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Abstract 

Traditional Chinese Medicines (TCMs) have been used for centuries for the treatment and management of various dis-
eases. However, their effective delivery to targeted sites may be a major challenge due to their poor water solubility, 
low bioavailability, and potential toxicity. Nanocarriers, such as liposomes, polymeric nanoparticles, inorganic nano-
particles and organic/inorganic nanohybrids based on active constituents from TCMs have been extensively studied 
as a promising strategy to improve the delivery of active constituents from TCMs to achieve a higher therapeutic 
effect with fewer side effects compared to conventional formulations. This review summarizes the recent advances 
in nanocarrier-based delivery systems for various types of active constituents of TCMs, including terpenoids, polyphe-
nols, alkaloids, flavonoids, and quinones, from different natural sources. This review covers the design and preparation 
of nanocarriers, their characterization, and in vitro/vivo evaluations. Additionally, this review highlights the challenges 
and opportunities in the field and suggests future directions for research. Nanocarrier-based delivery systems have 
shown great potential in improving the therapeutic efficacy of TCMs, and this review may serve as a comprehensive 
resource to researchers in this field.
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Introduction
Traditional Chinese Medicines (TCMs) not only provide 
a valuable source for treating various diseases but also 
play a significant role in the field of medicine. The active 
constituents of TCMs, the vast majority of which derived 
from plants (about 87%), are increasingly gaining popu-
larity for their potential health benefits and therapeu-
tic applications [1–3]. However, many components and 
ingredients of TCMs face limitations such as uncontrol-
lable quality, low solubility, poor stability, adverse effects, 
and inadequate targeting, hampering their extensive pro-
duction and usage [4]. The therapeutic potential of TCMs 
has long been attributed to the functional groups present 

in the active ingredients of TCMs, including carboxyl, 
alcohol, phenol and amine, etc. These functional groups, 
comprising more than half of TCMs components, have 
been shown to possess pharmacological activity that is 
responsible for its unique medicinal effects, including 
compatibility issues, combination of multiple compo-
nents, and multi-target action [5–7]. As such, a compre-
hensive investigation and application of these active 
molecules or groups hold great promise for advancing 
TCMs as a viable therapeutic option.

Drug delivery research using nanocarriers offers 
remarkable advantages for overcoming the specific short-
comings of TCMs, such as low bioavailability, poor water 
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solubility, and unsatisfactory stability. In recent years, the 
number of published articles on active molecule delivery 
via nanocarriers has increased, reflecting a deeper under-
standing of their properties [8–10]. Nanocarriers can 
improve TCMs’ bioavailability and target action while 
minimizing their side effects. Passive targeting of TCMs 
can be achieved through nanocarriers’ enhanced perme-
ability and retention (EPR) effect, which enables them to 
reach target areas more efficiently [11, 12]. Active locali-
zation strategies are also possible with certain nanocar-
riers, which can bind to specific receptors of ligands and 
enhance TCMs targeting ability. Nanocarriers can pro-
long drug release time, maintain controllable release, 
and reduce toxins, maximizing therapeutic effect as well 
as improve the bioavailability of hydrophobic TCMs 
components by enhancing water solubility and stability 
[13–15].

As shown in Fig.  1, this review analyzes the physi-
cal and chemical properties of active molecules com-
monly used in TCMs, such as terpenoids, polyphenols, 
flavonoids, alkaloids, and quinones, and summarizes the 
use of nanocarriers with different structural systems, 
including lipid-based nanocarriers, microemulsion and 
nanoemulsion, ethosomes and transfersomes, polymer 

nanocarriers, inorganic nanocarriers, and hybrid nano-
carriers, discussing their advantages and limitations in 
TCMs drug delivery. It offers a new direction of thought 
for the nanodrugs delivery of TCMs.

Common active ingredients from TCMs
Terpenoids
Terpenoids, or isoprenoids, are a large class of natural 
products that comprise one of the most numerous fami-
lies of organic compounds in nature (e.g., triptolide, cel-
astrol, artemisinin, Fig.  2a). These structurally diverse 
compounds are biosynthesized from simple building 
blocks, isopentyl diphosphate (IPP) and dimethylallyl 
diphosphate (DMAPP), through the isoprenoid pathway, 
a complex metabolic network composed of several enzy-
matic steps [16–18]. Terpenoids exist ubiquitously in the 
plant kingdom, but are also found in fungi, bacteria, and 
animals, and are well known for their diverse pharmaco-
logical activities and biological functions.

Studies have shown that terpenoids exhibit a broad 
range of biological activities such as anti-inflammatory, 
antimicrobial, anticancer, and antiparasitic properties, 
which have made them attractive targets for the devel-
opment of novel drug candidates [19–23]. Moreover, 

Fig. 1  Structural illustration of applications in nanodrugs of TCMs
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some terpenoids, such as carotenoids, serve critical roles 
in photosynthesis, while others, such as gibberellins 
and abscisic acid, act as plant hormones that regulate a 

diverse array of developmental processes (Fig.  2a). Ter-
penoids are also involved in plant-environment inter-
actions, facilitating the plant defense system against 

Fig. 2  Chemical structures of active ingredients from TCMs



Page 5 of 40Qiu et al. Journal of Nanobiotechnology          (2023) 21:456 	

herbivores and pathogens, as well as providing commu-
nication signals in plant-pollinator interactions and inter-
species competition [24–26].

Terpenoids exhibit remarkable structural diversity, with 
variations in backbone length, functional groups, and ste-
reochemistry, which has led to a vast array of structurally 
complex and biologically active molecules [27–29]. In 
summary, the unique structurally diverse and biologically 
active nature of terpenoids makes them a rich source of 
potential therapeutic agents and a subject of extensive 
research in the field of natural product chemistry.

Polyphenols
Polyphenols are a diverse group of natural compounds 
that are widely distributed in the plant kingdom, and 
are known for their potent antioxidant and anti-inflam-
matory properties [30, 31]. These bioactive compounds 
are structurally characterized by the presence of one or 
more phenolic rings, and are biosynthesized through the 
shikimate and/or polyketide pathways in plants [32–34]. 
Polyphenols have been extensively studied for their bio-
activity and effects on human health, particularly in the 
prevention and treatment of chronic diseases such as 
cancer, cardiovascular and neurodegenerative disorders, 
and diabetes [35–37]. These bioactive compounds have 
been shown to modulate key cellular signaling pathways 
and enzyme activities, leading to enhanced antioxidant 
defense, anti-inflammatory effects, and improved meta-
bolic function [38].

Furthermore, polyphenols exhibit remarkable struc-
tural diversity, ranging from simple phenolic acids to 
complex flavonoids, stilbenes, and lignans, and are pre-
sent in a variety of dietary sources, including fruits, veg-
etables, nuts, and beverages such as tea, coffee, and wine 
[39–41]. As such, polyphenols have received much atten-
tion as potential therapeutic agents and nutraceuticals, 
and their bioavailability, metabolism, and health effects 
continue to be the subject of intensive research [42]. In 
summary, the diverse structural and bioactive properties 
of polyphenols make them an important class of natural 
compounds with potential health-promoting effects, and 
their exploration and utilization hold significant promise 
for the development of novel therapeutics and functional 
foods.

Curcumin
Curcumin (C21H20O6, Fig.  2b), a yellowish polyphenol 
obtained from the rhizome of Curcuma longa plants in 
the Zingiberaceae family, is used in TSMs systems to 
treat a range of ailments, including arthritis, stomach 
ulcers, dysentery, sprains, and skin infections [43–45]. It 
has shown significant antitumor activity in liver, stom-
ach, and prostate cancers, and promising results as a 

treatment for brain diseases, cholesterol, and endothe-
lial dysfunction [46–48]. Additionally, curcumin is a low 
cytotoxicity drug and an effective anti-inflammatory 
and antiviral agent. Curcumin can inhibit cell prolifera-
tion through proliferating cell nuclear antigen (PCNA), 
block the cell cycle, and induce apoptosis through mito-
chondrial hyperpolarization and lowered levels [49, 50]. 
However, curcumin’s poor water solubility and sensitivity 
to light and alkaline environments limit its effective con-
centration. To overcome these issues, curcumin nano-
encapsulation via various techniques is a viable approach 
[51]. Nanocarriers improve solubility, increase stability, 
and can deliver curcumin to target sites, enhancing its 
biological activity while reducing toxicity.

Resveratrol
Resveratrol (C14H12O3, Fig. 2b), also known as 3,4,5-tri-
hydroxy-trans-stilbene, was isolated from the roots of 
Veratrum puberulum Loes, and has been subsequently 
isolated from over 70 plant species. This natural poly-
phenolic substance is particularly abundant in Veratrum 
puberulum Loes, grapes, peanuts, and Polygonum cuspi-
datum. The pure product of resveratrol appears as color-
less needle-like crystals, with poor solubility in water but 
high solubility in organic solvents such as acetone and 
ethanol. Resveratrol has been shown to exist in both cis 
and trans configuration, with the trans-isomer being the 
predominant form, while the cis-isomer is produced from 
the trans isomer under light conditions [52, 53].

Resveratrol is known to form glycosides with sugar 
molecules, which are subsequently cleaved by glycosi-
dases in the intestine to release free resveratrol upon 
ingestion. Numerous studies have elucidated the diverse 
and extensive biological activities of resveratrol, which 
includes antioxidant, anti-inflammatory effects [54–57], 
anti-cancer effects (through the regulation of cell cycle 
and oncogenes, blockade of cancer cell pathways, and 
induction of autophagy) [58, 59], as well as cardiovas-
cular protection (anti-apoptotic effect, improving the 
effect of cardiac hepatocyte transplantation and relieving 
ischemia–reperfusion injury) [60–62], neuroprotection 
[63, 64], osteoporosis treatment (effects on the process of 
cartilage aging, cartilage matrix metabolism and cartilage 
damage) [65, 66] and antiviral [67–69].

Despite its potential therapeutic benefits, resvera-
trol has poor water solubility, which is only 0.03  g/L in 
water leading to low oral bioavailability. Encapsulation of 
resveratrol in nanocarriers has demonstrated a promis-
ing solution by providing sustained release and targeted 
delivery properties, mitigating the drug’s side effects, and 
amplifying its therapeutic efficacy [70, 71]. However, the 
improvement of its bioavailability and large-scale pro-
duction have yet to be studied in detail.
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Rosmarinic acid
Rosmarinic acid (RA, C18H16O8) is a natural polyphe-
nolic compound that is widely distributed in plants of the 
Lamiaceae and Boraginaceae families [72, 73]. RA was 
first identified and characterized in 1958 by two Italian 
scientists, who named it in reference to its source, Ros-
marinus officinalis. RA’s structure comprises an ester 
formed via the condensation of caffeic acid and 3,4-dihy-
droxyphenyllactic acid, as depicted in Fig.  2b [74]. Pure 
RA is a white crystalline solid with a molar mass of 
360.2 g/mol, a density of 1.54 g/cm3 and a melting point 
of ~ 171 °C [75]. A vast body of literature has provided 
compelling evidence of the diverse biological activities of 
RA, such as antioxidant, anti-inflammatory, antiviral, and 
antithrombotic effects [76–79]. RA’s biological activities 
are attributed to its unique chemical structure, which fea-
tures multiple phenolic groups, allowing it to scavenge 
free radicals and inhibit oxidative stress. Additionally, RA 
has been demonstrated to regulate pivotal signaling path-
ways and modulate gene expression related to inflam-
mation, thrombosis, and viral infections, highlighting its 
potential as a promising therapeutic target for the devel-
opment of innovative therapeutic agents.

