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Abstract

Various bioactive ingredients have been extracted from Chinese herbal medicines (CHMs) that
affect tumor progression and metastasis. To further understand the mechanisms of CHMs in cancer
therapy, this article summarizes the effects of five categories of CHMSs and their active ingredients
on tumor cells and the tumor microenvironment. Despite their treatment potential, the undesirable
physicochemical properties (poor permeability, instability, high hydrophilicity or hydrophobicity,
toxicity) and unwanted pharmacokinetic profiles (short half-life in blood and low bioavailability)
restrict clinical studies of CHMs. Therefore, development of liposomes through relevant surface
modifying techniques to achieve targeted CHM delivery for cancer cells, i.e., extracellular and
intracellular targets and targets in tumor microenvironment or vasculature, have been reviewed.
Current challenges of liposomal targeting of these phytoconstituents and future perspective of
CHM applications are discussed to provide an informative reference for interested readers.

Keywords

Chinese herbal medicines; Liposomes; Anti-tumor effect; Targeting strategies; Tumor
microenvironment

Corresponding authors: Prof. Leaf Huang, Division of Pharmacoengineering and Molecular Pharmaceutics, Eshelman School of
Pharmacy, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599 United States leath@email.unc.edu (L.
Huang).

Conflict of interest statement

L.H. is a consultant for Samyang Biopharmaceuticals, PDS Biotechnology, Stemirna and Beijing Inno Medicine. The rest of the
authors report no conflicts of interest in this work.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 2

Introduction

Cancer is a leading cause of death worldwide. It is an uncontrolled and excessive growth of
cells that can metastasize to a number of organs [1]. Cancer therapy has remained
challenging for centuries, although therapeutic strategies such as surgery, chemotherapy and
radiotherapy, have been developed. Until now, the main clinical treatment has been
chemotherapy in addition to surgery. However, most chemotherapy drugs have high toxicity,
low specificity, and are accompanied by painful side effects [2]. In addition, multidrug
resistance could be induced by chemotherapeutics, causing treatment failure upon disease
recurrence [3].

Phytoconstituents have emerged as a prospective approach for cancer treatment and are also
widely used, especially in Asia [4,5]. These bioactive molecules are of great interest due to
their high range of biological activity, minimal side effects, and low cost [6].

The current reviews on the developments of phytochemical delivery systems for cancer
treatment mainly focus on specific types of delivery systems or compounds, e.g. polyphenols
[5,7,8]. Bahrami’s group have provided a summary of the anticancer effect of natural agents,
either alone or in combination with natural drugs, by modulation of regulatory T cells
(Tregs) [9]. However, to the best of our knowledge, there is no comprehensive review using
the syndrome differentiation, and treatment of traditional Chinese medicine (TCM) as the
guiding principle which classifies plants according their functions and indications in
Pharmacopoeia of the People’s Republic of China (ChP) 2015 edition, and covers preclinical
stage liposomal targeting compound delivery strategies. Moreover, this review is both
limited to the anti-tumoral efficacy of plant-derived medicines, and also includes their
effects on the tumor microenvironment (TME), which is subdivided into tumor immune and
non-immune microenvironments [10].

The aims of this review were to summarize the history of treating cancer in Chinese
medicine and to critically analyze the potential anti-tumoral effects of Chinese medical
plants recorded in ChP 2015 edition and their active components, which function in
counteracting toxin with toxin, heat-clearing and detoxifying, promoting blood circulation
and removing blood stasis, resolving phlegm and eliminating dampness, strengthening
healthy energy and consolidating body resistance, and suppressing tumor aerobic glycolysis,
by comparing the treatment theory of TCM with modern medicine. Because modulating the
stromal TME (tumor associated macrophages (TAMs), TAFs, and endothelial cells) or
immune microenvironment by either small molecules or nanodrugs can facilitate the
remodeling of blood vessels or extracellular matrix (ECM) at tumor sites [11], we also
summarize recent developments and strategies for liposomal delivery systems of promising
anticancer phytoconstituents and discuss the opportunities of further improvement.

It is worth mentioning that our review summarizes the anti-tumor effects of natural products
and their impact on the TME, together with the targeted liposomal drug delivery system. In
fact, the specific pharmacological effects of each monomer compound on tumor cells and
TME, and liposomal targeting formulations in this review are all based on the Western
medicine theory and summarized by searching for literatures with systematic data sets. The

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 3

research on the action mechanism of monoconstituents and their delivery system is the same
as that of Western medicine, except that we use the traditional Chinese medicine
classification standard for the classification of Chinese medicines. This classification is
secondary, not the focus of our review. In fact, traditional Chinese medicine and Western
medicine have their own characteristics in diagnosis and treatment. Not every concept of
traditional Chinese medicine treatment can be explained in terms of Western medicine
theory. In this review, the classification we use is an attempt to combine the research of
traditional Chinese medicine monomers with the theory of traditional Chinese medicine.

2. The connotation of TCM in tumor treatment

“Tumor” was recorded in the oracle bone inscriptions of the Yin and Zhou era more than
3,500 years ago. Miraculous Pivot in the Han Dynasty mentioned the pathogenesis and
symptoms of “carbuncle”. Until the Ming Dynasty, the occurrence and development of
breast tumors were discussed in detail [12]. Physician Zhang Xichun explained the treatment
and prescription of phrenic disease syndromes (mainly including esophageal cancer or
gastric cardia cancer) in detail in his book “Records of Tradition Chinese and Western
Medicine in Combination” at the end of the Qing Dynasty. As it was stated in Yellow
Emperor’s Inner Cannon (written from the Warring States period to the Qin and Han
Dynasties), deficient vital g7and excess pathogenic g7 is the most important basic
pathogenesis of cancer. Q7 refers to the nutritive and refined substances circulating in the
body and the functional state of organs and tissues [13]. QJ correlates with longevity and g/
depletion is linked to death [14]. QFis divided into vital g7and pathogenic g/i. The so-called
“vital g7’ is the body’s resistance to pathogenic microorganisms and its ability to adjust and
adapt. Deficiency of vital energy is deficiency of vital g/ [15]. Pathogenic g/ refers to various
pathogenic factors, including wind, cold, summer-heat, dampness, dryness, and heat.
Disease results from the struggle between the vital g7and the pathogenic g7in the body [16].
Therefore, treatment is divided into two aspects: removing pathogenic factors and
strengthening the vital g/. Using the syndrome differentiation and treatment of TCM as the
guiding principle, treatment to eliminate pathogens refers to counteracting toxin with toxin,
heat-clearing and detoxifying, promoting blood circulation and removing blood stasis,
resolving phlegm and eliminating dampness; treatment to reinforce healthy g7 refers to
strengthening healthy energy and consolidating body resistance [17-20]. Here, the TCM
classification is not independent or irrelevant. On the contrary, the use and function of TCM
are often intersected and need to be used as a whole.

