see that, berberine is an
excellent model compound suppling electronic acceptor rest on Nþ, in
correspondence with electronic donors such as carboxyl and phenolic
hydroxyl groups inevitably resulting in electrostatic attraction. It could
be confirmed further that the similar salts obtained by neurtralization of
OA and different organic cations were promising assembly scaffolds in
the formation of low molecular-weight hydrogels [93]. Electrostatic
interaction is usually regarded as a strong noncovalent driving force
because of the ability of charges to trigger toward a higher and more
stable level of assembly [94]. Nevertheless, it is far from enough to
self-assemble through individual electrostatic attraction. On the whole,
electrostatic attraction between cations and anions had drove the for-
mation of primary building units. Thereafter, hydrogen bonds, van der
Waals forces, π�π stacking, and hydrophobic interaction etc. as the main
driving forces facilitated these primary building units to form the last
well-ordered assemblies and maintain the stability. Sufficient thermo-
dynamic evidence suggested that the assembly process of them was an
enthalpy-driven reaction occurring spontaneously [91]. It can be specu-
lated that deprotonation of electron-donating groups such as carboxyl
would affect the metabolic pathways, thus resulting in the offset of
toxicity, meanwhile, the antimicrobial activity was enhanced due to the
synergistic effect of berberine and another compound after assembly.

There are also other examples of multicomponents directed self-



Fig. 3. Several self-assembly process of NSMs for several representative microstructures, including (a) spheres; Reproduced with permission [76]. Copyright 2020,
American Chemical Society. (b) vesicles; Reproduced with permission [30]. Copyright 2013, American Chemical Society. (c) fibrillary networks; Reproduced with
permission [76]. Copyright 2020, American Chemical Society. (d) laminated flake-like networks; Reproduced with permission [43]. Copyright 2022, Elsevier. (e)
flower-like networks; Reproduced with permission [26]. Copyright 2015, American Chemical Society.
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assemblies without relying on anion-cation complex in constructing
primary building units. Wu et al. utilized two natural acids, L-(�)-malic
acid or citric acid to replace water to prepared supramolecular adhesive
materials with D-(þ)-trehalose, D-(þ)-glucose, D-(þ)-fructose, and su-
crose, respectively. The formation of hydrogen bond networks between
natural low-molecular-weight acids and sugars by mixing and heating
simply led to polymerize intensively so as to elicit the strong cohesion
effects [95]. Lan et al. had designed a three multicomponent carrier-free
nanodrug assembled based on natural gambogic acid, folic acid and
chlorin e6 (Ce6) through π-π stacking, electrostatic and hydrophobic
interactions with each other to offer a potent anticancer function via
depleting glutathione (GSH) and generating reactive oxygen species
(ROS) [96].

In summary, the multicomponents directed self-assemblies strategy
may provide a new supramolecular mode to achieve the combined uti-
lization of different NSMs for further application of materials and med-
ical treatment.
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4.2. Bioactive NSMs-tuned co-assemblies

For years, supramolecular co-assembly methods have been acknowl-
edged as a fascinating synthetic strategy of new nanodrugs owing to their
practicality and simplicity, especially in application of cancer treatment
[97,98]. With the increase of unmodified self-assembled NSMs, con-
structing new NSM co-assembled nanodrugs or nanocarriers with
multi-pharmacological activities have been made possible. In a word,
supramolecular co-assemblies based on NSMs could not only retain and
exert the unique pharmacological activities of each constituent simulta-
neously, but also regulate the self-assembly morphology and sizes of the
constitutional units so as to make them particularly advantageous in
combination nanotherapy.

Distinguishing from multicomponents directed self-assemblies
mentioned above, supramolecular co-assemblies are new chemical en-
tities on account of multiple non-covalent interactions apart from acid-
base neutralization via combining different components, which can be