The potential anti-inflammatory properties of RA 
have been investigated based on its inhibitory effects on 
lipoxygenases and cyclooxygenases [72]. It is reported 
that RA can protect the lung tissue against side effects 
of malathion based on its excellent anti-oxidant, anti-
inflammatory and anti-apoptotic properties [80]. In vitro 
studies have demonstrated that RA may prevent cardio-
vascular disease by targeting multiple signaling pathways, 
including anti-myocardial fibrosis, reducing cardiac dys-
function and inhibiting myocardial apoptosis [81, 82]. 
In addition, the existing literature indicates that RA may 
hold promise as an inhibitor of cancer cell growth and 
inducer of apoptosis [83]. Overall, RA is a fascinating 
natural compound that is widely distributed in plants and 
has diverse biological activities. Ongoing research aims 
to elucidate the molecular mechanisms of its bioactivity 
and the development of optimized delivery systems to 
enhance therapeutic potential of RA.

Anthocyanins
Anthocyanins (ANCs), water-soluble pigments mainly 
found in fruits and vegetables, exhibit various colors 
including blue, purple, and red, and are the primary 
polyphenolic components in red cabbage, colored plant 
and vegetable extracts with inherent antioxidant activ-
ity [84, 85]. ANCs are 2-phenylbenzopyranonium cation 
derivatives consisting of rings A, B, and the heterocyclic 
C, differing in the groups attached to the B ring (Fig. 2b) 
[86, 87]. Over 250 naturally occurring ANCs have been 
identified, with commonly found in six plants: geranium, 

cyanidin, delphinidin, peony, morning glory, and mallow 
[88]. ANCs elicit a broad range of biological activities, 
which include anti-tumor, anti-inflammatory, antioxi-
dant, memory-enhancing, blood pressure-reducing, cog-
nition-enhancing, radiation-resistance-promoting, and 
anti-atherosclerotic effects [89–92]. Nonetheless, their 
vulnerability to deterioration brought about by envi-
ronmental elements such as temperature, oxygen, ionic 
strength, gastrointestinal enzymes, acidity, and alkalinity, 
presents considerable obstacles [88]. Coating anthocya-
nins with chitosan and its derivatives has emerged as a 
potent approach to improve their stability against physi-
cal and oxidative deterioration, preserve their antioxidant 
activity, and decrease degradation rates under conditions 
such as simulated gastrointestinal digestion and storage 
[93, 94].

Flavonoids
Flavonoids are the most prevalent secondary metabolites 
produced by natural selection in plants, and are found 
in various plant organs, particularly in petals, leaves, 
and fruits [95]. These compounds are abundant in many 
dietary sources, including soybeans, red grapes, apples, 
and tea [96, 97]. Flavonoids are a class of compounds that 
share a common basic parent nucleus of 2-phenyl chro-
mogen ketone (C6-C3-C6), with aromatic rings of A and 
B rings connected in three carbon atoms [98]. Natural 
flavonoids could be broadly categorized into eight classes 
based on the degree of hybridization of the intermediate 
carbon atom and the bonding position of the B-ring (at 
position 2 or 3), including flavonoids, flavonols, dihydro-
flavonoids, dihydroflavonols, isoflavones, flavan-3-ols, 
anthocyanins, and chalcones (e.g., baicalin, gambogic 
acid, puerarin, Fig. 2c) [99, 100].

Flavonoids are typically crystalline granules or pow-
ders, with the color of flavonoid compounds depend-
ing on the number, location, and type of substitution 
of cross-conjugate systems and chromophores in the 
molecule. Flavonols, flavonoids, and their glycosides 
are typically greyish yellow to yellow, while chalcones 
exhibit yellow to orange–yellow hues. Isoflavones, dihy-
droflavonoids, and dihydroflavonols, on the other hand, 
are colorless due to the lack of conjugate systems [96]. 
Due to hydroxyl glycosidation, flavonoids tend to exhibit 
increased solubility in water and decreased solubility in 
organic solvents. Their acidic nature, arising from the 
presence of numerous phenolic hydroxyl groups, makes 
them soluble in alkaline solutions such as pyridine and 
formamide. Under ultraviolet (UV) light at 254  nm or 
365  nm, flavonoids exhibit distinct fluorescence colors, 
which are further enhanced upon reaction with soda 
solution. Flavonoids have the ability to form colored 
complexes with aluminum, lead, magnesium, and other 
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metal ions, with flavonoids typically exhibiting orange 
hues and most flavonols showing purple or red colors 
[101]. Complexation reactions are essential for the quan-
titative analysis of different types of flavonoids, relying 
on the maximum absorption wavelengths of the formed 
colored complexes [102].

Flavonoids have been shown to possess significant 
medicinal value and potential preventive effects against 
cardiovascular and cerebrovascular diseases [103]. These 
compounds can improve blood vessel strength, lower 
cholesterol and blood lipid levels, enhance blood vessel 
flow, and prevent common conditions such as cerebral 
hemorrhages, coronary heart disease, hypertension, and 
angina in the elderly [104–106]. Furthermore, many fla-
vonoid compounds possess cough-suppressing, blood 
congestion-relieving, and antibacterial effects, while also 
exhibiting antioxidant and free radical scavenging prop-
erties [107–110]. However, flavonoids still have many 
obstacles in clinical use, including poor water solubility, 
poor oral absorption (< 5%) and fast metabolism [111], 
which might be solved by nanotechnology in future.

Alkaloids
Camptothecin and its derivatives
A pentacyclic compound called Camptothecin (CPT, 
C20H16N2O4) was first discovered from by American 
chemists Wall and Wani in 1966 [112]. CPT consists 
of five rings: a pyridinone ring (also known as ring D), 
a pyrrole ring (A, B, and C rings), and a six-membered 
α-hydroxylactone ring (ring E) (Fig. 2d). The lactone ring 
is a unique structure in CPT, which has an asymmetric 
center and a 20S configuration with asymmetric hydroxyl 
groups, rendering it a potent antitumor agent [113, 114]. 
CPT and its derivatives are generally not soluble in water, 
but they can dissolve well in polar aprotic solvents such 
as methanol and dimethyl sulfoxide [115]. CPT solutions 
exhibit violet-blue fluorescence under UV, and the ring-
closing lactone form has a greater impact on its biological 
activity [116].

CPT was first applied in mouse experiments by Wall 
and Wani, which surprisingly revealed its potent anti-
tumor properties [117, 118]. Subsequently, the National 
Cancer Institute conducted experiments on mouse L1210 
leukemia and rat Walker carcinosarcoma models, which 
further validated its clinical potential. However, CPT’s 
significant toxicity and negative effects on the urinary 
and digestive systems, coupled with its limited solubil-
ity and unpredictability of drug–drug interactions, have 
hampered further research [119, 120]. In 1985, Hsiang 
and his team discovered that CPT is a specific inhibitor 
of topoisomerase I, which rekindled interest in its poten-
tial as an antitumor drug [121–123]. Since then, topote-
can (TPT) and irinotecan (CPT-11) have emerged as the 

main CPT derivatives used in clinical practice and have 
shown significant therapeutic effects [124]. Ongoing 
investigations are evaluating other compounds, such as 
9-aminocamptothecin, GI147211, 9-nitrocamptothecin, 
and dx-8951f, to determine their efficacy and toxicity 
profiles compared to existing analogues [125].

Vinblastine and its derivatives
Catharanthus roseus, a member of the Apocynaceae fam-
ily, is commonly cultivated for its diverse flower color, 
profuse blooming, and extended flowering period in 
warm climates. In the late 1950s, Noble et al. serendipi-
tously discovered that a plant extract from C. roseus pos-
sessed a leukopenic effect in addition to its previously 
identified hypoglycemic properties [126]. Subsequent 
isolation and analysis of the extract chemicals indicated 
the presence of vinblastine (VLB, C46H58N4O9) and vin-
cristine, potent antitumor agents that have been utilized 
in clinical practice for over six decades [127, 128]. VLB, a 
diterpenoid indole alkaloid with complex chemical struc-
ture (Fig. 2d) and low thermal stability, possesses needle-
like white crystals that is soluble in common organic 
solvents such as methanol, acetone, and ethyl acetate 
while being insoluble in water and petroleum ether [129–
131]. VLB is susceptible to decomposition due to expo-
sure to light and therefore requires protection. In this 
context, the scarcity of this valuable drug is due, in part, 
to its challenging synthesis and isolation techniques.

VLB is characterized by myelosuppressive toxicity and 
is composed of the upper half of verapamil and the lower 
half of vindoline [132, 133]. In contrast, vincristine has a 
unique neurological toxicity, but little myelosuppressive 
toxicity and a stronger inhibitory effect on transplanted 
tumors due to the oxidation of the 1-N-methyl group on 
the vindoline site [134]. This small structural difference 
has attracted significant research interest due to its pro-
nounced effect on the drugs’ anti-tumor and anti-toxic 
properties. The development of novel VLB-based anti-
tumor agents using chemical structure modification is 
research-intensive, but has led to the commercialization 
of highly potent, low-toxicity agents such as Vindseine 
(VDS), Vinorebline (NVB), and Vinfulunine (VFL) [135]. 
Despite their effectiveness, VLB and related drugs are 
limited in clinical application due to their peripheral neu-
rotoxicity, myelosuppressive toxicity, and P-glycoprotein 
(Pgp)-mediated resistance emerging in late clinical stages 
[136, 137]. Reducing the toxicity and improving the 
resistance of these drugs remain a significant challenge in 
cancer treatment.

Berberine
Berberine (BBR, C20H18NO4) is a widely studied iso-
quinoline (Fig. 2d) alkaloid, isolated and extracted from 
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Coptis chinensis, a member of the Ranunculaceae plant 
family [138]. In nature, it is mainly found as a quaternary 
ammonium salt, with distribution in the roots, stems, 
and leaves of Berberidaceae, Loganiaceae, and Ranun-
culaceae plant families. While BBR can be synthesized in 
large quantities, its solubility in organic solvents remains 
limited, with greater solubility observed in cold water and 
ethanol with increasing temperature [139–141]. The yel-
low needle-like crystals of pure BBR have a melting point 
of approximately 145  °C and exhibit yellow fluorescence 
under UV light [142].