Among the natural products eliminating pathogenic factors, counteracting toxin with toxin,
and heat-clearing and detoxifying herbal medicines are most extensively used. According to
the pathogenesis theory of cancerous toxins [21], it is suitable to use heat-clearing and
detoxification therapy to eliminate cancer toxins at the early stages of cancer. If the cancer
toxin has the potential to spread, then the method of attacking poison with poison should be
used to attack and stop the development of cancer toxins; in the middle stages of cancer, it is
better to use the synergistic therapy of heat-clearing and detoxification, and attacking toxin
with toxin; for patients with advanced cancer, heat-clearing and detoxification is the only
appropriate method to remove cancer toxins continuously.
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3. Anti-tumor mechanism of different classification of Chinese herbal

medicines (CHMs) and their active components

In the treatment of tumors, CHMs can play multi-channel and multi-target roles, and have
the advantages of less adverse reactions and good tolerance. We summarized the anti-tumor
efficacies of the following five categories CHMs and their active components in the aspects
of inducing apoptosis, inhibiting cell proliferation, regulating autophagy, reversing
multidrug resistance, inhibiting angiogenesis, targeting cancer stem cells (CSCs), blocking
tumor invasion and metastasis, and regulating immune state (Figure 1). Some natural
products target glycolysis pathway in cancer cells, which could control cancer growth,
multidrug resistance, and metastasis. The regulatory effect of CHMs on TME including
inhibiting tumor-associated fibroblasts (TAFs) and their released cytokines, decreasing
angiogenic cells and their pro-angiogenic factors, degrading ECM and regulating on immune
cells and their cytokines. The involving immune cells include T lymphocytes (T cells), B
lymphocytes, natural killer cells (NK cells), tumor-associated macrophages (TAMS),
dendritic cells (DCs) and myeloid-derived suppressor cells (MDSCs). Some
monoconstituents could induce immunogenic cell death (ICD) on cancer cells, which
mediated by damage-associated molecular patterns (DAMPS) and thus increased the levels
of costimulatory signals on DCs to promote the antitumor T-cell response.

3.1 CHMs that counteract toxin with toxin and their active components

There are 70 kinds of toxic herbs and decoction pieces are recorded in ChP (2015 edition,
volume I). Of these, eight had great toxicity, 33 had general toxicity, and 29 had small
toxicity. Among them, 52 are reported to exhibit anti-cancer effects, 30 are used as
extraction, and 22 as both extraction and active components.

The “cancer toxin” is thought to be an important reason for the formation of cancer. TCM
uses the theory of the cancer toxin to describe viruses, bacteria, chemical pollution, and
invisible carcinogens. Cancer toxins can directly lead to dysfunction of viscera, induce
phlegm, blood stasis, heat toxin and other pathological factors similar to inflammation. Heat
toxin refers to external toxin characterized by redness, heat pain, hemorrhage, dizziness,
abnormal movement of limbs, and sudden illness [22]. Due to the slow process of tumor
formation, and the deep accumulation of toxins, conventional Chinese medicine is
challenging. As such, some toxic products, by virtue of their fierce nature, are needed attack
the cancer poison in the so-called “fight fire with fire” approach. TCM that uses poison to
attack poison can activate blood stagnation, soften hardness, and dissolve lumps [23]. The
active components of the crude drugs CHMs for counteracting toxin with toxin and their
effects on tumor cells are summarized in Table 1.

From Table 1, most of the CHMs that counteract toxin with toxin function by directly
damaging tumor cell DNA, inhibiting tumor cell division and gene expression to induce
tumor cell apoptosis. Apoptosis mainly includes the cell death receptor-mediated extrinsic
and mitochondrion-mediated intrinsic pathways [24,25], which are affected by the B-cell
lymphama-2 (Bcl-2) protein family.
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The cell cycle can be divided into G1 (preceding initiation of DNA synthesis), S (DNA
synthesis), G2 (preceding mitosis), and M (mitosis) stages. G1/S and G2 /M are the most
important steps of cell cycle regulation, while cyclin dependent kinases (CDKSs) are key cell
cycle regulators [26]. CHM active components could decrease expression of proliferative
genes, such as cyclin, protein 53 (p53), and k167, proliferating cell nuclear antigen (PCNA),
telomerase, and CDKs [27].

The signaling pathways for inducing apoptosis and inhibiting proliferation include the Wnt
pathway (such as resveratrol, berberine, and curcumin), transforming growth factor-p (TGF-
B) pathway (such as resveratrol and baicalein), signal transducer and activator of
transcription 3 (STAT3) pathway (such as nitidine chloride, scutellarin, isoliquiritigenin and
cryptotanshinone), p53 pathway (such as magnolol, ligustrazine, emodin, and evodiamine),
nuclear transcription factor-xB (NF-xB) pathway (such as evodiamine), p38 mitogen
activated protein kinase (MAPK) pathway (such as matrine and baicalein), extra cellular
signal regulated kinase (ERK) pathway (such as scutellarin, luteolin, curcumin and pistil
isoflavone), c-Jun N-terminal kinase (c-Jun) pathway (such as tanshinone IIA and celastrol),
and phosphatidylinositol-3-kinases/protein kinase B/mammalian target of rapamycin
(PIBK/AKt/mTOR) pathway (such as resveratrol glycoside) [28,29].

3.2 CHMs that clear heat and detoxify and their active components

There are 115 kinds of heat-clearing and detoxifying CHMs and slices recorded in ChP
(2015 edition, volume I). Of these, 88 are reported to exhibit antitumor effects in vitroor in
vivo. Eight are used as crude drugs, 37 as extraction, and 43 as active components.

Zhongying Zhou, a master of Chinese medicine, reported that heat is an important
pathogenic factor for tumor development, as cancer patients often have fever, pain, thirst,
local burning, constipation, red tongue with yellowish fur, and so on. Clinical manifestations
of heat syndrome in microenvironments include increased oxygen consumption, higher
leukocyte and neutrophil count, and higher consumption of cortical alcohols and
catecholamines [56,57]. As recorded in Yellow Emperor’s Inner Cannon, body’s organs,
limbs, skin, muscles and bones are connected into an organic whole through meridians and
keep it relatively coordinated and unified to complete various functions, where meridians
refer to channels that provide energy for human metabolism, treat diseases, and transmit
diseases. “Heat toxin” will block the meridians of the viscera and heat-clearing and
detoxification must continue through the whole process of cancer treatment. It is clearly put
forward in the Yellow Emperor’s Inner Cannon that “treating heat syndrome with drugs of
cold nature and treating warm syndrome with drugs of cool nature” is the proper approach
[23]. Experimental results show that the most effective way to clear away heat and detoxify
is to use cold and cool natured drugs to eliminate or degrade the heat toxin in the body and
control inflammation.

Chronic “non-resolving inflammation” contributes significantly to the pathogenesis of
malignancies. This relationship between inflammation and cancer was first put forward by
Rudolph Virchow. The process consists of two parts, initiation and promotion. First,
precancerous inflammation can cause irreversible DNA alteration in proliferating cells.
Second, in the persistent presence of aberrant activation of inflammatory oncogenes in
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chronically inflamed tissues, the abnormal cell replication and proliferation continues, and
achieve the full malignant phenotype, such as ECM remodeling, angiogenesis, metastasis,
and suppressed innate immune responses [58-62].

Inflammation is recognized to play a major role in the development and progression of
malignancies and is closely related to the heat toxin of TCM in disease occurrence and
development [63-65]. Modern studies have shown that heat-clearing and detoxifying drugs
exhibit as anti-inflammatory properties to clear heat, detoxify, resist bacteria, and improve
immunity. They can control and eliminate inflammation of the tumor and its surroundings,
proving that heat-clearing and detoxifying drugs used in tumor treatment are key to
inhibiting tumor development [66]. The active components of crude drugs of heat-clearing
and detoxifying CHMs and their effects on tumor cells and the TME are summarized in
Table 2.