Y. Hou et al. Materials Today Bio 15 (2022) 100327
used as nanodrugs or nanocarriers. Wang et al. have observed the for-
mation of new morphological co-assembled NPs such as glycyrrhetinic
acid and OA or betulin differentiated from that of each self-assembled
NPs through simple co-dissolved method, then investigated the co-
assembly mechanism by means of molecular dynamics (MD) simulation
and experiment methods. More results of hybridization suggested that
OA/BA, glycyrrhetinic acid/liquidambaric acid and liquidambaric acid/
lupeol could be co-assembled to form new uniform NPs mainly driven by
hydrophobic interaction and hydrogen bond. Further studies in vitro and
in vivo have substantiated the existence of synergistic effects in the co-
assemblies in tumor treatment [22,37]. However, not every effort of
co-assembly would be productive. It had been corroborated that there
were no co-assembled morphologies observed in some combination like
UA/BA, glycyrrhetinic acid/lupeol and UA/liquidambaric acid. By
comparison, MD simulation implied that whether to co-assembly might
be dominated by intermolecular spatial configuration, which stacked
parallel planes and approached hydrophilic groups were most favorable
to the formation of hydrogen bond and hydrophobic interaction.
Consequently, MD simulation has become a practical method providing
guidance theoretically for predicting whether the two NSMs are able to
co-assemble [22]. Furthermore, co-assembly study between PTX and
betulonic acid or UA showed that supramolecular co-assembled NPs
based on them exhibited striking synergistic improvement of anti-cancer
efficacy through their different mechanisms individually with impressive
biosafety [76,99].

In addition, NSMs were often used to co-assemble with other unnat-
ural constituents to build up ideal drug systems. For example, eleven
NSMs, encompassing betulonic acid, BA, UA and so forth, were identified
to co-assemble with Ce6, a widely used photosensitizer in tumor therapy,
which could ensure tumor ablation efficacy of 93.6% through a type I
Fig. 4. Representative applications of supramolecular assemblies based on NSMs in th

11
photoreaction mechanism [100]. Zhang et al. had established a novel
carrier-free nanosystem with structure of the “core‒shell” employing
co-assembled UA and polyphenol originated from food or plant, which
was modified by EpCAM-aptamer for hepatocellular carcinoma syner-
gistic immunotherapy by activating the innate and acquired immunity
[101]. Taken together, the co-assembled strategy highlight the integrated
superiority of different NSMs and create a new approach towards wide
medical applications of natural bioactive substances.

5. Applications of supramolecular assemblies based on NSMs

Various kinds of supramolecular architectures produced by the self-
assembly of NSMs have been applied in an attempt to the fields of
delivering drugs, capturing pollutants, synthetizing nanomaterials, and
so on (Fig. 4). Particularly, self-assembly microstructures make them
containing a number of merits in pharmaceutical field owing to the
complexity of modifying drugs, which can enrich the potency of known
NSMs greatly [102]. Increasing evidences of self-assembled NSMs have
revealed that this was an emerging trend for using assemblies of NSMs in
clinic therapy.