BBR has been extensively studied due to its diverse bio-
logical and pharmacological properties. Recent pharma-
cological studies have demonstrated its cardioprotective 
and neuroprotective effects, as well as its antibacterial 
and anti-inflammatory properties [138, 143–147]. Fur-
thermore, BBR has been shown to have potent anti-
diabetic and anti-tumor effects through various 
mechanisms. For instance, it was confirmed that BBR can 
suppress the inflammatory response of neutrophils by 
inhibiting the onset of neutrophilic respiration, thereby 
reducing the generation of reactive oxygen species (ROS) 
[148]. BBR can target key enzymes such as cyclooxyge-
nase-2 and topoisomerase to inhibit the growth of vari-
ous tumor cells [149]. Additionally, BBR has been shown 
to promote glucose uptake and reduce blood sugar lev-
els by enhancing insulin sensitivity and thus protect-
ing isolated islet cells [150–153]. Furthermore, BBR has 
demonstrated antiarrhythmic effects by modulating 
ion channels and receptors that regulate heart function. 
Recent studies have also highlighted the potential of BBR 
to reverse tumor multidrug resistance by promoting 
apoptosis, inhibiting drug efflux and altering the tumor 
microenvironment [154–157]. Together, these findings 
underscore the significant therapeutic potential of BBR 
for a range of medical applications.

Evodiamine
Evodiamine (EVO, C19H17N3O) is an indole alkaloid 
that originates from Evodiamine rutaecarpa, a tradi-
tional medicinal ingredient. It is comprised of a dis-
tinct pentacyclic backbone consisting of three nitrogen 
atoms (Fig. 2d) [158, 159]. Research has shown that EVO 
exhibits multiple pharmacological activities, includ-
ing analgesia, anti-tumor, antibacterial, and metabolic 
disease regulation. EVO has also been found to exhibit 
various biological activities, e.g., antithrombotic and 
vasodilator activity, anti-inflammatory and anti-obesity 
effects, thermoregulatory and cardiovascular protection 
[160–163]. EVO’s wide range of activities indicates its 
potential for diverse therapeutic uses, such as combating 
cancer, inflammation, obesity, and cardiovascular disease 
[164–167].

Piperine
Piperine, the most abundant alkaloid found in pepper-
corns (Piper nigrum L.), was first isolated in 1819 by 
Oersted et  al. [168]. It is a yellow crystalline substance 
belonging to the amine alkaloids of Cinnamomum cassia, 
primarily derived from the dried and ripe fruits of Piper-
aceae plants such as Piper longum L [169–172]. Piperine 
is the quality standard component of traditional medi-
cine and has low water solubility (40 mg/L at 18 °C) and 
a molecular formula of C17H19NO3, as shown in Fig. 2d.

Piperine exhibits a range of pharmacological effects, 
including gastric ulcer treatment [173–175], hypolipi-
demic properties [176–178], and antioxidant activity 
[179–181]. Piperine can also act as an antidepressant 
by upregulating levels of 5-hydroxyamine or dopamine 
in the central nervous system [182–184], and has dem-
onstrated analgesic [185–187] and anti-tumor effects 
[188–191]. Moreover, piperine has demonstrated broad-
spectrum bactericidal activity with no drug resistance 
[192–195], and has demonstrated potential as a hypnosis 
and anticonvulsant agent [196–198]. The diverse range of 
pharmacological effects of piperine highlights its poten-
tial therapeutic applications for a variety of diseases, 
emphasizing the importance of further research in this 
area.

Quinones
Emodin
Emodin (EM, C15H10O5) is a natural anthraquinone 
(Fig.  2e) derivative, mainly extracted from the rhizome 
of Reynoutria japonica Houtt. and Rheum palmatum L., 
and is also the main active ingredient of TMC rhubarb 
[199]. Pure EM is a yellow, long, needle-like crystal, with 
a melting point of around 256 °C, poor water solubility 
(70 mg/L), but soluble in ethanol and alkali solution.

Extensive research has been conducted on EM to 
examine its pharmacological benefits, including its ability 
to detoxify, combat bacterial infections, reduce inflam-
mation, and protect the liver [200–204]. It has a weak 
laxative effect and is generally used as a laxative abroad 
[205, 206]. New research has highlighted the unforeseen 
antidiabetic properties of this compound, as well as its 
ability to impede the proliferation and viscosity of tumor 
cells at a cellular level and act as a cytotoxic agent against 
various tumors [207–210]. Moreover, EM is commonly 
used to inhibit bacteria, such as typhoid, urinary tract 
infections, and otitis media [211, 212]. Studies conducted 
on living organisms have revealed that EM is predomi-
nantly absorbed in the small intestine and is primarily 
distributed throughout the liver and kidney, aside from 
the metabolized portion.

EM can also be used as an attractant for fish and 
shrimps, a natural dye, and a fluorescent molecular 
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probe. Solid forms of dyes, especially fluorescent dyes, 
can significantly impact color and fluorescence prop-
erties [213, 214]. External stimuli, such as mechani-
cal forces, electricity, and organic solvent vapors, can 
induce changes in fluorescence properties by initiating 
the crystallization process of solid materials. Mechanical 
force-induced discoloration refers to the reversible and 
significant change in fluorescence color exhibited by a 
material upon the application of mechanical force.

Tanshinones
Tanshinones are a type of diterpenoid quinone derived 
from the medicinal herb Salvia miltiorrhiza Bunge, com-
monly known as Danshen in Chinese. While present in 
various areas of the plant, they are primarily concen-
trated in the roots [215, 216]. More than 90 tanshinones 
have been isolated and studied since their discovery in 
the 1930s [217–220], comprising more than 40 lipophilic 
and 50 hydrophilic compounds (e.g., protocatechuic and 
salvianolic acid) [221, 222]. Most tanshinones are red or 
orange crystals, with their levels closely associated with 
the color intensity of the roots.

Tanshinones exhibit significant anti-oxidative, anti-
inflammatory, antibacterial, anti-tumor, and anti-cardi-
ovascular, and cerebrovascular disease benefits, among 
others [223–229]. Tanshinone IIA (TIIA) (Fig.  2e), one 
such tanshinone, modulates apoptosis activation and 
cell proliferation via the upregulation of stress-mediated 
proapoptotic proteins calreticulin and caspase-12 [230], 
while also inhibiting platelet aggregation and activation 
by regulating G protein and related signaling molecules 
[231]. Poor water solubility, however, undermines the 
clinical utility of tanshinones, as bioavailability is limited. 
Accordingly, augmenting hydrophilicity remains a pri-
ority. The introduction of sodium sulfonate base signifi-
cantly improves not only the hydrophilicity but also the 
suitability of TIIA for treating cardiovascular diseases 
[232–235].

Hypericin
Hypericin (C30H16O8) is a dianthraquinone (Fig. 2e) that 
occurs naturally in Hypericum perforatum Linn, and is 
accompanied by derivatives such as pseudohypericin, 
protohypericin, and hypericodehydrodianthrone [236–
238]. The compound forms a large conjugated system 
through benzene rings and double bonds outside the 
ring, manifesting as yellow to light brown powder crys-
tals with a peculiar odor [239, 240]. Hypericin is not 
soluble in water but readily dissolves in polar solvents 
like pyridine and organic amines, along with alkaline 
aqueous solutions. Sensitivity to light and heat causes 
hypericin solutions to turn red. The compound’s distinc-
tive UV absorption peaks are located at 590 and 550 nm, 

rendering it a valuable component in several applications 
[241–243].

Hypericin has been used for centuries in China and 
Europe to treat trauma and inflammation. As studies 
and research have progressed, it has been revealed that 
hypericin exhibits several biological activities, such as 
antibacterial, antitumor, antiviral, central nervous sys-
tem inhibition, and sedation [244–248]. The addition of 
hypericin to health products can boost immunity, mak-
ing it an important ingredient in German depression 
treatments [249]. Hypericin also has potential applica-
tions in veterinary medicine, with many studies con-
ducted on veterinary products containing hypericin that 
have shown excellent control effects [250, 251].

The high demand for hypericin is driven by its good 
biological activity, but its main problems are the lower 
proportion of natural products and immature synthetic 
routes (Table  1). The development of simple, mild con-
ditions, and low-cost production routes are the focus of 
ongoing research on hypericin [252].

Materials‑based nanocarriers in delivery of active 
ingredients from TCMs
Nanocarriers have emerged as an encouraging strategy 
for administering therapeutic compounds, including 
those originating from TCMs, which have been utilized 
for many years and comprise a variety of biologically 
active substances with potential therapeutic advantages 
for several ailments. However, issues concerning their 
bioavailability and toxicity have impeded their clini-
cal application. By encapsulating TCMs, nanocarriers, 
such as liposomes, polymeric nanoparticles, and organic 
nanoparticles, can shield them from decomposition in 
the biological milieu [253]. In addition, they can increase 
the solubility and stability of TCMs, resulting in greater 
absorption and bioavailability.

Nanocarriers have been investigated as a delivery 
method for different TCMs, such as curcumin and res-
veratrol. Multiple studies have demonstrated their 
efficaciousness in targeting specific cells and tissues, pro-
longing the half-life of TCMs, and minimizing their tox-
icity. Nanocarriers can also be customized with targeting 
moieties, such as antibodies or peptides, to enhance 
their specificity towards diseased tissues or cells. Conse-
quently, greater concentrations of TCMs can be achieved 
at the site of action, leading to improved therapeutic out-
comes. The use of nanocarriers offers several benefits 
for delivering active ingredients from TCMs, includ-
ing heightened bioavailability, reduced toxicity, and 
enhanced therapeutic effectiveness. Therefore, they rep-
resent a promising platform for developing novel TCM-
based treatments for a range of diseases.
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Lipid nanoparticles
Lipid nanoparticles (LNPs) have emerged across the 
pharmaceutical industry as promising vehicles to deliver 
a variety of therapeutics [254]. Lipid nanocarriers can 
be categorized into various types depending on their 
method of preparation and physicochemical character-
istics, including liposomes, niosomes, solid lipid nano-
particles (SLNs), nanostructured lipid carriers (NLCs), 
nanoemulsions (NEs), transfersome and ethosome 
[255], as shown in Fig.  3. LNPs have been expressed 
and designed to vary in their composition and applica-
tions (for example, long-circulating, pH-sensitive, light-
sensitive, temperature-sensitive, magnetic-response and 
enzyme-sensitive) [256], and on the basis of preparations 
(such as extrusion techniques, reverse phase evapora-
tion method, sonication, and dehydration method). The 
size of LNPs differs between 0.025 and 2.5  µm, from 
very small to large vesicles, respectively. Furthermore, 
LNPs which may possess one or bilayer membranes are 

classified into unilamellar vesicles (ULV), multilamellar 
vesicles (MLV), and multivesicular vesicles (MVV) [257].

LNPs are regarded as the ideal nanocarriers based on 
various advantages [258], including: (1) excellent compat-
ibility with biofilms; (2) easy to modify other groups to 
enhance targeting and improve drug efficacy, and reduce 
toxic side effects, such as PEG; (3) hydrophilic and hydro-
phobic drugs can be encapsulated in different regions.

Liposomes
Lipids constitute essential constituents in nanocarrier 
formulations and play a critical role in the in  vitro and 
in  vivo performance of nanocarriers by virtue of their 
structural similarity to cell membranes having vesicular 
structures with lipid bilayers [259–261]. The inclusion of 
active compounds from TCMs can influence tissue dis-
tribution, enable liposomes to target designated sites, 
augment therapeutic efficacy, and diminish toxicity 
[262]. Liposomes have many advantages, including high 

Fig. 3  Schematic illustration the formation and application of LNPs



Page 12 of 40Qiu et al. Journal of Nanobiotechnology          (2023) 21:456 

biocompatibility, low cytotoxicity, and simple manufac-
turing processes, chemical versatility for hydrophilic, 
amphiphilic, and lipophilic compounds, and facile mod-
ulation of pharmacokinetic properties by compositional 
mediation [263–265].