Heat-clearing and detoxifying plant-derived drugs can directly inhibit tumor cell
proliferation, induce cell apoptosis, regulate and enhance immune levels, induce
differentiation and reversion, regulate cell signaling pathways and transduction, resist
mutation, inhibit angiogenesis, and reverse multidrug resistance. The possible mechanisms
for their antitumor effects mainly derived from their anti-inflammatory properties. Anti-
inflammatory drugs might suppress the release of inflammatory cytokines, inhibit protein
kinases and growth factors, then retard tumor cell proliferation and transformation.
Flavonoids have the abilities to inhibit proinflammatory enzymes, including inducible nitric
oxide synthase and cyclooxygenase-2 (COX-2), and suppress COX-2-induced prostaglandin
E2 (PGE2) expression. The combination of baicalin and baicalein can promote apoptosis of
human breast cancer cells through the ERK/p38 MAPK pathway. Most phenylpropanoids
are reported to suppress proinflammatory cytokines (tumor necrosis factor-alpha (TNF-a.),
interleukin-1 (IL-1), IL-6, IL-12 and IL-2). Saponins might induce cleavage of poly-ADP
ribose polymerase and activate of caspases by downregulating inflammatory factors. They
would also inhibit tumor growth, invasion and metastasis through matrix metalloproteinases
(MMP-2, -9 and —14), STAT3, and NF-xB. Quinones suppress cell proliferation by
inhibiting of protein kinase C and epidermal growth factor-receptor tyrosine kinase,
associating cyclin D1 with cyclin-dependent kinases, downregulating protein activated
kinase 1, and phosphorylating CDK-mediated retinoblastoma protein. Alkaloids inhibit
angiogenesis by modulating the expression of vascular endothelial growth factor. The broad
range of molecular targets provides a molecular basis for the therapeutic action of these anti-
inflammatory plant medicines.

3.3 CHMs that promote blood circulation and remove blood stasis and their active
components

There are 54 blood circulation and removing blood stasis herbs and decoction pieces
recorded in ChP (2015 edition, volume I). Of these, 42 are reported to exhibit anticancer
effects, 16 are used as extraction, and 26 as both extraction and active components.

According to the theory of TCM, tumor occurrence caused by the deficiency of vital energy,
phlegm coagulation, blood stasis, toxins, etc. Among them, blood stasis is one of the main
pathological mechanisms of tumor formation and development, and can be seen in all stages
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of tumor course. Modern research confirmed that the hemorheology of tumor patients shows
high coagulation, high viscosity, and peripheral microcirculation disorders [208,209]. Most
TCM for promoting blood circulation and removing stasis function by regulating vascular
growth factor, improving microcirculation, and improving hemorheology and coagulation
[210]. The active components of the crude drugs promoting blood circulation and removing
blood stasis and their effects on tumors are summarized in Table 3.

The possible mechanisms of their antitumor effects are mainly through the following
aspects. First is the direct cytotoxic and antimutagenic effects, which can inhibit tumor cell
proliferation and induce differentiation. Second is the down regulation of vascular
endothelial growth factor and its receptor, leading to inhibition, promotion, and
normalization of angiogenesis. Angiogenesis is a tightly regulated process integral to tumor
growth, involving endothelial cell growth, differentiation, and migration [211]. The
mechanisms of CHMs exhibiting anti-angiogenesis effects include the following models: (1)
direct inhibition of vascular endothelial cell proliferation and migration; (2) inhibiting MMP
activity; (3) inhibiting signal transduction of tumor angiogenic factors; (4) promoting tumor
angiogenesis inhibitor expression [212-214]. Third is to weaken platelet aggregation;
decreased platelet activation and platelet aggregation inhibits tumor progression [215].
Attenuated platelet aggregation and blood stasis prevent cancer cells from staying, adhering,
aggregating, and planting in the blood. By avoiding of the shear forces or attack of the
immune system in the blood stream, less than 0.01% of tumor cells are needed to cause
successful hematogenous metastasis by increasing tumor cell emboli arrest in
microcirculation. Platelet aggregation is also proposed to protect tumor cells from
immunological assault in circulation [216]. Therefore, phytochemicals that promote blood
circulation and remove blood stasis were used to reduce metastasis and affect
microcirculation.

However, there are several shortcomings in tumor treatment by targeting the blood
microenvironment alone: (1) if only a single target is inhibited, the rest of the signaling
pathway will compensate and reduce the curative effect; (2) tumor cells may be dormant,
preventing eradication [217]. Therefore, the promoting blood circulation and removing
blood stasis treatment needs to be combined with other drugs to cure cancer.

3.4 CHMs that resolve phlegm and eliminate dampness and their active components

There are 21 kinds of resolving phlegm and eliminating dampness herbs and decoction
pieces recorded in ChP (2015 edition, volume 1). Of these, 15 are reported to exhibit anti-
cancer effect, 6 are used as extraction, and 9 as both extraction and active components.

Phlegm coagulation is a main pathological factor of tumors. While dampness evil invades
the body, phlegm and dampness gather together, leading to stagnation of g/and blood stasis,
followed by accumulation in tumors which improves their invasive and metastasis abilities
[259]. The relative lack of oxygen, high glucose absorption rate, glycolysis rate, and
accumulation of acid metabolites or other abnormal intercellular components in tumors are
manifestations of phlegm caused by the abnormal metabolism of body fluids and
accumulation of dampness. The active components of the crude drugs resolving phlegm and
eliminating dampness and their effects on tumors are summarized in Table 4.
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The underlying mechanism includes regulating immunity, inhibiting tumor growth and
angiogenesis, and inducing tumor cell apoptosis. Furthermore, resolving phlegm and
eliminating dampness CHMs can effectively inhibit tumor metastasis by: (1) regulating
expression of cell adhesion molecules (such as E-cadherin and vimentin) [260]; (2)
inhibiting expression of MMP-2 and -9 proteases to delay extracellular matrix degradation
[261]; (3) regulating abnormal neovascularization; (4) reversing the epithelial mesenchymal
transition of tumor cells through the Wnt/B-catenin signaling pathway [262], ERK pathway,
and TGF-B pathway to inhibit tumor metastasis.

3.5 CHMs that strengthen vital energy and consolidate body resistance and their active

components

There are 53 kinds of strengthening vital energy and consolidating body resistance herbs and
decoction pieces recorded in ChP (2015 edition, volume 1). Of these, 47 are reported to
exhibit anti-cancer effect, 2 are used as crude materials, 20 as extraction, and 25 as both
extraction and active components.

According to TCM, after radiotherapy, chemotherapy or surgery, the human body is in a
state of g/7and blood deficiency. If we continue to use the “attack™ method, the burden on the
immune system will increase. Therefore, the treatment should change to maximize the
recovery of bone marrow and immune function, that is, reconstruction of positive g/ [61].
Chinese medical plants can regulate the immune response of hosts by elevating the
proportion of effector T cells (T lymphocytes) to Tregs, inducing interferon gamma (IFN-y)
production in effector T cell, the phagocytic function of macrophages, the activity of natural
killer cells (NK cells), promoting spleen dendritic cell (DC) differentiation, reducing
myeloid-derived suppressor cells (MDSCs), decreasing TGF-p and Interleukin (IL)-10
levels, prevention of both IL-2 consumption and IL-2 expansion, regulating the balance of
immune cell differentiation, and enhancing immune ability [291,292]. The active
components of the crude drugs strengthening vital energy and consolidating body resistance
and their effects on tumors are summarized in Table 5.