One of the most common uses of functional nanomaterials is to
encapsulate and deliver drugs to target site via formation of NPs. To
overcome a series of obstacles of known drug nanocarriers, such as poor
solubility, low drug loading capacity and no effectiveness by themselves,
preparation of NPs of self-assembled NSMs was regarded as a new and
simple approach to acquire carrier-free nanodrugs [41,45,97]. Different
self-assembled terpenoids had been investigated that how to release
active ingredients as drug delivery vehicles. Deng et al. established a new
formulation of glyburide-loaded BA NPs, which provided antioxidant and
anti-edema combination therapy and might be translated into treatment
e fields of delivering drugs, capturing pollutants and synthetizing nanomaterials.
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for ischemic stroke in clinic. It had been confirmed that BA could form
NPs to penetrating the ischemic brain via interaction with cannabinoid
receptor 1 (CB1), and increasing the delivery efficacy of glyburide to
reduce brain edema and blood-brain barrier leakage significantly. The
suitable sizes and shapes determined that BA NPs could keep longer
retention in brain tissue and provide controlled release of 91% of gly-
buride over three days. The formulation of glyburide-loaded BA NPs also
could avoid the risk of exposing glyburide to the circulatory system and
inducing hypoglycemia. Moreover, BA NPs could also exert an antioxi-
dant effect through regulation of the Nrf2 signaling pathway to improve
stroke recovery [103]. Yang et al. identified and determined that
self-assembled DTA NPs were capable of penetrating the gastrointestinal
tract to achieve oral drugs delivery for the treatment of diseases. After
oral administration, DTA NPs were found to be accumulated mainly in
tumors which was likely owing to the enhanced permeability and
retention (EPR) effect. Therefore, they were employed to encapsulate and
deliver PTX to enhance its potency and bioavailability. Further mecha-
nism studies showed that majority of DTA NPs could survive in the ileum,
and the apical sodium-dependent bile transporter (ABST) highly
expressed on the apical membrane of enterocytes account for the uptake
of DTA NPs probably because of structural similarity between DTA and
bile acids [36]. Wang et al. constructed a new “self-contained bioactive
nanocarrier” utilizing self-assembled UA to form a stable nanocomposite
with PTX, which could significantly prolong the plasma half-life, improve
the antitumor effects and alleviate PTX-induced liver injury. The optimal
hydrogen bonding sites and spatial conformations endows UA NPs with
high drug-loading content and excellent stability. It was been speculated
that UA NPs might dissociate gradually through interaction with lipids in
cell membranes and release active components after entering the cells
[76]. Cheng et al. selected self-assembled AAmolecules as the synergistic
antitumor drug to prepare AA–PTX NPs by co-administration with PTX
mainly via hydrogen bonding, which led to a highly efficient anticancer
efficacy and excellent biosafety. In the acidic environment, it was ob-
tained that half of PTX was released slowly, which might be attributed to
the destruction of hydrogen bonding in AA–PTX NPs by Hþ. This
pH-responsive behavior may be conductive to targeted release of drugs in
tumor tissue due to the weakly acidic tumor microenvironment. More-
over, it was indicated that lysosome acidification mediated internaliza-
tion pathway, clathrin and caveolae-mediated endocytosis were main
mechanisms in the cellular uptake of AA–PTX NPs [45]. Liu et al. used
self-assembled bioactive OA NPs to encapsulate hydrophobic β-carotene
(Car) to improve its stability and water dispersibility so as to achieve
delayed and controlled release of it in simulated gastrointestinal fluid.
The hydrophobic interaction between Car and OA molecules was regar-
ded as the crucial force driving the encapsulation. The in vitro release
profiles of OA–Car NPs denoted that the Car would be released prefer-
entially in simulated intestinal fluid, which could prevent it from early
degradation in simulated gastric fluid. It was suggested that the release of
OA–Car NPs significantly associated with the release medium [75].
Cheng et al. proposed a promising photodynamic therapy strategy
against cancers based on supramolecular photosensitizer Ce6 combined
with self-assembled Ergo, namely Ergo–Ce6 NPs. The improved
electron-donating abilities from intermolecular π�π stacking interactions
might be responsible for promoting type I photoreactions in Ergo–Ce6
NPs induced photodynamic therapy. The remarkable water solubility,
and stability as well as EPR effect of Ergo–Ce6 NPs were of great benefit
to prolonging blood circulation and accumulating selectively at the
tumor sites [47]. And even total ginsenosides (GS) were used to
self-assemble to form NPs to increase transdermal penetration of insulin
(INS). The hydrogen bonding, hydrophobic and electrostatic interaction
between GS and the amino acid residues of INS made the GS NPs
encapsulate INS to construct INS@GS NPs with the core/shell structure
successfully, which also protected INS from degradation by body en-
zymes. It was inferred that the amphiphilicity of GS NPsmight disturb the
lipid bilayers of the stratum corneum, thereby promoting skin perme-
ability of INS@GS NPs markedly. The skin was acted as a drug depot that
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realized the storage of INS@GS NPs in body for a long time and the
sustained release in vivo, which also could avoid peak-valley effect and
reduce toxicity [104]. Additionally, OA/glycyrrhetinic acid and glycyr-
rhetinic acid/liquidambaric acid co-assemblies could be used to load
with PTX for improving antitumor activity and eliminating toxicity as
bioactive nanocarriers possessing unique anti-inflammatory and hep-
atoprotective effects simultaneously. The hydrophobic cavities produced
by bimolecular aggregation in these co-assemblies could interact with the
benzene ring of PTX to evoke strong hydrophobic interaction. Mean-
while, hydrogen bonding interactions between drugs and carriers also
ensured that PTX could be loaded in the co-assemblies efficiently to form
shell-free solid NPs. After being endocytosed by the cells, the NPs would
dissociate gradually and release continuously PTX through hydrophobic
competition with the lipids in the cell membrane [22,37]. Gel is also used
as intelligent scaffolds for drug delivery extensively, whose fibrillary
networks have more durable and stable releasing capacity for preventing
premature degradation, thus prolonging the circulation time and exhib-
iting lower cytotoxicity [2,105]. Moreover, the fibrillary networks can
facilitate NSMs to be uptaken easily by cells and bind to corresponding
receptors, thereby improving the therapeutic effects [66,106,107].
Particularly, bioactive injectable gel scaffolds is the first choice to enter
the lesion for treatment of the disease. Zhi et al. had developed a series of
injectable gel scaffolds to deliver and release DOX continuously so as to
improve the antitumor effect through synergistic action in vitro and in
vivo, which were established by self-assembled poricoic acid A, dehy-
drotumulosic acid, and liquidambaric acid [17,44]. It has been observed
by many researchers that the loaded anticancer drug, DOX, could be
released slowly from self-assembled arjunolic acid, OA, betulin, UA,
maslinic acid, corosolic acid and sodium deoxycholate self-assemblies to
the buffer solutions under physiological conditions [26,31–34,39,53]. In
brief, the NSMs self-assembled to produce different one-dimensional
microscopic patterns via non-covalent interactions, and further cross-
link the solvents to form gel having three-dimensional network struc-
tures. And the anticancer drugs like DOX were encapsulated into the
network structures by incorporation to maintain long-term storage and
sustained release. Similarly, the weakly acidic environment in the tumor
issues were also beneficial for the release of drugs from gel scaffolds.
Besides, the self-assembly of glycyrrhizic acid, as one of the most
frequently used drug delivery systems, could form water soluble “host--
guest” complexes with a wide range of lipophilic drugs such as buspirone,
simvastatin, lappaconitine, nifedipine etc. to strengthen the therapeutic
activities and reduce side effects. In aqueous solutions, the “host” mol-
ecules, glycyrrhizic acid, self-assembled to form cyclic multimers with
torus type. As “guest” molecules, the active ingredients could be located
in the torus to form complexes with glycyrrhizic acid in certain propor-
tion. The process of complexation was attributed to the multiple non-
covalent interactions. After entering the body, glycyrrhizic acid might
affect the ordering of lipids and enhance the fluidity and permeability of
cell membrane via incorporating and/or extracting the membrane
cholesterol, thus promoting the active ingredients penetration into the
cell [108–112].