Liposomes are considered an ideal nanocarrier due 
to their beneficial properties, such as enhancing the 
solubility and stability of hydrophobic components of 
TCMs, which are fundamental challenges for the broad 
application of TCMs [266]. Pathak et  al. demonstrated 
that curcumin can be effectively nano-encapsulated in 
self-assembled nanocarriers of biodegradable lipids and 
multimers, which can overcome these obstacles [267]. 
Elmowafy and colleagues developed and described high-
phospholipid lipid nanocarriers loaded with genistein 
[268]. The aim was to augment the oral bioavailability and 
pharmacodynamic performance of the compound. The 
influence of phospholipid contents (1% to 10%) on phys-
ico-chemical properties, drug release, and stability were 
studied using the emulsification/sonication technique.

Temporal persistence is as important for nanocarri-
ers as spatial fidelity since clinical application is severely 
limited due to insufficient aggregation and short reten-
tion time of TCMs drugs in vivo. Pan et al. reported that 
negatively charged nanocarriers containing retinol had a 
higher rate of absorption and a longer residence time in 
the liver, while the silybin content in nanoparticles sig-
nificantly reduced deposition in the lungs and increased 
uptake by the liver [269]. Notably, lipid nanocarriers 
achieved 2 to 3 times greater distribution of silybin in the 
liver than the free control, and retinol-loaded lipid nano-
carriers also exhibited improved liver-specific selectivity. 
Consequently, it is crucial to optimize lipid nanoparticle 
formulations to achieve maximal liver targeting.

Liposomes can modify drug pharmacokinetics and 
biodistribution, mitigate toxicity, and enhance the thera-
peutic index. A self-assembled blend comprising of the 
amphiphilic lipid glycerol monooleate (GMO) and the 
amphiphilic polysorbate 80 (P80) was formulated [270]. 
The prepared BJO-2 system achieves the optimal drug 
formulation in nanocarriers, and BJO-cavernosum sig-
nificantly increases the number of apoptotic cancer cells, 
due to the enhanced bioavailability of drugs encapsulated 
in cavernosum. The proposed nanotechnology shows 
great potential for transformation in TCMs.

The potential of blueberry anthocyanins (ACNs) 
nanoliposomes coated with pectin were explored as a 
delivery system. The researchers reported that ACNs 
were slowly released (≤ 35.9%) in simulated gastric juice 
but had a more rapid release in simulated intestinal fluid. 
This was because of trypsin degradation of the vesicles, 
providing evidence of controlled release characteristics 
[271]. Similarly, liposomal micelles were discovered to be 

effective in improving the stability and resistance of blue-
berry anthocyanins throughout the gastrointestinal tract, 
leading to a bioavailability of over 90% [272]. To further 
refine the stability and antioxidant activity of ACNs, 
nanocomplexes were formulated using intermolecular 
interaction between chondroitin sulfate and anthocyanin 
binding at a ratio of 10/1. The resultant structure exhib-
ited stability with an average size of 300  nm, a loading 
capacity of 6.3%, and a loading efficiency of 99%. The 
nanocomplexes effectively protected ACNs from degra-
dation at pH 9 and preserved their antioxidant activity, 
highlighting their potential as a delivery system for ACNs 
[273]. ANCs persist as an alluring target for the crea-
tion of nutraceuticals and functional foods with plausible 
health benefits, implying the necessity for further investi-
gation in this field.

Liposomes possess the ability to co-deliver numerous 
drugs of varying polarity and encourage the synergistic 
impact of these drugs [274, 275]. For example, the alli-
ance of TIIA and glycyrrhetinic acid (GA) showcased 
more effectiveness than individual components in liver 
fibrosis, resulting in a desirable encapsulation efficiency 
of over 80% [276]. Triple-loaded liposomes resulted 
in significant inhibition of human hepatic stellate cells 
(HSCs). Ochi et  al. simultaneously encapsulated GA 
and silybin into nanoliposomes by a thin-film hydration 
method, in which the bioactivity of free drug and stabil-
ity of silybin were greatly enhanced by the co-delivery of 
liposomes, resulting in a significant synergistic effect on 
HepG2 cells [277].

As discussed above, liposomes demonstrated excel-
lent performance as the delivery of active compounds 
from TCMs. However, the stability of liposomes could be 
influenced by the in vivo environments (such as pH, tem-
perature) and their own characters (such as size, surface 
charge, lipid composition). These parameters also impact 
their loading capacity, the circulation time in blood and 
targeting efficiency. In order to improve the performance 
of liposomes in clinic applications, further effort should 
be focused in the development of assemble technology 
and efficient selective targeting.

Solid lipid nanoparticles
Solid lipid nanoparticles (SLNs) are a category of nano-
particles comprising of a solid lipid core encircled by a 
surfactant layer, usually under 500  nm in diameter, and 
are considered a form of nanotechnology [278, 279]. Due 
to their potential applications in drug delivery, cosmetic 
products, and the food industry, SLNs have garnered sig-
nificant attention [280–282]. They provide benefits like 
ameliorated drug stability, escalated bioavailability and 
tissue targeting, controlled release of medications, and 
ameliorated pharmacokinetic profiles. The solid lipid 
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core of SLNs is often composed of biodegradable and 
biocompatible lipids such as triglycerides, diglycerides, or 
fatty acids [283]. The surfactant layer is typically made up 
of non-ionic surfactants such as poloxamers, polysorb-
ates, or phospholipids, which stabilizes the nanoparticle 
and prevents aggregation [284].

Solid lipid core provides an opportunity to incorpo-
rate drug molecules, enabling directed drug liberation 
and prevention of degradation. Further, SLNs can be 
surface-tailored with targeting ligands like antibodies, 
peptides, or aptamers to develop high cell/tissue specific-
ity. In comparison to other nanoparticle systems, SLNs 
present several benefits, including easy production via 
conventional techniques (such as high-pressure homog-
enization, microemulsion, or solvent extraction), low tox-
icity, and biodegradability. As such, SLNs are a promising 
option for biomedical applications [285].

Although SLNs have gained attention as a drug deliv-
ery system, they do have some limitations such as poor 
drug loading capacity, drug leakage, and instability dur-
ing long-term storage, especially with hydrophilic drugs. 
To overcome these challenges, SLNs can be combined 
with other nanoparticle platforms like polymeric nano-
particles and liposomes. For example, an oral delivery 
system with a redox-sensitive CPT prodrug loaded with 
SLNs could demonstrate potent anticancer activity and 
increased Caco-2 cell absorption [286]. Nonetheless, the 
oral bioavailability and intestinal safety of CPT-SS-PA 
SLNs were first evaluated by in vivo pharmacokinetic and 
histopathological studies, respectively.

In view of these drawbacks, ongoing studies should 
be aimed at improving SLN’s performance and nulli-
fying their restrictions, which make SLNs continue to 
show promise in delivery for TMCs and other drugs with 
potential applications in various fields.

Nanostructured lipid carrier
While SLNs have numerous advantages, they also have 
some disadvantages, such as low ability to load hydro-
philic drugs and the potential for defects in drug ejec-
tion during storage. Nanostructured lipid carriers (NLCs) 
were developed as second-generation lipid nanoparti-
cles to overcome the limitations of SLNs [287, 288]. The 
structure of NLCs incorporates a blend of solid and liq-
uid lipids in controlled concentrations, resulting in better 
retention of biological activity when compared to SLNs 
[289]. NLCs provide larger loading areas, greater capac-
ity for drug loading, and better drug retention during 
storage. Furthermore, NLCs provide augmented loading 
capacity and larger loading areas, facilitating better drug 
retention during storage.

Incorporating multiple active ingredients from vari-
ous herbs into NLCs can significantly enhance the 

therapeutic efficacy of drugs such as silasco, glyburic 
acid, triptolide, resveratrol, among others [290–292]. In 
a recent study, co-delivery systems for vincristine and 
temozolomide were developed using two distinct lipid 
nanocarriers, demonstrating superior tumor inhibition 
and highlighting the potential of NLCs as potent vehicles 
for synergistic drug chemotherapy in  vivo [293]. Elgi-
zaw et  al. developed NLCs loaded with resveratrol and 
chitosan-coated nano-lipid carriers (CSNLCs) to evalu-
ate their anticancer properties. Their research findings 
suggested that CSNLCs exhibit significant antitumor and 
apoptosis-inducing effects, highlighting their potential 
as a novel drug delivery approach for cancer treatment 
[294].

Artesunate (ART), a derivative of the TCM artemisinin, 
has shown promise in cancer treatment due to its potent 
antitumor activity. However, the low solubility and short 
half-life of ART limit its clinical application. Tran et  al. 
developed a novel sodium ART lipid carrier (ART-NLCS) 
and studied its efficacy against human breast cancer 
cells MCF-7 and MDA-MB-231 both in vitro and in vivo 
[295]. Their evaluation found ART-NLCS to significantly 
enhance the anti-cancer activity of free ART by induc-
ing a significant increase in the apoptosis rate of MCF-7 
and MDA-MB-231 cells. Similarly, Wang et al. reported 
on the superior anticancer activity of a novel curcumin-
loaded nanostructured lipid carrier (Cur-NLC) in inhib-
iting proliferation and inducing apoptosis of human liver 
cancer HepG2 cells compared to natural curcumin. Cur-
NLC was found to activate the exogenous apoptotic path-
way through regulation of DR5/caspase-8/-3-mediated 
HepG2 cell apoptotic pathway [296]. Lastly, Rahman et al. 
studied the potential of nano-lipid carriers of ganoderic 
acid in cancer prevention and treatment. Their molecu-
lar docking and pathway analysis found that ganoderic 
acid interfered effectively with various signaling proteins 
involved in cancer pathogenesis, thereby preventing pro-
gression of the disease. The study also found that gano-
deric acid can regulate liver and non-liver parameters 
through multiple mechanisms, conferring a chemopro-
tective effect against diethylnitrosamine-induced liver 
cancer. These findings suggest that ganoderic acid, when 
delivered through nano-lipid carriers, may represent a 
promising therapeutic option for cancer treatment and 
prevention [297].

Various experiments have demonstrated that the uti-
lization of NLCs methods enhances the stability of both 
the drug and the carrier, surpassing other lipid systems 
[298–301]. The similarity of the lipid structure of the 
NLCs carrier to our biofilms makes it a preferred choice 
over polymer systems for drug delivery. NLCs’ multifunc-
tional drug delivery system enables facile drug admin-
istration to resistant tumors and the central nervous 
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system; hence it’s applied for various cosmetics and 
chemotherapeutic agents’ delivery [302, 303].

Thus, it can be seen that NLCs overcome the limita-
tions of SLNs and offer more benefits, including their 
biocompatibility, enhanced biological applicability, sta-
bility, and higher drug loading capacity, demonstrating 
greater potential for application as drug delivery.