3.6 Active components that suppress aerobic glycolysis in tumor cells

Metabolic reprogramming, especially switching to aerobic glycolysis, is a hallmark property
of the cancer cells [348,349]. Aerobic glycolysis, also refers to the Warburg effect, could (1)
provide tumor cells with the energy they need for survival. Although less adenosine
triphosphate (ATP) is produced for per mole glucose through aerobic glycolysis (18~19-fold
less than that of glucose metabolism under sufficient oxygen in normal cells), the speed of
ATP generation is faster for perunit time, compared to oxidative metabolism of glucose
[350]; (2) convert glucose in tumor cells to pyruvate and lactate even in the presence of
oxygen. The lactate accumulation in the extracellular space results in an acidic TME
(pH<6.8). The acidification of TME enhances chemotherapy resistance, induces epithelial-
to-mesenchymal transition and promotes tumor migration and metastasis [351]; and (3)
provides a large amount of glycolytic intermediates for the synthesis and metabolism of the
tumor cells, including nucleotides, lipids and nonessential amino acids [352].
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Acceleration of the glycolysis is triggered by transcription factor hypoxia-inducible
factor-1la (HIF-1a) through PI3K/Akt/mTOR pathway, which associates with increased
glucose transport through glucose transporters (GLUT-1 and GLUT-3) and upregulated
glycolytic enzymes, such as hexokinase (HK), pyruvate dehydrogenase kinase 1 (PDK-1),
lactate dehydrogenase A (LDH-A) and phosphofructokinase (PFK). Although the internal
mechanism of aerobic glycolysis is still elusive, glycolysis suppression has been considered
as a potential strategy for metastasis inhibition and anti-tumor treatment. The clinical
application of current glycolysis inhibitors (such as 2-deoxyglucose and 3-bromopyruvic
acid) are limited due to the serious systemic adverse effects [353]. Therefore, discovering
natural products with high safety targeting glycolysis pathway is highly appreciated. The
active components from CHMs for cancer cells aerobic glycolysis inhibition and their
mechanism are summarized in Table 6.

4. Surface functionalization strategies of liposomes for monoconstituents

of CHMs to treat cancer

A wide spectrum of bioactivities has been found in CHM-derived monoconstituents, and
most have also shown anti-tumor efficacy through multiple mechanisms, including inhibition
of angiogenesis, tumor progression, invasion and metastasis. Although they have important
roles in different anti-tumor processes as previously discussed, there have been limited
anticancer applications of these plant-derived medicines (alkaloids, saponins, flavonoids,
organic acids, and so on) [4,365]. This is primarily due to the following. First, their low
hydrophilicity (terpenoids such as oridonin, oleanolic acid and andrographolide;
polyphenols such as curcumin, resveratrol, quercetin, silymarin, and puerarin; alkaloids such
as tetrahydropalmatine and tetrandrine) results in low cellular uptake and low chemical
stability. Second, some active components (saponins, such as saikosaponin, ginsenoside
Rg1) undergo a series of reactions in animals to be transformed into water-soluble
metabolites, which are then excreted in urine and bile, and some drugs are also excreted in
their original form. They generally show low protein binding in blood and clearance by the
reticuloendothelial system (RES) due to their hydrophilicity, related to the number and
location of glycosides [366,367]. Therefore, they are rapidly eliminated, and these poor
pharmacokinetic behaviors limit their effectiveness. In addition to the negative properties,
side effects also play a vital role in impeding their clinical use. For example, ophiopogon,
saponin, and ginsenosides cause hemolysis phenomena [368,369]. Some alkaloids produce
neurotoxicity and hepatorenal toxicity [365]. Furthermore, high-frequency administration of
some bioactive drugs is necessary to maintain their efficacies (such as triptolide and
podophyllotoxin), which leads to low compliance and even cumulative toxicity in patients
[370]. To overcome these limitations, the use of drug delivery systems has been used. In
TCM, these approaches are used to guide the clinical application to expand from supporting
the healthy energy and combating poison with poison to “supporting the vital g7in the
disease area, and targeted combating poison with poison” during treatment development
[371,372]. Nowadays, various types of drug carriers have been developed for TCM which
target delivery to cancer cells or animal xenografts, including polymeric nanoparticles, iron
oxide nanoparticles, liposomes, micelles, and dendrimers [373].
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Liposomes have a vesicular structure composed of lipid bilayers and were discovered by
Bangham et al. in 1965 [374]. Liposomal delivery is an ideal dosage form for formulations
available in the market for clinical use of antitumor therapeutic compounds, such as Doxil®
(PEGylated liposomal doxorubicin; Centocor Ortho Biotech Inc., USA), DaunoXome®
(non-PEGylated liposomal daunorubicin; Diatos, France), and Myocet® (non-PEGylated
liposomal doxorubicin; Sopherion Therapeutics, USA) [375]. Liposomes can encapsulate
both hydrophobic and hydrophilic agents within the lipid bilayer and inner water phase,
respectively. They are characterized by high biocompatibility, elevated encapsulation
efficiency, and easy modified for optimization of their properties, such as increased blood
circulation time and receptor-mediated site-specific distribution [4,376,377]. Furthermore,
liposomes can reduce the incidence of adverse reactions, by reducing local drug amount
distributed in normal tissues [378]. Although growing numbers of investigations of TCM-
loaded liposomes have proven to produce a strong anticancer response, there is still much
room for improvement of anti-tumor liposomal TCM treatment via injection, and significant
advances are continuously achieved.

Here we focus on targeting delivery of monoconstituents of CHMs to cancer cells and
overcoming the barriers of the TME, including current strategies for achieving these goals
by functionalized liposomal surfaces, taking advantages of physiological and biochemical
differences between cancerous tissue and normal tissue (Figure 2). External stimuli-driven
tumor targeting and drug release, such as magnetism, heating, and laser, fall outside the
scope of this review.

4.1 Long-circulating liposomes

Conventional liposomes are often composed of cholesterol and soy phosphatidylcholine in
specific proportions and are not modified with other moieties [365]. These vesicles always
show as significant interaction with the RES, mainly residing in the liver and the spleen, due
to the opsonization as foreign particles, and are rapidly cleared from the blood circulation
before accumulating in tumors [379]. A widely used strategy to achieve RES-avoidance is to
graft the vesicle surface with polyethylene glycol (PEG), taking advantage of steric
repulsion to create a long circulating “stealth” effect. PEG creates a hydrated outer shell,
which also shields the nanoparticles from recognition and clearance by the RES. PEG
grafting results in an extended drug half-life and improved tissue distribution [148,380,381].
The increased blood circulation time of small-sized liposomes (40-200 nm) achieved by
PEG-lipid incorporation in bilayers enhances drug accumulation in tumors, where leaky
vascular structure is found. This strategy maximizes the enhanced permeability and retention
(EPR) effect. This strategy is called passive targeting, which improves the therapeutic effect
of entrapped agents. Various other polymers have been reported to improve blood circulation
time of liposome, but PEG remains the primary choice thus far [382-385].

PEG2000 (molecular weight of 2000) is the most frequently used PEG polymer to avoid
RES uptake [386,387]. PEG is usually covalently attached to a lipid (PEG-lipid), such as
distearoylphosphatidylethanolamine (DSPE), which can be incorporated into the lipid
bilayers through hydrophobic interaction. Due to the amphiphilicity of the PEG-lipid, the
surface area available for PEGylation is quite limited, with a maximum of 7+2 mol% to
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maintain membrane integrity [388]. Huang’s group formulated a membrane-core structured
Lipid-Calcium-Phosphate (LCP) nanoparticle with a surface that can be modified with
various amounts of PEGylation, up to 20 %. It was found that a high density of PEG is
required to achieve the steric stabilization and thus create the “stealth” property for particles,
according to the concentration and type of PEG-lipids [386]. The long-circulating liposomes
with active components of CHMs overcome their disadvantages in physicochemical
properties and their applications are shown in Table 7.