The fibrillar network, vesicular and porous structures induced by self-
assembly with stronger electrostatic interaction and larger surface area
allows greater adsorption so as to entrap toxic rhodamine-B, rhodamine
6G, acridine yellow, crystal violet, methylene blue, cresol red and other
carcinogenic dyes used in the textile and paint industries [26,31,32,42,
67,68]. Hence, it is likely that the self-assembled NSMs will be designed
and developed as new kinds of effective and environmentally-friendly
adsorbents to prevent the contamination of water from toxic dyes in
the future.

In the development of new functional materials, NSMs can be used as
ample raw material for their nontoxicity, low cost, long-term stability,
good renewability, and biodegradability. Gel–gold NP as an emerging
hybrid material could be in situ prepared by exploiting sodium/potassium
betulinates, or arjunolic acid under mild conditions, which applied in the
development of rapid test strip for biological labelling [31,67]. A family
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of natural acid–sugar adhesive materials with organic solvent-resistant
and tough adhesion effects were developed dramatically as prospective
alternatives to polymer adhesives materials [95]. The self-assembled
fiber structures of glycyrrhetinic acid had been employed for the tem-
plated growth of semiconductor NPs like CdS, which was particularly
advantageous in applying in light emitting diodes, photoelectronic de-
vices, and other industry areas [35]. Wan et al. used glycyrrhizic acid
nanofibrils to impel to transform liquid oil into smart responsive
soft-solid structured materials with a promisingly applying prospect in
the fields of cosmetic, pharmaceutical, or food [113]. And developing a
biocompatible and ultrastable pesticide formulation is of great signifi-
cance to environmental safety and agricultural production. A research
revealed that on account of admirable assembled behavior of natural
glycyrrhizic acid, 1 wt% of it could emulsify and stabilize 80 wt% agri-
cultural oil, thus obtaining gel-like Pickering emulsion as eco-friendly
pesticide formulation [114]. And with the outstanding rheological and
atomization characteristics, it was even considered as gel propellant in
rocket engines [115]. The technological innovation and development of
functional materials can fully unleash the power of reproducible NSMs,
which also closely tie with every aspect of our daily lives.