Microemulsion and nanoemulsion
Microemulsions (MEs) and nanoemulsions (NEs) are 
rapidly emerging as versatile platforms for drug delivery 
and biomedical applications [304, 305]. These unique 
systems are well-suited for a range of applications, from 
improving drug solubility to enhancing therapeutic effi-
cacy [306]. MEs are isotropic emulsions that are thermo-
dynamically stable and self-assembling, characterized 
by nanometer size, low viscosity, and self-assembled 
structures. The emulsions consist of an oil phase, a sur-
factant, and an aqueous phase as primary components, 
and possess surface-active molecules that self-assemble. 
Contrarily, NEs are kinetically stable yet thermodynami-
cally unstable systems with small droplet sizes, excellent 
resistance to droplet aggregation, creaming, and gravity 
phase separation [307].

Encapsulation of active drugs within MEs or NEs 
can result in the development of nanocarriers. These 
nanocarriers provide several benefits due to the greater 
specific surface area that facilitates the transfer of encap-
sulated molecules across cell membranes [308, 309]. As 
an illustration, to improve bioavailability through the 
rapid and efficient cellular uptake, Simion et al. incorpo-
rated curcumin into peptides containing NEs [310].

Ethosomes and transfersomes
Transfersomes are supersonic elastic bilayer vesicles 
composed of phospholipids and edge activators, such as 
surfactants [311–313]. These adaptive vesicles are capa-
ble of extruding into pores by self-deformation and refor-
mation after passing through pores, thereby crossing skin 
pores that are smaller than their size [314–316]. Transfer-
somes are formulated using biodegradable, biocompat-
ible, and non-toxic phospholipids, thereby continuously 
delivering the active components of TCMs [317]. They 
serve as carriers for various types of drugs, such as 
hydrophilic, hydrophobic, high-molecular-weight, and 
low-molecular-weight drugs. Transfersomes offer con-
trolled delivery of drugs to both the systemic circulation 
and skin, depending on drug concentration [318].

Ethosomes are a second-generation vesicle system 
designed to enhance drug delivery [319–321]. These sys-
tems contain significant amounts of ethanol (20–45%) 
and highly elastic phospholipids. Ethanol acts as an 
osmotic enhancer, and the presence of ethanol negatively 

charges the vesicles and reduces their size. Interaction 
with the polar head of lipid molecules elevates lipid flu-
idity and membrane permeation capacity, inducing a 
decrease in the melting point of lipids located in the stra-
tum corneum [322]. Consequently, lipids in the skin and 
elastic vesicles become liquefied [323].

Ethosomes, which are vesicles containing ethanol, 
have demonstrated outstanding abilities as drug delivery 
nanocarriers. A recent study was conducted involving 
the development and characterization of a novel phos-
pholipid nanovesicle, co-hybridized with hyaluronic acid 
(HA), ethanol, and encapsulated volatile oil drugs (euge-
nol and cinnamaldehyde [EUG/CAH]), for transdermal 
drug delivery [324]. The formulation, known as HA-ES, 
displayed significantly greater stability and percutane-
ous drug absorption compared to EUG/CAH-loaded ES. 
Specifically, the stability of HA-ES was 2.5 times more 
than EUG/CAH-loaded ES, and the percutaneous drug 
absorption was 1.8 times higher. HA-ES also exhibited 
exceptional deformability and improved efficacy in UC, 
demonstrating it as a promising transdermal delivery 
vehicle for volatile oil drugs.

Polymer carriers
Novel drug delivery systems rely heavily on polymer 
carrier materials, which play a critical role in promot-
ing pharmaceutical formulation innovation, intelligent 
manufacturing, and drug development. There are vari-
ous drug loading modes for polymer carriers, including 
covalent conjugation to form polymer-drug conjugates, 
polymer micelle encapsulated drugs, polymer vesicle 
encapsulated drugs, and drugs dispersed in polymer gels 
[325–328]. Polymer carriers possess noteworthy char-
acteristics, such as precise biocompatibility, low toxicity 
and low antigenicity, controllable drug loading capacity 
and release behavior, targeted drug distribution to spe-
cific cells or organelles, improved drug efficacy, reduced 
side effects, and expanded use for chemical drugs, pro-
tein drugs, peptide drugs, and nucleic acid drugs [329]. 
Commercially available polymer carriers include Risper-
dal Consta®, Trelstar®, Sandostatin LAR®, Eligard®, Gen-
exol®, Nanoxel® and Somatuline Autogel®, etc. [330].

Polymer micelles
Polymeric micelles (PMs) are nanocarriers with core–
shell structures, which are formed by the self-assembly 
of amphiphilic block copolymers in aqueous solutions 
(Fig. 4) [331]. The hydrophobic core of PMs can encap-
sulate lipophilic chemotherapeutic agents, such as pacli-
taxel (PTX), to enhance drug solubility. Meanwhile, the 
hydrophilic shell, forming a hydration shell, serves as 
a protective barrier, which minimizes protein adsorp-
tion and clearance by the reticuloendothelial system, 
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thus resulting in an extended half-life of drugs. PMs 
typically exhibit a small particle size range of 10–100 nm 
with a narrow size distribution, which can be controlled 
by regulating the length of the hydrophilic blocks. For 
example, Genexol® PMs, which are clinically approved, 
utilize methoxy polyethylene glycol-poly (d,l-lactic acid) 
(mPEG-b-PDLLA) amphiphilic block copolymers to 
form spherical micelles for PTX encapsulation, offering a 
promising treatment for ovarian and non-small cell lung 
cancer [332].

The spherical nanoparticles with regular diameters 
ranging from 110 to 180  nm were developed by using 
cross-linked xanthan gum, which were found to be 
responsive to reducing conditions, resulting in increased 
drug loading rates and avoidance of drug leakage. In vitro 
experiments showed that drug release from the nanopar-
ticles could be controlled by pH and reducing conditions, 
which mimic the internal environment of tumor cells. 
The nanoparticles were biocompatible, and this study 
suggests that they have potential as anticancer drug carri-
ers for targeted release [333]. Recently, Huile Gao groups 
developed some polymer-based nanocarrier to delivery 
drugs from TCM. For example, a pH-sensitive supramo-
lecular nanosystem with chlorin e6 and triptolide was 
designed to co-delivery for chemo-photodynamic combi-
nation therapy [334]. The combined application of PDT 

and chemotherapy achieved a great inhibitory effect on 
tumor growth in H22 and B16 tumor xenograft models 
with minimal side effects. And they also prepared an Azo 
reductase-triggered nanocarrier for curcumin delivery 
in anti-ulcerative colitis treatment [335] and an acidic 
tumor microenvironment sensitive crosslinked micelle to 
deliver rosmarinic acid for photodynamic therapy [336].

The unique properties of PMs, such as biocompatibility, 
inner drugs protecting, target drug delivery, increasing 
drug circulation time, make them a promising delivery 
system for TCMs. However, the understanding of their 
assembly mechanisms and in  vivo fate of PMs as drug-
delivery is still in the early stage, more efforts need to 
narrow the gap between lab bench and clinic application.

Polymer vesicles
Polymeric vesicles are a type of hollow spheres that self-
assemble in solution and resemble liposomes. They are 
formed from amphiphilic block copolymers [337, 338]. 
Specifically, the hydrophobic segments of the block 
copolymers form a membrane layer in the middle of 
the vesicle, while the hydrophilic segments form brush-
like structures on the inside and outside of the mem-
brane [339]. This unique structure creates a hydrophilic 
inner cavity and hydrophobic membrane, making it an 
ideal environment for encapsulating both hydrophilic 

Fig. 4  Schematic illustration the formation and application of polymer carriers
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and hydrophobic cargo. By tuning the structure, type, 
and molecular weight of the block copolymers, vesicles 
can be engineered to possess specific characteristics 
and functions to target different diseases. Compared to 
lipids, block copolymers offer greater synthetic versatil-
ity, enabling researchers to design and tailor vesicles for a 
wide range of applications, including drug delivery, food 
industry, cosmetics, and medical diagnostics [340–342].

Polymeric vesicles are a sought-after platform for TCMs 
given their distinctive structure that allows for high-effi-
ciency encapsulation of hydrophilic and hydrophobic 
drugs. A typical approach for producing drug-loaded 
vesicles involves directly adding the drug during the vesi-
cle formation process. For example, a novel method was 
reported as "direct hydration", which involves combining 
solvent dispersion and homopolymer addition to encap-
sulate biomacromolecules [343]. Similarly, the loading of 
hydroxychloroquine (HCQ) and tunicamycin (Tuni) was 
accomplished by both hydrophilic and hydrophobic anti-
cancer drugs respectively into the lumen and membrane 
layer of polymer vesicles (poly (ethylene glycol)-b-poly 
(propylene thioether) (PEG-b-PPS)) [344]. The vesicles 
loaded with drugs could specifically accumulate within 
tumor tissue using the EPR effect, and enter cells through 
endocytosis. The co-delivery of HCQ and Tuni enabled 
simultaneous induction of ER stress and blockage of 
autophagic flux, resulting in potent antitumor effects and 
inhibition of metastasis. Ahmed et  al. co-encapsulated 
two drugs, PTX and DOX in PEG-PLA/PEG-PBD hybrid 
vesicles [345]. These vesicles were administered to mice 
with pre-implanted tumors via intravenous injection. The 
study findings indicated that the highest dose of loaded 
polymer vesicles tolerated by mice was significantly 
greater than the combined administration of DOX and 
PTX monotherapies. Additionally, the vesicles exhibited 
enhanced efficacy in causing tumor tissue death when 
compared to monotherapies, which implies their poten-
tial as a promising multi-drug delivery approach.

Polymeric vesicles are a sought-after platform for 
TCMs given their distinctive structure that allows for 
high-efficiency encapsulation of hydrophilic and hydro-
phobic drugs. Despite better self-assembly technique, 
more novel and integral functionalization, and simpler 
preparation protocols have been explored, investigation 
on the mechanism and massive production of homoge-
neous polymeric vesicles could promote translating them 
into TCMs delivery.

Polymer hydrogels
Polymer hydrogel-based drug delivery systems have 
emerged as a promising method for targeted and pro-
longed delivery of TCMs because of their exceptional 
biocompatibility, adjustable physicochemical properties, 

and capacity to encapsulate both hydrophilic and hydro-
phobic drugs [346–349]. Designed as three-dimensional 
network structures, hydrogels can absorb and retain 
substantial quantities of water or biological fluids while 
maintaining their structural integrity. These attributes 
make hydrogels fitting candidates for sustained-release 
drug delivery systems.

Numerous investigations have explored the possibility 
of utilizing polymer hydrogel-based systems for TCMs 
delivery. As an example, a chitosan-based hydrogel with 
Panax notoginseng saponins displayed extended drug 
release and improved skin penetration [350]. Compara-
bly, a temperature-responsive hydrogel was formulated 
by conjugating poly(N-isopropylacrylamide) and PEG, 
which could serve for the transdermal delivery of an arte-
misinin derivative [351]. The study outcomes indicated 
that the hydrogel could retain the drug concentration at a 
therapeutic level for as long as 10 days.