4.2 Active-targeting liposomes

Active-targeting liposomes exert their targeting capabilities through a series of affinity-based
interactions (such as that between ligands and receptors) on the diseased cells and release
drugs specifically into the target sites, with minimum deposition at healthy tissues or with
less off-target effects [365,408,409]. Active- and passive-targeting liposomes are transported
to tumor sites in the same manner. Only after arriving in the tumor tissue are ligands able to
work, and it was found that some PEGylated liposomes were unable to release drugs at the
tumor site. Moreover, with an increasing number of injections administered, PEGylated
materials are prone to be cleared from the blood, which is called the accelerated blood
clearance (ABC) phenomenon [410-412]. This means that long blood circulation times and
efficient tumor target binding are both required for appreciable tumor accumulation of
ligand-targeted liposomes [385]. Active targeting ligands could be attached directly to the
liposomal surface, together with PEG-lipids, or conjugated to the distal end of PEG chains
and incorporated into liposome membrane as ligand-PEG-lipids [413-416].

There are two issue to consider when taking advantage of a specific ligand to functionalize
liposomes. First, it is important to optimize the ligand density on the liposome surface by
relevant surface engineering techniques to properly form a targeted liposome system. High
ligand density in a feasible range could promote target binding; however, issues such as
aggregation may be caused by increasing ligand density over the optimal density [417].
Second, as the binding affinity for a tumor-related ligand rises, liposomes would bind tightly
to the cancer cells they first encounter near blood vessels. This might block the tumor
penetration of vesicles into cancer regions far away. Then subsequent vesicles are unable to
reach free receptors and are thus forced back out of the tumor. It thus diminishes effective
targeting [418,419]. In other words, exceedingly strong affinity ligands may impair tumor
penetration and fail to increase tumor drug accumulation. Even if with increased tumor
accumulation, anti-tumor efficacy is not necessarily improved if drug accumulation only
takes places near blood vessels [385]. Various liposomal active-targeting ligands for active
components of CHMs for solid tumor therapy are shown in Table 8.

4.2.1 Targeting specific receptors over-expressed on the surface of cancer
cells

4.2.1.1 Glycolipids: Liposomes with different glycosyl combining on their surfaces can be
differentially distributed /77 vivo. Liposomes carrying mannose residues are enriched in
sinusoids, involving Kupffer cells, endothelial cells, and stellate cells in liver. Galactosylated
liposome-entrapped materials were largely distributed to hepatocytes [376,452]. To exhibit
significant therapeutic efficacies, various glycolipids with low molecular weight were used
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to modify the liposomal surface by conjugating the sugar moieties to lipids. Galactosylated
liposomes are bound specifically to asialoglycoprotein receptors (ASGPRs) to achieve
hepatocyte-specific drug delivery after entering systemic circulation because (1) ASGPRs
are specifically over-expressed in hepatocytes; (2) because of the rich blood flow and
discontinuous endothelium of the liver, particles can easily access hepatocytes [452,453].
However, interactions between glycolipids and plasma lipoproteins or tissue lipids after
intravenous injection may interfere with the integrity of liposomes by removing glycolipids
from bilayers, and thus lead to reduced tumor cell selectivity [454]. Thus, cholesterol was
used to introduce the galactosyl moiety to liposome surface as the hydrophobic anchor.
Cholesten-5-yloxy-N-(4-((1-imino-2-L-D-thiogalactosylethyl)amino)butyl)formamide (Gal-
C4-Chol), cholesten-5-yloxy-N-(4-((1-imino-2-L-D-thiomannosylethyl) amino)butyl)
formamide (Man-C4-Chol), and cholesten-5-yloxy-N-(4-((1-imino-2-L-L-
thiofucosylethyl)amino)-butyl)formamide (Fuc-C4-Chol) are synthesized as different
efficient glycosylating agents with cell-specific hepatic targeting potential [455].
Furthermore, when coating the galactosylated liposomes with PEG to obtain the long-
circulating effect, the molecular weight of PEG is important because longer PEG chains
might retard asialoglycoprotein receptor-mediated uptake of galactosylated liposomes by
steric hindrance [456].

4.2.1.2 Transferrin family: The blood-brain barrier (BBB) protects the brain as a highly
selective barrier. Nearly all large-molecules and 98% of small-molecule drugs are unable to
be transported across the barrier in the active transport manner [423,457]. Transferrin (Tf),
an iron transporter, regulates free iron levels in biological fluids. Transferrin receptors (TfR1
and TfR2 or CD77) are lowly expressed in most normal cells, and overexpressed in tumor
cells (~100 fold) due to increased iron demand of cancer cells, such as liver cancer cells,
brain glioma cells, or endothelial cells of the BBB, thus Tf could target the transferrin
receptor and exhibit tumor-specific cell binding [458]. In addition to Tf, lactoferrin (Lf) also
belongs to the transferrin family. Drug carriers with Lf modifications cross the BBB via
receptor-mediated endocytosis [424]. In fact, Lf is also reported to inhibit the cell cycle in
G0/G1 and G2 phases of U87MG cells through downregulation of cyclin D1 and D4 [459].

4.2.1.3 Folic acid: Folic acid (FA, folate or vitamin B9) is a crucial vitamin for nucleotide
synthesis in all living cells [385]. Living cells take in FA through folate receptors (FRS)-
mediated endocytosis by stimulating the clathrin-independent pathway, which is a
characteristic used for macromolecular drug delivery. FRs are highly expressed on lung,
ovarian, kidney, breast, brain, endometrial, and colon cancer cells. Limited expression of
FRs on most normal tissues, but overexpression on cancer cells are observed. Further, FR
density increases with the deterioration of tumor grade or stage [460]. As such, it is
suggested that FA can be used as a potential targeting molecule for active drug delivery to
tumor cells [425,461]. FA was also reported to be conjugated with chitosan by an acylation
reaction to obtain folic acid-chitosan, which could form a coating liposomal system by
electrostatic interactions on the surface of the negatively charged nano-liposomes with better
stability and sustained release of curcumin [462].
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4.2.1.4 Glycyrrhetinic acid (GA): GA, a pentacyclic triterpeneglycoside, is the hydrolysis
product of glycyrrhizin. In addition to its effective anticancer effects against hepatocellular
carcinoma, GA was also reported to specifically target hepatocytes where the GA receptors
(GA-R) are abundantly expressed on hepatocyte membranes [463,464]. Both GA-R and
glycyrrhizin receptor (GL-R) could achieve active hepatic targeting of drug delivery.
However, GA-R is more effective because GA binding sites outhumber GL binding sites
[465]. Recently, growing interest has developed on carriers modified with GA as hepatocyte-
targeted delivery systems [428-431].

4.2.1.5 Epigallocatechin 3-gallate (EGCG): EGCG, a polyphenol from green tea, has
been reported to reduce the expression of MMP-2 and MMP-9, involving in tumor growth,
angiogenesis, and metastasis. Moreover, it selectively binds the 67-kDa laminin receptor
(67LR) [466], which is more highly expressed on tumor cells, such as breast, bile duct,
colorectal cancers, and melanoma cells, than on normal cells [467]. Therefore, EGCG-PEG-
modified liposomes loaded with doxorubicin took advantage of not only the apoptosis
inducing effect of EGCG, but also the tumor-targeting of EGCG together with the PEG
shielding to synergistically combine with the topisomerase |1 inhibition induced by
doxorubicin. The dual-effect liposomes showed outstanding antitumor efficacy on melanoma
[432].