6. New supramolecular system hypothesis of TCMs

Since the discovery of self-assembled NSMs, they almost without
exception were considered as raw resources for new chemical materials
all long. However, their roles in natural medicine were ignored, to a
certain extent. It is likely to provide new perspectives and technical
methods to give insight into the mode of action of TCMs, because of
majority of them as such extracted and isolated from TCMs. As invaluable
sources and powerful weapons against diseases, TCMs has embodied the
great wisdom of the Chinese ancestors in the evolution over thousands of
years. During the pandemic by coronavirus disease 2019 (Covid-19)
globally, the TCMs has been widely advocated to repurpose for the
Fig. 5. Schematic illustration of the new sup
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clinical treatment of Covid-19, such as Shuanghuanglian preparation and
Lianhuaqingwen capsules [116–119]. Nevertheless, the use of some
TCMs is controversial owing to the indefinite chemical composition and
mode of action, thus resulting being wrongly acknowledged and lack of
entirely application internationally [120]. In recent centuries, a wealth of
research on the material foundation of TCMs had illuminated the struc-
tures and pharmacological action of tens of thousands of NSMs. With the
continuous improvement of isolation and purification techniques, there
are constantly new NSMs being discovered from TCMs even with very
low content. In terms of TCMs, they are by no means confined only as
simple mixtures of various chemical compositions. Inspired by the theory
of supramolecular chemistry, we will put forward a new hypothesis that
the spontaneous formation of multicomponent assemblies in TCMs is
responsible for their therapeutic effects, which will help scientists un-
ravel the mystery of active substances, compositions and action mecha-
nisms of TCMs (Fig. 5).

Over the last decade, some researchers had found the phase state
interconversion phenomenon in the extraction of TCMs many times
already. Zhuang et al. had observed the aggregates in all detected eighty-
four TCM solutions via dynamic light scattering (DLS), and demonstrated
that the biological activities of two TCM formulae were highly correlated
with the aggregates which could survive in the gastro-intestinal envi-
ronment and transport across the monolayer of the cells [13]. The
bioactive compounds like genistein, daidzin, daidzein and puerarin were
further identified in the aggregates of Pueraria lobata (Willd.) Ohwi
[121]. In Bai-Hu-Tang decoction, a classic TCM preparation, nanometer
aggregates consisting of mangiferin, neomangiferin, glycyrrhizic acid,
ammonium glycyrrhizinate and other inorganic elements were isolated
and characterized with better antipyretic activity than other dispersion
phases [122]. Another study suggested that NPs isolated form broccoli
had ability to adjust intestinal immune homeostasis through targeting
dendritic cells [123]. Ephedrine, a well-knownmedicinal phytochemical,
was found to be the main active constituent of colloidal NPs in
ramolecular system hypothesis of TCMs.
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Ma-Xing-Shi-Gan-Tang decoction, a TCM formula containing Ephedra
sinica Stapf [124]. Pharmacological studies in vivo involving
Ge-Gen-Qin-Lian-Tang decoction had showed that the constitutive ag-
gregates of the herbal decoction possessed stronger antioxidant and hy-
poglycemic activities than that of soluble compositions [125]. These
above achievements suggested that the decoction of TCMs were complex
multicomponent dispersion systems. Colloid, emulsions, aggregates,
precipitates, crystallizations, gelations and other phase state intercon-
version phenomenon emerging in the extracting process were attributed
to the exist of parts of phytochemicals with assembly property. They
either by themselves or gathering with other active substances have
assembled spontaneously to construct supramolecular architectures. Into
which supramolecular structure phytochemicals are formed determines
their effects, delivery and metabolism. With regard to the special influ-
ence of supramolecular chemistry on the theory of TCMs, standing on the
shoulders of our predecessors, we hypothesized that, TCMwas a complex
supramolecular systems in nature, in which a certain amount of
self-assembled NSMs may bear the responsibility to deliver main active
ingredients into the target organs through co-assembly or encapsulation
so as to elicit the multi-effects via multiple targets, levels and pathways in
the bodies and finally treat the diseases [126–130]. Notably, some NSMs
not only served as the carriers for encapsulating and delivering, but also
played therapeutic effects such as terpenoids and steroids, which were
known to the scientists for their anticancer, anti-inflammatory and
antioxidant activities [131–136]. It is also an important manifestation of
TCMs－“the unification of drug and adjuvant” [137]. And it is likely that
the self-assembly properties determined their roles of both drug and
adjuvant. Moreover, according with basic theory of thermodynamics, hot
refluxing and decoction with water have inadvertently created appro-
priate conditions for the formation of natural assemblies, which was the
cause of the majority of self-assembled NSMs discovered by the forma-
tion of thermo-sensitive gel [138,139].