In addition to transdermal delivery, polymer hydro-
gel-based systems have been investigated for the oral 
and nasal delivery of TCMs. For instance, a mucoadhe-
sive hydrogel-based system was designed for delivering 
BBR hydrochloride via the oral route, which exhibited 
prolonged drug release and boosted intestinal perme-
ability [352]. And the nasal delivery of a Chinese herbal 
formula was explored using a thermo-sensitive hydrogel 
composed of poloxamer and chitosan [353]. The hydrogel 
promoted extended release and increased nasal absorp-
tion of the active constituents.

Polymer hydrogel-based drug delivery systems pre-
sent a hopeful approach for the focused, prolonged, and 
directed delivery of TCMs, owing to their abilities to 
improve drug bioavailability, diminish adverse effects, 
and augment therapeutic effectiveness. Ongoing inves-
tigations are expected to enhance the clinical usage of 
polymer hydrogel-based drug delivery systems, and make 
a significant contribution to the development of new and 
inventive TCMs formulations.

Inorganic nanocarriers
Inorganic nanocarriers have surfaced as a promising 
platform for drug delivery because of their distinct phys-
icochemical characteristics, including tunable size, high 
surface area, and surface charge [354–356]. These fea-
tures allow the effective encapsulation and controlled 
release of a wide array of therapeutics, including nucleic 
acids, proteins, and small molecules. Gold nanoparticles 
(Au NPs) and mesoporous silica nanoparticles (MSNs) 
are common inorganic nanocarriers employed to deliver 
TCMs [357, 358]. Au NPs exhibit great potential for 
localized drug delivery and imaging owing to their excep-
tional optical properties. In contrast, MSNs are charac-
terized by their high drug-loading capacity and adjustable 
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pore size, which enable effective drug encapsulation and 
release [359, 360]. Inorganic nanocarriers may be func-
tionalized with various targeting moieties, such as pep-
tides, aptamers, and antibodies, to boost their specificity 
to diseased tissues or cells. Additionally, stimuli-respon-
sive groups, such as pH or temperature-sensitive poly-
mers, may be grafted onto inorganic nanocarriers to 
achieve controllable drug release in response to specific 
stimuli. Inorganic nanocarriers may also be functional-
ized with imaging agents, such as magnetic resonance 
contrast agents or fluorescent dyes, to enable real-time 
monitoring of therapeutic response and drug delivery.

Au NPs
Au NPs exhibit distinctive benefits over bulk gold 
because of their biocompatibility, stability, unique inter-
action with light, small size, and affinity towards bio-
molecules [361]. Localized surface plasmon resonance 
(LSPR) alludes to the absorption and scattering of light 
by Au NPs when exposed to a particular wavelength. 
Scientists have consequently designed a variety of drug 
delivery systems based on these advantages of Au NPs.

A novel Au NPs (Do-Au NPs) was successfully syn-
thesized from the aqueous extract of Dendrobium 
officinale (DO), a TCM, with good antitumor efficiency, 
without the increasement of in  vivo and in  vitro toxic-
ity [362]. This investigation offers crucial knowledge 
for the creation of innovative nanomedicines for liver 
cancer therapy. Apart from herbal extracts, research-
ers have investigated other techniques for enhancing the 
solubility and bioavailability of promising clinical candi-
dates, such as licochalcone A [363]. Sun and colleagues 
have successfully loaded licochalcone A onto hollow Au 
NPs (L-HGNPs) using ultrasound, resulting in a signifi-
cant improvement in their solubility and bioavailability 
[364]. Bao et  al. successfully synthesized AuNPs using 
Pholiota adiposa polysaccharide (PAP-1a) without the 
requirement of additional chemical agents [365]. The 
study results reflect that PAP-AuNPs exhibit markedly 
enhanced capabilities in immune modulation and anti-
tumor efficacy when compared to PAP-1a administered 
alone. The PAP-AuNPs have also demonstrated excel-
lent biocompatibility both in  vitro and in  vivo with no 
toxic implications. AuNPs were synthesized by Ling and 
colleagues using the root extract of Paeonia montana 
(PM-AuNPs), a woody plant that is extensively utilized 
in TCMs for treating diverse ailments. The study find-
ings revealed that PM-AuNPs exhibit desirable proper-
ties required for an effective nanodrug candidate, and 
possess significant potential for curtailing inflammation 
in murine microglial BV2 cells in vitro. Furthermore, the 
conducted in vivo experiments validated that PM-AuNPs 

could mitigate neuroinflammation and improve motor 
coordination in mice with Parkinson’s disease [366].

Au NPs represent a promising platform for the tar-
geted delivery of TCMs owing to their unique chemical 
and physical properties, including well-controlled size, 
biocompatibility, high surface area-to-volume ratio, and 
customizable surface functionalization. However, the use 
of AuNPs in TCMs delivery poses several challenges and 
considerations that need to be addressed [367, 368]. One 
primary challenge pertains to the quality control and 
standardization of TCMs formulations. TCM involves 
complex mixtures of compounds with varying chemical 
properties and biological activities. The lack of quality 
control and standardization in TCMs preparations might 
affect the Au NP synthesis or have unpredictable effects 
on the pharmacological properties of the final product, 
necessitating a strict quality assurance program. Another 
significant consideration is the potential toxicity of Au 
NPs and interactions with TCMs components. Although 
Au NPs possess good biocompatibility, larger sizes and 
non-optimal surface modifications can lead to adverse 
effects in vivo. Moreover, the interactions between TCMs 
ingredients and Au NPs might alter their pharmacokinet-
ics or potentiate unintended side effects [369]. Addition-
ally, the variability in the clinical efficacy of TCMs due to 
individual differences in genetic backgrounds, lifestyles, 
and therapeutic interventions can pose additional chal-
lenges to Au NPs-mediated TCMs delivery. Thus, care-
fully designed preclinical studies to evaluate the safety 
and efficacy of Au NPs in TCM delivery systems are 
essential to ensure that they meet regulatory and clinical 
requirements.

It can be seen that the use of Au NPs-mediated TCMs 
delivery represents a promising strategy, but the vari-
ability in the clinical efficacy of TCMs brings additional 
challenges, such as individual differences in genetic back-
grounds, lifestyles, and therapeutic interventions. Thus, 
carefully designed preclinical studies are essential to eval-
uate the quality control, toxicity, and therapeutic efficacy 
of Au NPs in TCM delivery systems, ensuring that they 
can meet regulatory and clinical requirements. Meeting 
these challenges would significantly accelerate the devel-
opment of new TCM formulations and pave the way for 
the targeted delivery of TCM using Au NPs.

MSNs
Due to their unique hollow structure, easy surface 
modification, good biocompatibility and large specific 
surface area, MSNs have become highly sought-after 
drug carriers in cancer research [370, 371]. The encap-
sulation of resveratrol in MSNs greatly improved its 
physical and chemical properties, ultimately leading to 
enhanced biological activity and promising implications 
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for cancer therapy [372]. An MSNs-based nanoplatform 
was proposed, which loaded with isoalanine (ISOIM) 
and camouflaged by cancer cell membranes (CCM) as 
CCMMSNs-ISOIM [373]. The suggested nanoplatform 
provides numerous benefits, such as immune evasion, 
anti-phagocytosis, and active targeting at the tumor site, 
which leads to increased drug delivery and anti-cancer 
efficacy. Wu and colleagues described a temperature and 
pH-responsive drug carrier comprising MSNs for deliv-
ering two therapeutic agents, EVO, and BBR [374]. The 
study findings demonstrate that the biocompatible nano-
carrier enhances drug efficacy and compatibility while 
also maintaining optimal drug profiles within the acidic 
and elevated temperatures characteristic of tumors. 
Combining EVO and BBR in MSNs present a remarkable 
synergistic therapeutic outcome, as supported by in vitro 
and in vivo experiments. These findings represent a posi-
tive advancement in the development of efficient drug 
delivery systems for cancer treatment.

Furthermore, two types of MSNs were designed and 
they were responsive to redox by utilizing disulfide bonds 
to attach polyethyleneimine-folic acid (PEI-FA) or HA to 
the MSN surface [375]. These biocompatible nanopar-
ticles were efficiently taken up by MDA-MB-231 breast 
cancer cells and effectively transported curcumin (CUR) 
to the tumor sites both in vitro and in vivo. The FA-mod-
ified MSN exhibited slightly superior targeting capacity 
than the HA-modified MSN, possibly due to FA’s lower 
molecular weight, which enables it to easily bind to the 
receptor. Nonetheless, further investigation is necessary 
to validate this explanation. The research indicates that 
the multifaceted MSN vehicles developed here constitute 
an appropriate and highly efficient drug carrier for breast 
cancer therapy. Zhang et al. suggested employing MSNs 
conjugated with FA (FA-MSNs) as carriers for deliver-
ing RJ-III, which could decrease the drug’s acute toxic-
ity and enhance its biomedical application by extending 
drug release and targeted delivery. This study represents 
the first application of FA-MSNs in the delivery of RJ-III 
to mitigate its toxicity. The findings suggest the plausibil-
ity of delivering RJ-III to inflammatory cells in a targeted 
manner, thereby enhancing the drug’s efficacy. Addition-
ally, this study provides valuable data for future research 
to assess the anti-inflammatory activity of RJ-III [376].

Despite notable strides have been made in the develop-
ment of inorganic nanocarriers for drug delivery, several 
challenges remain to be surmounted. One of the primary 
hurdles is ensuring the biocompatibility and stability of 
inorganic nanoparticles in  vivo. Thus, further optimiza-
tion of surface chemistry and functionalization strate-
gies are imperative to achieve superior biocompatibility 
and lower toxicity. Additionally, for the sake of optimal 
performance for clinical applications, further research 

is necessary to elucidate the mechanism of drug release 
from inorganic nanocarriers. Owing to the continu-
ous advancements in inorganic nanocarrier technology, 
these challenges it is expected to be overcome in the near 
future, leading to the booming of therapeutic approaches 
inorganic nanocarriers for treating a diverse range of 
diseases.

Organic/inorganic nanohybrids
While a variety of nanomaterial delivery systems have 
been employed to circumvent the barriers to TCMs, sin-
gle nanomaterials inevitably possess certain limitations. 
Therefore, constructing different nano-level heterozy-
gotes via reasonable design and effective methods or 
strategies is expected to overcome the drawbacks of cur-
rent TCMs carriers and broaden their applications in the 
biomedical field.

Organic/inorganic nanohybrids pertain to nano-level 
heterozygotes with unique functions that are synthesized 
by combining organic materials with inorganic nanopar-
ticles via specific methods [377–379]. In the process of 
nanohybrids, interaction forces between the two phases, 
such as electrostatic interaction and hydrogen bonds, will 
arise. Therefore, organic/inorganic nanohybrids exhibit 
the advantages of both organic materials and inorganic 
nanoparticles, such as excellent stability, relative safety, 
and drug release that responds intelligently to the envi-
ronment. Additionally, the morphology, size, and func-
tion of nanohybrids can also be selectively regulated by 
adjusting the organic/inorganic allocation ratio, thus 
overcoming many of the limitations faced by single com-
ponents during the application process.