4.2.1.6 Anisamide derivatives: Anisamide and its derivatives modified liposomes were
proven to be highly selectively targeting to sigma receptors, leading to stronger tumor
growth retardation, compared to non-targeted liposomes [468]. Sigma receptors, subdivided
into sigma-1 and sigma-2 receptors, are over-expressed membrane proteins on TAFs and
tumor cells, such as melanoma, breast tumors, non-small cell lung carcinoma, hepatocellular
carcinoma and prostate cancer, and their expression is much higher compared to normal
cells [469,470]. Aminoethyl anisamide (AEAA) is a targeting ligand for sigma receptor with
high affinity (Kq=9 nM) employed for phytochemicals delivery in other lipidic formulations
(emulsions and micelles). Puerarin in DSPE-PEG-AEAA modified nanoemulsions were
shown to significantly facilitate chemotherapeutic effect of paclitaxel and activate immune
microenvironment, compared to the control group [330]. AEAA targeting nanocarriers
loaded with celastrol and mitoxantrone were also demonstrated the increased drug
accumulation in tumors, compared to free drugs [471]. Icaritin was co-delivered with
doxorubicin in micelles with the composition of poly lactic-co-glycolic acid (PLGA)-PEG-
AEAA (PLGA-PEG-AEAA). The AEAA modified fluorescence micelles accumulated 4-
fold higher than non-targeted micelles in tumor sites, with much less amount in normal
livers [472].

4.2.2 Targeting specific receptors on desired organelles—Mitochondria are
membrane-enclosed organelles described as “cellular power plants”. They are an ideal
antitumor target due to their involvement in at least six cancer hallmarks, including
deregulated cellular energetics, cell apoptosis resistance, expanded invasion and metastasis,
immortal replication, genomic instability, and tumor-promoting inflammation [473].
Moreover, tumor cell mitochondria are distinct from their normal counterparts in structures
and functions, showing increased reactive oxygen species production, higher mitochondrial
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membrane potential, and decreased oxidative phosphorylation [474-476]. Given these
features, tumor cells require high energy levels for proliferation and are more susceptible to
mitochondrial perturbation than healthy cells [433,477]. Consequently, mitochondria-
targeting therapies emerge as an attractive means to selectively eliminate cancers [478]. TPP,
rhodamine B, DQA, and mitochondrial targeting signal peptides (MTSs) were used to pack
or modify onto lipid carriers (mitochondriotropic molecules) to target mitochondria
[477,479,480]. Among these molecules, delocalized cationic 4-carboxybutyl
triphenylphosphonium bromide facilitates mitochondrial uptake by interacting with the
highly negatively charged mitochondrial membrane in cancer cells, leading to its improved
accumulation or access to the mitochondria [481]. DQA, a cationic amphiphile, promotes
specific mitochondrial accumulation driven by the transmembrane electrical potential
[434,482].

4.2.3 Targeting specific receptors on cells in the TME—Tumors consist not only
of neoplastic cells, but also of stromal cells (such as tumor-associated fibroblasts,
mesenchymal cells, pericytes, occasionally adipocytes, blood and lymphatic vasculature)
and immune cells that maintain the TME. The ECM and secreted extracellular molecules
also bear tumor development [483-485].

Among ECM components, hyaluronic acid (HA) is the main one characterizing fibrotic
process. HA is a natural acidic polysaccharide synthesized by three transmembrane HA
synthases (HAS1, HAS2, and HAS3) that is non-toxic, biodegradable, and possesses a
strong affinity for CD44 and the receptor for hyaluronan-mediated motility (RHAMM)
[486,487]. CD44 is a non-kinase transmembrane cell-surface glycoprotein with endogenous
limited expression in healthy cells and highly expressed as one of the most common cancer
stem cell surface markers in various cancer types, including breast, prostate, pancreas, colon,
and hepatocellular cancer. Therefore, CD44 is a potential receptor for targeting drug delivery
systems, which is involved in tumor invasion and metastasis [488-491]. HA can be
covalently linked to the polar headgroup of the lipid, or coats cationic liposomes via
electrostatic interaction, in order to achieve CD44-receptor targeting drug delivery. A
negatively charged HA-based prodrug can also be formed to insert into the lipid bilayers
[492].

4.3.1 Liposomal surface modifications with antibodies—Monaoclonal or
polyclonal antibodies conjugated on the surface of liposomes that recognize and bind to
specific antigens on the surface of targeted tumor cells are called immunoliposomes. They
are able to distinguish the target cell and enhance the selective targeting effects of liposomes
[376].

Various tumor cell surface markers were reported as potential targets for selective targeting
of therapeutic agents, such as CD147, CD133 and CD44 [438]. Antibody targeted therapies
are effective for the following main reasons: (1) The over-expressed epitope is found on the
cancer cell; (2) The antibody could get better access to the tumor sites than to healthy sites,
due to the longer circulation time and EPR effect. Anti-CD44 antibodies modified liposomes
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were characterized with enhanced cellular uptake through CD44 receptor-mediated
endocytosis, and increased selective targeting effect [493,494].

Human epidermal growth factor receptor-2 (HER2) is a member of epidermal growth factor
receptor family. It is a transmembrane receptor tyrosine kinase, generally over-expressed in
25-30% of ovarian and breast cancer patients and normally expressed at low levels in adult
cells. It is commonly targeted for breast cancer therapy. Trastuzumab (Herceptin®,
Genentech, Inc., USA) was the first humanized monoclonal antibody that binds the
extracellular domain of the HER2 receptor for clinical breast cancer therapy [495,496].
Trastuzumab coupled HER2-targeted immunoliposomes loaded with curcumin and
resveratrol showed notably higher cytotoxicity in HER2 positive human breast cancer cells
than that of non-targeting liposomes or free drugs [439].

4.3.2 Liposomal surface modifications with peptides—Peptides (a short amino
acid chain) for surface functionalization are non-covalently or covalently bonded to
liposome surface through the MAL linkage bond, sulfanyl bond, peptide bond, or disulfide
bond [382]. They are divided into cell-targeting peptides and cell-penetrating peptides,
having receptor-specific and non-specific binding and internalization, respectively.

4.3.2.1 Cell-targeting peptides (CTPs): T7 (HAI'YPRH) peptide specifically targets a
small cavity on the transferrin receptor surface without interfering transferrin binding to
transferrin receptor and is then transported inside the cell through endocytosis [440,497].

RGD (Arg-Gly-Asp) or NGR (Asn-Gly-Arg) are ligands for targeting angiogenic blood
vessels, which have several proteins that are absent or expressed at much lower levels in
established blood vessels. Targeting the tumor vasculature has some advantages, as
compared to targets on the cancer cell surface. First, liposomes do not have to penetrate the
tumor tissue to find and reach antigens on tumor cell surface, while they have better access
to antigens on the tumor vasculature. Second, abnormal rapid proliferation of cancer cells
required sufficient nutrients and oxygen for further growth. Therefore, killing of a relatively
small number of vascular endothelial cells can destroy a large number of cancer cells
supported by these blood vessels. Third, as compared to cancer cells, vascular endothelial
cells are more genetically stable and less susceptible to develop drug resistance [385].

RGD (Arg-Gly-Asp) selectively binds to cell surface integrin a,f3s/afs. Integrins are
transmembrane glycoprotein receptors that play an essential role in the attachment between
a cell and its extracellular matrix [498]. They are overexpressed in cancers (glioma cells,
melanoma cells, lung cancer cells, breast cancer cells, and so on) and can enhance disease
progression partially through angiogenesis and metastasis, making them worthy molecules
for targeted drug delivery into tumor tissues [499,500]. Liposomes modified with RGD have
clear benefits as anticancer drug delivery systems over non-targeted liposomes [501]. The
ability of NGR peptides to target the tumor vasculature and improve therapeutic outcomes
has also been demonstrated. NGR can specifically bind to CD13, which is a transmembrane
metalloproteinase, involving in cell migration and angiogenesis. CD13 is not activated in
normal vascular endothelial cells but is highly expressed in tumor vasculature and some
tumor cells [441,502]. Therefore, the NGR peptide is a potential ligand to target the tumor
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vascular antigen CD13 with good selectivity and low immunogenicity [503]. The effect of
phosphatidylcholine (PC) composition with different T,,, used to prepare targeted liposomes
has significant effects on the desirable properties of resulting liposomes. PCs with different
Tms, 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC, T,=41 °C), hydrogenated
soy phosphatidylcholine (HSPC, T,,=53 °C), and soy phosphatidylcholine (SPC, T, blow 0
°C) were investigated and found that the decrease of T, of lipids facilitated drug release,
and more fluidic liposomes exhibited improved cellular uptake [442].