Indefiniteness of effective constituents and uncertainty of synergetic
mechanism of multiple components are the tremendous obstacles for
clinical application of TCMs. Current research about supramolecular as-
sembly is mostly limited in the coordination of two components owing to
the simplicity in selecting optimal composite ratio of two parts. With
respect to the multicomponent supramolecular systems of TCMs, we
suggested to identify and isolate main supramolecular components by
HPLC-MS combined with superparamagnetic iron oxide (SPIO) nanodots.
The HPLC-MS technique is a conventional tool for the study of chemical
substance in TCMs [140]. And the SPIO nanodot method developed by
Zhou et al. was a chemical approach to directionally separate nano-NSMs
utilizing SPIO as a magnetic cargo agent [36,103,141–143]. Alterna-
tively, a general isolating method with the gelation ability as guidance
promptly in the process of extraction and separation is convenient and
effective to obtain gelling self-assembled NSMs [16]. Then according to
the results of the HPLC-MS analysis, the proportion of the components
will be determined andmulticomponent hybrid model can be configured.
Noncovalent intermolecular interactions dominate multicomponent
co-assembly performance, which can bring about the increased efficacy
and lower toxicity, thus highlighting the integral regulating function of
TCMs. On the one hand, the multicomponent supramolecular assemblies
can straightforwardly promote the internal absorption and
tissue-penetrating of active constituents to produce synergistic efficacy,
via improving solubility, increasing cellular membrane permeability,
inhibiting intestinal metabolism, and opening paracellular tight junction
between enterocytes [144]. And on the other hand, the assembly mode
may block the toxic site of some toxins and hinder their metabolism, or
regulating key signaling pathways to reduce the risk of tissues damage
and slow down the side effects [37,76,88,99,145]. Taken together, su-
pramolecular assembly is supposed as the underlying mechanism to
endow TCMs with impressive bioactivity and biosafety. This hypothesis
has provided new perspectives and techniques to help researchers un-
derstand and investigate the sophisticated nature of TCMs in the future.
The traditional Chinese herbal medicine like licorice, ginseng, Radix
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Bupleuri, Poria cocos etc. which are rich in known self-assembled terpe-
noids can is used as a representative starting point of research to test it
[146–149].

7. Conclusions and prospects

From immense cosmos to living organisms, assembly is the essential
law for the formation of every entity. We generally consider assembly is
the process on the certain condition of building units spontaneous form
well-order structure. The assemblies of biomolecules in situ forming in
biological systems have opened up a new era of life science. As a
consequence, supramolecular assembly chemistry is an advanced
research field with unlimited vitality and good development prospects in
chemistry. The discovery of self-assembled NSMs was regarded as a
breakthrough in the research of natural products. After several centuries
of rapid growing, natural product chemistry is undergoing a bottleneck
period for development. The traditional strategy of drugs screening
relying on the novel natural products began to face more and more dif-
ficulties and problems. In order to fully exploit natural resources, more
and more researchers have turned the spotlight on the functionality of
NSMs. With the development of supramolecular chemistry including
host�guest system and directly molecular self-assembly, more and more
NSMs were identified and used for preparation of functional materials
[83,150]. Spontaneous assembly characteristics endow some NSMs
extraordinary microstructures, functions, uses, and superiority, which
have managed to get rid of the bondage of toxic additives and complicate
synthesis. It becomes not only an effective strategy to design new pro-
drugs and discover new uses of old drugs, but also a convenient approach
to prepare functional materials for practical applications in various fields
of environmental protection, electromechanical industry, agricultural
production and so on. Hence, it is of great significance to realize trans-
formation from monomers to supermolecular level, which will help us
understand the essence of nature in depth.