Nanohybrids, namely MSNRMoS2-HSA/Ce6, was 
fabricated for image-guided photothermal and pho-
todynamic combined therapy [380]. The mesoporous 
silica (MSNR) is deployed as a template to intro-
duce sulfhydryl groups through the reaction with 
(3-mercaptopropyl) trimethoxysilane (MPTMS), 
resulting in the formation of MSNR-SH. After encap-
sulating MoS2 on the surface, human serum albu-
min (HSA), and photosensitizer dihydroporphyrin 
(Ce6) are introduced through a chemical reac-
tion. The resulting nanohybrid is then activated by 
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDC) 
and hydroxythiosuccinimide (NHS). Liu et  al. have 
modified inorganic Au NPs on graphene oxide surface 
in situ to achieve good biocompatibility, targeting, and 
chemotherapeutic synergy [381]. They have also contin-
ued to modify PEG and targeted aptamer DNA-AS1411 
on their surface and loaded the anti-tumor drug DOX. 
The results suggest that the nanohybrid possesses good 
photothermal conversion ability, stability, and target-
ing, and can effectively kill tumor cells. Furthermore, 
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in  vivo photothermal/chemical synergistic anti-tumor 
effect of nanohybrids has been demonstrated in tumor-
bearing mouse models. Others synthesized hollow 
mesoporous silicon doped with disulfide bonds and 
loaded perfluoropentane (PFP) and near-infrared dye 
ICG simultaneously into mesopores [382] (Fig. 5). The 
researchers have then grafted PTX prodrugs as sealers 
outside the pores using disulfide bonds to form nano-
hybrids (ICG/PFP@HMOP-PEG). The experimental 
results reveal that the nanohybrid has excellent pho-
tothermal conversion performance and photothermal 
stability, and PFP is vaporized under near-infrared light 
irradiation to achieve ultrasound imaging-mediated 
synergistic therapy.

A polymer carrier material utilizing MSNs was 
reported to targeted towards tumors by modifying PEG 
and FA simultaneously onto the MSNs carriers [383]. The 
application of hydrophilic PEG improves the biocompat-
ibility and stability of functional nanocarrier materials, 
while FA confers active targeting of carrier materials to 
tumor cells. The latter enhances the therapeutic effect of 
cancer by improving the endocytosis of carrier materi-
als. Additionally, a stable organic/inorganic hybrid poly-
mer vesicle based on organosilicon was developed. This 
vesicle was loaded with DOX and CPT and shows anti-
tumor performance. The system achieves the purpose 

of synergistic treatment of cancer with a hydrophobic 
drug molecule, CPT, and hydrophilic drug molecule, 
DOX·HCl [384]

Organic materials and inorganic nanoparticles com-
pose the organic/inorganic hybrid delivery systems, 
exhibiting great potential for cancer therapy due to their 
modifiability, functionality, and long in  vivo circulation 
time. However, current research in this area is still in its 
early stages and constantly encounters numerous devel-
opment challenges. Furthermore, the low clinical conver-
sion rate resulting from the diversified and complicated 
nano-hybrid system components significantly hinders the 
development of this nano-drug delivery system. In light 
of these, it is crucial to develop simpler and more efficient 
methods for producing nano heterozygotes with excellent 
performance through reasonable design, and expand the 
clinical applications of the obtained organic/inorganic 
hybrid delivery systems for future development.

Nanocarriers based on active ingredients 
from TCMs
At present, there is an increasing amount of research 
dedicated to providing nano-delivery systems for deliv-
ering individual active molecules of TCMs. Although 
the complex physical and chemical properties of their 
components make it difficult for nano-delivery systems 

Fig. 5  Schematic illustration of the construction of ICG/PFP@HMOP-PEG for imaging and chemo-photothermal therapy [382]
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to accommodate co-loading of compound drugs [385], 
recent studies have demonstrated that self-assembly 
between active molecules of TCMs can form nanoparti-
cles [386–388]. This self-assembly technology has led to 
a series of research results on nano-formulations based 
on self-assembly of active molecules of TCMs [389]. Self-
assembled nanoparticles have several advantages, includ-
ing no carrier and fewer adverse reactions, good drug 
loading capacity, good pharmacokinetics, and the abil-
ity to inhibit multidrug resistance and play a synergistic 
therapeutic effect. At the same dose, the efficacy of self-
assembled nanoparticles is better than that of free drug 
treatment groups. Additionally, self-assembled nanopar-
ticles can be used to construct an integrated intelligent 
nano-system for diagnosis and treatment [390, 391]. As 
an emerging field, current research on natural prod-
uct self-assemblies primarily focuses on exploring the 
comparison of biological activities before and after self-
assembly of new drug self-assemblies and active mol-
ecules of TCMs.

Material‑drug conjugates
It is noteworthy that polymer and lipid can hinder drug 
loading due to intermolecular hydrophobic interactions, 
leading to drug aggregation, reduced loading capac-
ity, and uncontrollable drug proportions. One approach 
to enhancing the loading capacity of drugs is to replace 

donor-receptor interactions between materials and drugs 
with covalent bonds forming material-drug conjugates. 
Material-drug conjugates refer to a class of therapeutic 
agents consisting of a biologically active drug covalently 
linked to a material molecule [392, 393], mainly includ-
ing polymer-based prodrug and lipid-based prodrug 
(Fig.  6A). Material-drug conjugates can be synthesized 
using either chemical or biologic methods in which the 
drug and material are conjugated to form a single mac-
romolecule with specific molecular weight and release 
characteristics. There are some physiological environ-
ment-sensitive covalent bonds between materials and 
drugs, including pH-sensitive, enzyme-sensitive and 
redox-sensitive covalent bond, as shown in Fig. 6B. Under 
physiological conditions, sensitive bonds break and free 
drugs are released. This approach allows for precise con-
trol over the drug-material ratio, pharmacokinetics, and 
pharmacodynamics to enhance drug efficacy and safety 
[394, 395]. Due to their tunable properties, material-drug 
conjugates have shown great potential in the treatment of 
numerous diseases, including cancer, inflammation, and 
autoimmune disorders.

Above all, the prodrug based nanocarriers have many 
advantages as a potent platform for anticancer drug deliv-
ery, such as improved drug availability, high drug loading 
efficiency, resistance to recrystallization upon encap-
sulation, and spatially and temporally controllable drug 

Fig. 6  The prodrugs of CTMs and the chemical structures of common sensitive bond used in prodrugs
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release [396]. The paclitaxel-SS-citronellol conjugates 
(PTX-SS-CIT) were synthesized by linking via different 
lengths of disulfide bond containing carbon chain (Fig. 7) 
[397]. The prodrugs can self-assemble into uniform size 
nanoparticles with impressive high drug loading (> 55%). 
Similarly, a novel redox-responsive nanoparticle was 
developed for targeted delivery of docetaxel (DTX) [398]. 
The researchers modified a small molecule DTX prodrug 
with cystamine containing disulfide bonds (Cys-DTX) to 
create a redox-responsive Cys-DTX/CS-ss-DTX nano-
particle. Use of this nanoparticle system increased DTX 
release in reducing environments, improved the permea-
bility of tumor tissue, enhanced cytotoxicity and reduced 
side effects. These findings suggest that Cys-DTX/CS-ss-
DTX nanoparticles hold great promise for future cancer 
chemotherapy.

In a recent study, Fru and colleagues designed polymer-
drug conjugates consisting of PEG-betulinic acid (PEG-
BTA) and evaluated the cell death, anti-inflammatory, 
and antioxidant activities of the resulting prodrugs. Their 
findings indicated that the superior anticancer activity 
and activation of both the intrinsic and extrinsic path-
ways of apoptosis were attributed to the conjugated 
PEG-BTA prodrugs [399]. Similarly, monomethoxy-
poly(ethylene glycol)-b-poly(lactide) (mPEG-PLA) con-
jugated DTX through an ester linker and the results 

shown that the prodrugs exhibited superior anticancer 
effect than free drug [400]. Furthermore, to improve the 
target ability, trastuzumab and FA-based multiblock pol-
ymer drug conjugates was synthesized via an ester link-
age between FA and the hydroxyl groups on the polymer 
backbone [401]. The prodrugs exhibited good drug load-
ing capacity of 22% and the apoptosis of MCF-7 breast 
cancer cell was 80% while that of free drug was only 20%.

Apart from the polymer-based prodrug, lipid-drug 
conjugates also were developed for nanocarriers. Based 
on the extremely short half-life of Artemisinin and its 
derivatives (artemisinins) in vivo, two artemisinin deriva-
tives (dAPC and dACC) were synthesized, which possess 
mimic phospholipids and cationic lipids, respectively 
[402]. A TNF-α siRNA/artemisinin co-delivery nano-
microplex (MTAsi@MG) is further prepared by immobi-
lization of TNF-α siRNA/lipoplex on porous microfluidic 
HA microspheres, which were in situ injected for Rheu-
matoid Arthritis Therapy.

Drug‑drug conjugate or drug pair based nanocarriers
“All-in-one” carrier-free-based nano-multi-drug self-
delivery system could combine triple advantages of small 
molecules, nanoscale characteristics, and synergistic 
combination therapy together. Drug-drug conjugate 
is a common no-carrier form of prodrug, which often 

Fig. 7  PTX-SS-CIT prodrugs and DSPE-PEG2k were utilized to prepare PEGylated prodrug NPs for tumor therapy [397]
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targeting different targets to obtain a combined effect. To 
release the drug successfully, the covalent bond often is 
sensitive to pH, enzymes and temperature (Fig. 6).

Methotrexate (MTX) and 10-hydroxyl camptothecin 
(HCPT) were chosen to conjugate through ester linkage 
for the combination cancer chemotherapy [403]. Both 
in vitro and in vivo studies demonstrated that MTX-CPT 
NPs could specifically co-deliver multi-drug to different 
sites of action with distinct anticancer mechanisms to kill 
folate receptor-overexpressing tumor cells in a synergistic 
way. Furthermore, they developed a dual-targeting deliv-
ery system based on 1,2-distearoyl-snglycero-3-phos-
phoethanolamine-hyaluronic acid (a principal ligand 
of CD44 receptors)-MTX (a selective ligand of folate 
receptors) nanoparticles, which was exploited to carry 
HCPT-MTX conjugate for synergistically boosting dual-
drug co-delivery [404]. Similar method also was used to 
design the conjugate of CPT and chlorambucil through 
a disulfide linkage, which could be destroyed under the 
stimulus of glutathione (GSH) [405]. Apart from this, 
chlorin e6 (Ce6), berberrubine (BBR) and matrix metallo-
proteinase-2 (MMP-2) response peptide (PLGVRKLVFF) 
were coupled by linkers to form a linear triblock molecule 
BBR-PLGVRKLVFF-Ce6 (BPC), which can self-assemble 
into nanoparticles for chemo-photodynamic therapy of 
breast cancer [406]. Sometimes, the conjugate could be 
derived from the same drug. For example, a novel pacli-
taxel-s–s-paclitaxel conjugate could obtain the high drug 
loading (∼78%, w/w) by conjugating PTX to PTX using 
disulfide linkage [407].