4.3.2.2 Cell-penetrating peptides (CPPs): CPPs are positively charged short peptides (5-
30 amino acids) capable of penetrating cells across the cell membrane through endocytosis
[373]. They allow a wide array of biomolecules, from peptides and proteins to nucleic acids,
to rapidly and efficiently traverse cytoplasmic membranes.

For polyarginines, a popular cell penetration tool, the optimum chain length is eight arginine
units (Rg) [446]. The positively charged Rg peptide makes the coated particles positively
charged for internalization and mediates efficient cellular uptake micropinocytosis,
improving intracellular gene transportation and expression [504]. Rg with positive charges
was also combined with RGD in modified emodin as a tandem peptide (RgGD) to treat
breast cancer. The targeting mechanism of RgGD includes receptor-mediated drug targeting
and electrostatic incorporation [505]. The RgGD-modified emodin liposomes with small
particle size and high EE% exhibited a distinct antitumor effect together with RgGD
modified daunorubicin-loaded liposomes [447].

HIV protein transactivator of transcription (TAT, YGRKKRRQRRR, residues 47-57 of
HIV-1 Tat protein) readily passes through the plasma membrane of uninfected mammalian
cells [448]. Full-length TAT could bind the extensively expressed cellular heparan sulfate
proteoglycans (HSPGs), integrins and chemokine (C-X-C motif) receptor 4 (CXCR4).
HSPG syndecan 4, a potential receptor, enhances the uptake of TAT through energy-
dependent micropinocytosis. Recently, TAT was reported to form transient pores and
translocate across the membrane by diffusing on these pores, without observed cell death
due to leakage [506,507]. After delivery to the cells, endosomal entrapment leads to most of
CPP cargos eventually undergo degradation in lysosome or distribute back to cell membrane
for recycling and then ejection from the cell, which is called “endosomal escape problem”. It
could be solved to some extent by using endosomolytic agents, reversible covalent binding
and high-affinity non-covalent binding [508].

The tumor-homing peptide tLyp-1 contains the sequence motif (R/K)XX(R/K). It mediates
tissue penetration and tumor targeting through neuropilin-1 dependent C-end rule
internalization and overcome the barriers caused by dysfunctional tumor vasculature and
high interstitial pressure. The liposomes coated with tLyp-1 initially target the receptor
specifically highly expressed on the tumor cell surface, internalize through micropinocytosis
and then escape from lysosome in a time-dependent manner [449,509,510].

4.3.3 Surface modifications with polymers—D-alpha tocopheryl polyethylene
glycol 1000 succinate (TPGS) is an amphiphilic PEG derivative of vitamin E succinate, with
hydrophilic-liphophilic balance value between 15 and 19. Therefore, it is an ideal emulsifier
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and solubilizer for hydrophobic drugs (67 times higher than polyvinyl alcohol) and greatly
enhanced cellular uptake, /n vitro cancer cell cytotoxicity [450,511], and prolonged long-
circulation pharmacokinetic behaviors [148]. Moreover, TPGS also inhibited multidrug
resistance by inhibiting the P-glycoprotein pump [451].

5. Conclusions

This article studied the antitumor effects of active ingredients of CHMs, counteracting toxin
with toxin, heat-clearing and detoxifying, promoting blood circulation and removing blood
stasis, resolving phlegm and eliminating dampness, and strengthening healthy energy and
consolidating body resistance. We find that the active components function to inhibit
proliferation, inhibit invasion and migration, induce apoptosis, reverse multidrug resistance,
block angiogenesis, suppress aerobic glycolysis and improve immunity. Despite treatment
potential, the undesirable physicochemical properties (poor permeability, instability, highly
hydrophilicity or hydrophobicity, and toxicity) and unwanted pharmacokinetic profiles
(short half-life in blood and low bioavailability) limit the clinical studies of CHMs. Various
targeting liposomes have shown immense advantages in the delivery of active components of
CHMs, involving improved physicochemical characteristics and pharmacokinetic profiles,
enhanced therapeutic efficacies and reduced side effects. This review could be regarded as a
useful and informative reference for these CHM components.

6. Limitations and future perspectives

TCMs are the oldest alternative and complementary medicines and there are rising interests
on the investigation of CHMSs. Using modern technology, the mechanism of some active
components of CHMs were determined to some degree at the cellular, molecular, and
pharmacological level. However, there are still some issues to consider.

First, there are only a few studies on the effect of single or combined use of
monoconstituents on immunology regulation. The clinical application of CHMs are very
complex as the act not only through a single factor, but also through multiple targets and
based on a holistic approach, pointing to the entire human body. Current research is
primarily focused on individual monoconstituent or the combination of active ingredients
from CHMs with chemotherapeutic drugs and their bioactions on tumor cells and non-
immune tumor microenvironment. The anti-tumor characteristics of plant-derived medicines,
including inducing apoptosis, reversing multidrug resistance, regulating angiogenesis, Killing
TAFs, and inhibiting cell metastasis and invasion, make the combination with
chemotherapeutic drugs reasonable and effective. In fact, the improved tumor immune
microenvironment caused by phytochemicals is attracting and proved to enhance
therapeutically effect with combination of chemo drugs or checkpoint inhibitors. Huang’s
group reported that celastrol, a pentacyclic triterpene from Trijpterygium wilfordii
functioning in counteracting toxin with toxin, induced ICD with mitoxantrone
synergistically to remodel immune-suppressive TME with a robust immune memory
response in melanoma [471]. In order to avoid using the highly toxicity of CHMs, icaritin
from herbs warming kidney-yang, were studied and the combination of icaritin with
doxorubicin caused synergistic ICD induction through mitophagy and apoptosis, leading to
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improved hepatocellular carcinoma treatment [472]. Puerarin could not only downregulate
intra-tumoral reactive oxygen species and deactivate TAFs, but also serves as an adjuvant
therapy in nanoparticles for programmed cell death-ligand 1 (PD-L1) monoclonal antibody
in triple-negative breast cancer model [330]. In fact, the combination of phytochemicals
themselves (quercetin and alantolactone) was proved to induce synergistic ICD at low doses
in CT26 and 4T1 cells. The micelles loaded with optimal ratio of quercetin and
alantolactone stimulated the host immune response and inhibited murine orthotopic
colorectal and breast tumor growth [148]. Besides using monoconstituents of CHMs, the
components of TCMs could be studied at a relatively complex level, in order to make good
use of the resources of TCMs, such as the classical CHM pairs (Pinellia-Aconitum,
Scutellaria barbata-Oldenlandia diffusa, Rhizoma coptidis-Fructus evodiaé). The effective
extractions of Chinese medicine (such as essential oil) could also be potential agents for
tumor treatment because their efficacy has already been clinically proven, and the herbs have
relatively simple compositions.