Despite the self-assembled NSMs are becoming a hotspot in the field
of research, many theoretical and technological hurdles are yet to be
overcome. Firstly, more novel NSMs with self-assembled property must
be identified and characterized. From the view of structural chemistry, a
sufficient amount of these natural compounds is the keystones of the
further frame, synthesis, structural relation, pharmacological action and
degradation metabolization of self-assemblies. Nevertheless, the re-
ported numbers and structural types of them are too weak to support
further research. The introduction of different functional groups in small
molecule will lead to specific non-covalent forces. Essentially, the su-
perposition of multiple non-covalent interactions between molecules is
the primary cause of organized supramolecular assembly. However, it's
really hard to figure out the relationship between the additive functional
groups and assembling modes owing to the weakness and dynamics of
non-covalent forces. There will still be efforts to clarify molecular
assembling principles in different phase states.

As excellent natural resources, self-assembled NSMs are believed to
have wide application prospect, especially in pharmaceutical and mate-
rial industry. Related studies reported previously were so shallow that
make them unable to be really applied into actual production. Actually,
self-assembled NSMs may be better suited to any application systems
than synthetic products because of their own characteristics such as
excellent biocompatibility, renewability, biodegradability inherent bio-
activities and so on. They can be used as NP platform to achieve inde-
pendent delivery of small interfering RNA across the blood-brain barrier
for the treatment of traumatic brain injury [151]. Vesicular
self-assemblies of NSMs are expected to mimic cellular membranes for
delivering drugs better and catalyze nano-reactions as microreactors
more efficiently [77,78]. The gels naturally formed by self-assembled
NSMs, especially glycoside, can be redesigned as bioadhesive patch in
place of handsewn closure of gastrointestinal defects or medical dressing
to enhance tendon or wound healing [3,152–154]. Compared to syn-
thetic substrates, natural hydrogels may be better suited to simulate the
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internal environment for 3D cell culture and organogenesis [155,156].
The antitumor, antimicrobial, antiviral andmany other biologic activities
will be improved by self-assembly when manufacturing the corre-
sponding natural biomaterials [45,157–159]. In other ways, the revers-
ible and weak non-covalent interactions will make supramolecular
materials highly responsive to stimuli such as pH, heat, light, ions, and
electrical fields, causing a change of mechanical properties. Particularly,
the electricity-, light-responsive supramolecular assemblies based on
NSMs were not found yet. Hence, whether or not the natural supramo-
lecular systems can be designed as catalytic agent converting renewable
energy to fuels, reversible batteries storing ion energy and light-regulated
smart materials are still subjects in need of further research [160–163].
Based on these stimuli-responsiveness and self-healing properties, as-
semblies of NSMsmay bemore prone to control dynamic stereochemistry
and accomplish dynamic covalent bonds-mediated reversible polymeri-
zation in designing multifunctional smart materials [164–167]. Hence, it
will have the great potential to be used to create more new materials.

On the basis of self-assembled NSMs, the strategy of multicomponent
co-assembly was adopted to obtain more new natural materials aimed to
improve the efficiency. Whilst many bicomponent co-assemblies have
been confirmed to be potential drug carriers, that of three or more
components have been restricted because of their complexity. Inspired by
that, we proposed a new supramolecular system hypothesis of TCMs for
interpreting the mode of action of TCMs from the viewpoint of multi-
component co-assembly. It is widely known that TCMs is a major source
of NSMs. And with respect to the known NSMs having self-assembled
properties at the moment, almost all of them were identified and iso-
lated from TCMs. According to this, TCMs could be seen as a huge and
complex supramolecular system, in which a certain of constituents hav-
ing assembling properties acted as transporters to delivery other active
ingredients. Certainly, the hypothesis must be validated by more results
of the experiment. A combination of theories and technologies between
traditional Chinese medicinal chemistry and supermolecular assembly
science will be a new research direction. In summary, supramolecular
assemblies based on natural small molecules are at the head of the
development of chemistry as well as material science, which will be
immensely valuable for examining nature of the molecular interaction
and exploiting new materials.
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