In addition to the covalent bond coupling, two drug 
molecules can form drug pairs through other non-cova-
lent bonds, including van der Waals, hydrogen bond, 
electrostatic attraction and π-π stacking, etc., which can 
form nanocarriers by self-assembling manner, and can 
be used together for disease treatment [389]. The poten-
tial of natural phytochemicals in drug delivery, combi-
national therapeutics, imaging and theranostics may be 
enhanced by controlling the size, morphology, surface 
chemistry, internal structures and stability of nanostruc-
tures based on natural phytochemicals. For example, 
to improve the therapeutic effect of PTX limited by its 
water insolubility and multidrug resistance, Cheng et al. 
showed that PTX-sulfur-sulfur-BBR (PTX-ss-BBR) NPs 
can accumulate in mitochondria, owing to the charge and 
lipid properties of BBR. Molecular dynamics (MD) simu-
lations demonstrated that PTX molecules with multiple 
phenyl groups were inside the nanostructure, and they 
were surrounded by BBR. Among them, π-π-stacking 
and hydrophobic interactions clarified the self-assembly 
mechanism of PTX-ss-BBR NPs.

Firstly, the self-assembly manner can occur between 
different molecules of one drug. A pure nanomedicine 

without a carrier was introduced by incorporating the 
self-assembly of ursolic acid molecules [408]. The ursolic 
acid molecules were able to generate stable nanoparticles, 
varying between 100 and 200 nm in size, through hydro-
gen bonding and hydrophobic interactions. These nano-
particles displayed a drug loading capacity of up to 60%. 
The anti-cancer effects of this nano formulation were 
superior to free ursolic acid, as it effectively hindered 
cancer cell proliferation and led to apoptosis. The in vivo 
experiments performed on mice xenografted with A549 
cells exhibited significant tumor growth suppression and 
liver protection using the nano formulation. Another 
study discovered that pachymaric acid A could self-
assemble into an injectable gel with good injection per-
formance [409]. This bioactive gel can be slowly degraded 
in vivo, not only exerting efficacy through its own pachy-
maric acid A molecule but also synergizing with other 
drugs to exert anti-tumor efficacy. Similar manner were 
also reported, such as honokiol [410], disulfide-modified 
GSH-responsive BA [411] and ursolic acid [389]. These 
discoveries suggest that the utilization of self-assembled 
nanomedicines exhibits a promising avenue for the treat-
ment of cancer.

Secondly, the construction behavior which named as 
co-assembly also occurs between two different drugs. 
For example, the stable nanoparticles of baicalin and 
BBR were successfully prepared to investigate the main 
active components of this formula [409]. They have illus-
trated that the self-assembly between BBR and baicalin 
in an aqueous solution is caused by electrostatic inter-
actions between the quaternary ammonium ion in BBR 
and the carboxyl group in baicalin. The resulting gel 
self-assembly increased the antibacterial activity, elon-
gated the half-life of BBR, decreased adverse reactions, 
and weakened the bitter taste. Similar manner was also 
used between cinnamic acid and BBR to cure multidrug-
resistant staphylococcus aureus [412]. According to other 
report, self-assemblies made up of naturally occurring 
compounds derived from plants may serve as a therapeu-
tic strategy to combat bacterial resistance. Among these 
compounds is cinnamic acid, which is found in cinnamon 
and possesses numerous medicinal properties such as 
antioxidant, antibacterial, anticancer, anti-inflammatory, 
and antidiabetic activities [413]. This acid interacts with 
free radicals, providing electrons and generating stable 
products that terminate free radical chain reactions. It 
does not necessitate the use of any carrier or additives, 
making it an excellent candidate for drug release with 
notable biocompatibility. A number of alkyl-modified 
BBR derivatives were synthesized, which showed signifi-
cantly better hydrophobicity and antibacterial activity 
compared to the parent compound [413]. These deriva-
tives could be particularly effective against H. pylori, a 
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bacterium that is known to cause a variety of gastrointes-
tinal illnesses.

Importantly, drugs pair often have a combined effect of 
1 + 1 > 2, avoiding drawbacks while leveraging each oth-
er’s strengths. Wang et al. have established a novel meth-
odology to create nano formulations of PTX and ursolic 
acid using the self-assembly technique. By exploiting the 
self-assembly characteristics and anti-tumor activity of 
these compounds, they managed to significantly extend 
the plasma half-life of PTX and ursolic acid, thereby pre-
venting fast drug leakage within the body. Ursolic acid, 
with its excellent biocompatibility and specific bioac-
tivity, adds significantly to this approach. The resulting 
PTX-ursolic acid nanoparticles not only display the anti-
cancer activity of PTX but also uphold the anti-tumor 
and hepatoprotective effects of ursolic acid, working 
together in a synergistic manner for therapeutic benefits 
[414].

This groundbreaking method highlights the potential 
of synergistic drug combinations to improve therapeu-
tic outcomes and reduce any adverse effects, offering 
a promise of developing innovative, safe, and effective 
therapeutic agents for cancer treatment. More recently, 

a study documented the self-assembled supramolecular 
nanoparticles made using Radix et Rhizoma Rhei and 
Coptidis Rhizoma. They found that rhein and coptisine 
compounds could create nanofibers, holding potential 
applications in cancer-related studies [415]. Similarly, 
others reported that the natural star antibacterial and 
anti-inflammatory phytochemicals baicalin (BA) and 
sanguinarine (SAN) could directly self-assemble through 
non-covalent bonds such as electrostatic attraction, π–π 
stacking, and hydrogen bonding to form carrier-free 
binary small molecule hydrogel (Fig.  8) [416]. Due to 
the matched physicochemical properties and synergistic 
therapeutic effects, BA-SAN gel could inhibit bacterial 
virulence factors, alleviate wound inflammation, promote 
wound healing, and had good biocompatibility. The study 
was helpful to the clinical translation of antibacterial 
hydrogels due to the potential solvation of unpredictable 
risks and high costs of carrier excipients.

Interestingly, the conformations of different drug 
molecules can affect the assembly form of nanostruc-
tures, thereby affecting their biological effects. As shown 
in Fig.  9, two natural self-assembling modes between 
BBR and flavonoid glycosides: nanoparticles (NPs) and 

Fig. 8  A Schematic illustration of the preparation of carrier-free BA-SAN hydrogel and its antibacterial and wound healing effects; B Schematic 
diagram of BA and SAN self-assembly [416]
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nanofibers (NFs) were reported, which were both mainly 
governed by electrostatic and hydrophobic interactions 
[417]. These two nanostructures exhibited different anti-
bacterial properties from BBR. NPs showed significantly 
enhanced bacteriostatic activity, whereas NFs displayed 
a much weaker effect than BBR. The distinguishing 
properties can be attributed to the different spatial con-
figurations and self-assembly processes of NPs and NFs. 
Flavonoid glycosides and BBR first formed a one-dimen-
sional complex unit and subsequently self-assembled 
into three-dimensional nanostructures. With the hydro-
philic glucuronic acid toward the outside, NPs exhibited 
stronger affinity to bacteria, thereby inducing the collapse 
of the bacteria population and the decrease in biofilm. 
In addition, in  vitro hemolysis tests, cytotoxicity tests, 
and in vivo zebrafish toxicity evaluation showed that the 
obtained self-assemblies had good biocompatibility. This 
supramolecular self-assembly strategy can be applied to 
construct other nanoscale antibacterial drugs and thus 
provides weapons for the development of self-delivering 
drugs in bacterial infection treatment.

While nano-formulations based on self-assembly 
strategies of active molecules of TCMs have shown 
many advantages, carrier-free nano-formulations based 
on self-assembly of active molecules of TCMs still have 
some shortcomings in terms of clinical translation. 
The effects of TCMs compounds are often multi-drug 
combinations, which are limited by the self-assembly 
characteristics of TCMs molecules. At present, nano-
structures are restricted to mixing only two drugs, 
and there are scanty accounts of self-assembly involv-
ing three or numerous drugs. The self-assembly force 
between active molecules of TCMs is mainly based on 
non-covalent forces, resulting in self-assembly nano-
formulations of TCMs molecules often having poor 
physical and chemical stability. Improving the stability 
of nanostructures will be one of the keys to promot-
ing their clinical translation. Addressing these chal-
lenges will require innovative approaches to overcome 
the limitations of current self-assembly strategies and 
expand the potential of TCMs compounds in the devel-
opment of new therapeutic agents (Table 2).

Fig. 9  Natural self-assembling mode between BBR and flavonoid glycosides (BA, WOG) and their modified antibacterial application [417]
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Challenges and regulatory considerations
TCMs faces several challenges in clinical practice, includ-
ing poor bioavailability, low solubility, short in  vivo 
release time, and certain side effects. This review sum-
marizes some of the TCMs commonly found in this field, 
including terpenoids, polyphenols, flavonoids, alkaloids, 
and quinones. Researchers have made significant efforts 
to address these issues, and nanocarriers have received 
considerable attention due to their ability to improve the 
solubility of TCMs, excellent stability, enhanced absorp-
tion capacity, and improved sustained release effect and 
targeting ability. In addition, this review consolidates 
the primary nanocarriers employed in this area, such 
as liposomes, nanostructured lipid carriers, solid lipid 
nanoparticles, microemulsions, polymer nanocarriers, 
inorganic nanocarriers, hybrid nanocarriers and prod-
rug-based nanocarriers. These nanocarriers have dis-
played enormous potential in enhancing the effectiveness 
of TCMs and resolving the obstacles related to their clini-
cal usage.

Despite numerous reports in the literature, the devel-
opment of nanomedicine for TCMs delivery remains at a 
nascent stage. The use of TCMs in nanomedicine is cur-
rently limited due to a narrow scope of application, insuf-
ficient theoretical knowledge support, and incomplete 
basic research. Uncertainty about the specific efficacy of 
TCMs components against particular diseases further 
complicates the development of effective nanocarriers. 
Furthermore, implementing nanocarriers into nanomedi-
cine may result in possible elevated toxicity and immuno-
genicity, along with additional manufacturing expenses 
and unpredicted hazards. Thus, the development of new 
nanocarriers requires conclusive evidence demonstrat-
ing the clinical efficacy, stability, and cost-effectiveness of 
certain nanocarriers. Attaining a more profound compre-
hension of metabolic pathways is crucial to guarantee the 
safety of nanocarriers in clinical applications and offer 
guidance for designing such carriers logically. To advance 
this field, broad pharmacokinetic and pharmacodynamic 
investigations of nanocarriers loaded with fractions of 
TCMs are necessary. By answering key questions about 
drug delivery mechanisms, pharmacokinetic properties, 
safety, and efficacy, these studies will guide the rational 
design and development of effective nanocarriers for 
TCMs delivery.

Guided by TCMs theory, nanotechnology is poised to 
become an integral part of TCMs modernization devel-
opment. The integration of nanotechnology and TCMs 
represents a promising frontier in the modernization of 
traditional medicine, with the potential to revolution-
ize the field and transform healthcare as we know it. 
The cycle of clinical conversion is long, mainly consider-
ing safety, effectiveness, and production costs. With the 

increasing emphasis on basic research, the continuous 
innovation of delivery systems and manufacturing tech-
nologies, the gradual improvement of guiding norms, the 
further standardization of clinical research, and the rapid 
development of supporting technologies such as artificial 
intelligence and single cell sequencing, we have reason to 
believe that TCM-based nanomedicines will soon move 
towards clinical applications.
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