Second, as for the targeting preparation of TCMs, the stability, metabolism, synthesis and
quality evaluation need to be improved, especially for more complex combinations of
ingredients of CHMs, to exhibit synergistic effects for tumor cells and for specific targeting
to the TME. Liposomes can realize the co-delivery of medicinal ingredients with different
pharmacological effects and physicochemical properties. In fact, by encapsulating all drug
combinations in liposomes, the pharmacokinetic behavior of multiple drugs /n vivo can be
controlled while prolonging their circulation half-life. Multi drugs encapsulation in
liposomes modified with targeting ligands makes liposomes versatile carriers, which is
suitable for the application of herbal compound recipes in TCM [512,513]. There are several
routes of administration for liposomes, and this review selects the route of systematic
administration. Compared with the oral administration route, especially for lipophilic
compounds from CHMs, the transportation of drugs from liposomal to biological
membranes via intravenous injection are different from oral drug delivery [514]. The
characteristics of intravenous injection of liposomes with functionalized surfaces different
from other routes of administration are maintaining drugs combination at certain ratios,
controlling drugs release, permitting selective delivery of drugs to targeting tissue [515—
517]. Although the review demonstrated that targeting liposomal nanocarriers are effective
and favorable delivery systems for CHMs to treat cancers, it is still at the exploratory stage.

Further investigations are necessary for anti-tumor mechanisms of some potential
monoconstituents, especially the identification of subcellular targets and regulation of
immunity through modulating immune-suppressive tumor microenvironment and priming
immune responses effects. Site-specific and selective liposomal delivery enhances the
accumulated drug concentrations at the site of action and comes with superior efficacy and
safety in cancer treatments by reducing the cost and duration of therapy.
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Figure 1:
Overview of mechanisms for monoconstituents of CHMSs on tumor cells and the TME

(Abbreviation: MRP, multidrug resistance-associated protein; GS-conjugates, glutathione
conjugates; P-gp, P-glycoprotein; BCRP, breast cancer resistance-relative protein; TGF-p,
transforming growth factor-g; IL-10, interleukin-10; IFN-vy, interferon gamma; TNF-a,
tumor necrosis factor-alpha).
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Figure 2.
Overview of tumor-specific targeting strategies of liposomes for delivery of

monoconstituents of CHMs (Abbreviation: EPR effect, enhanced permeability and retention
effect; PEG, polyethylene glycol; TPGS, D-alpha tocopheryl polyethylene glycol 1000
succinate; DQA, dequalinium; Tf/Lf, transferrin/lactoferrin; FA, folic acid; HA, hyaluronic
acid; EGCG, epigallocatechin 3-gallate; GA, glycyrrhetinic acid).

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



Page 48

Zhang et al.

[ss] A | apisonyoeg
[¥s] P r M uroojduad (1d 1l Buerx) sesojdiad xa1100)
[es] A A wniyuex (1z 13 Bued) nyuex snoni4

[zl IS BuLIYIAIBIRYD
[1a] A aureuinbues pue auluopijpyYD (rea nb req) nuopigayd egqiaH
[os] I3 apAyspreweuuld|AxolpAH-d (1z 319 NW) UBWaS 3LIIPIOWOIN
[6v] A I3 g ploe d1iejopnasd (1d Buil ny) sioLejopnasd x8110D
[8¥] A A s M s EllN e (1z Buenyd ays) 11pIUd sNdNIH
(uax
[2v] M I uljepbAwy Buix ny) sesewe sedeIUSWIR UBWIBS
[ot] M s s A auldredarIny pue aulWeIPOAT (nA nyz nm) aerpons snyon.4
aulueabungoyiuez (uayz
[sv] A A I3 pue 8pLIoJYd BUIPIIN uelw Buelr]) wnpiiu wnjAxoyuez

|0J83dwaey

pue ‘josajdwaey [Ausuados|

-8 ‘uIxolo||AydopodAxosq
[rv'ev] A I3 ‘urxojofjAydopod (uer) 8/ oeix) sn1onuy 111 Aydopodouls
[zv] M| sprousadisii J8Yy10 pue uluepussoo) (1z uel] uenyd) ULPUSSOO] SNJNIH
[1v] A I3 p1oe ansAdouiyogz (oe1l oez) sisuauis aeisypalb snoni4

0 ulwselsewreydosN
[ov'6e] A A e pue g uiuswselsewey) (np Buey) awselseweyd eig||81S

[se'L€] P M P M M aulonig
[9€] 5 A 8UILYOANS (1z ueib ew) BOIWOA XNN

[se'eel] M A 3UNIUOESAN

[reeel M M auniuodedAH
[ee-o€] M P M M auUNU0dY (nm 0BD) 111J0Z8USNY 1IUOJE XIpEY

uoniqiyui aoue)sIsal
sissuabolbue | uoiseAul pue Bnapninw uolre|nfiai uonigiyui uonoanpul
-nuy uoneibiN -nuy Abeydoiny uoleJlayljoid sisoydody
ERIETETEN| JNL S]199 Jown | slusuodwod anndy SINHD

Author Manuscript

"$||82 JOWN] UO S)usuUOdLW0d BAIOL JI3Y) PUB UIX0) YIIM UIXO0) 198481UN0D 1Ryl SINHD 8U1 10 WSIUBYISIA

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



Page 49

Zhang et al.

(1z Bueq niu)
[vot-TOT] r IS S M| uuebnosy pue umory 12 SNjonI
(uerx 1yo
BLW) ©3JRI3I0
[oot'66] s A sulueAoeleg aoe|nlIod
(eny
ulA ueys)
9eI321UO|
[86'26] M M M € 9pISoyILEIdRIN so|4

[96] I auidresoydosAxQ
(uab
BULIIBWAXO nop ueys)
[s6-Tél IS 5 5 IS I3 I3 pue ouLjelN | - SIsUSUDjuO)
aeloydos
[o6] A auIsnAD xipey
[68] I3 ureyy (Bueny ep)
wnyewped
[88-¥8] I8 IS I8 IS IS IS IS upows wnayy
(aA Buib
&) siphes!
[e8-0s] M r M M M uignaipul wnijo4
(Buay anx
Bp) W8S aUIA
[61-5/] S M i A A s A A pioe awabosoyd | Alojbusbires
(uen) Bueny)
sipndod
[v2-1L] I : M M A I I > » euLisqleg Buwioziyy

p1oe
21UaAR|03AX0] 40|61 L (eny
-gg pue proe | Bueny 1yzif)
a1usne|o)Axo|Aojsbuy Sua.Indsp
[oz] I3 -d9 oBepijos
(oe2 req ues)
SIsusuIyd
[69-29] M I8 S A auoulyanes sninines

uoisenul aoue)sIsal
S|189 | s|199 sisauabolbue pue Bnupnnw | uoirenbaa uoniqiyui uonanpul
SOSAN | soa | L MN | SWVL -nuy s4vL | uonesbin -nuy ABeydoiny | uonessyijoid | sisoadody
ERIETETEN| JNL S|199 Jown]. sjuauodwod aAndY SINHD

Author Manuscript

"JINLL 8U1 pue $][32 JoWN) U0 Sjuauoduiod aAIE 118yl puR AJIX018p pue 188y Jeajd 1euyl SINHD 8yl JO WSIUBYDSIA|

Author Manuscript

¢ dlqel

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



Page 50

Zhang et al.

[gsT] s A @ uiuodes ejies|nd
[261] £ v uiuodes e|jnesind
[9sT] s A 9 apIsowauy
[saT'vat] r IS IS uiuabesapaH
[egT-15T] M I s A PIoE 21]0UBs|O
uniatanbos| (Buam
[osT-6vT] Meoorfor A r r r r r pue unaosaNd no 1eq)
SIsusUIyY
[prTert] IS IS s unsuweylos| e[jnesind
[ev1] r £ pIoe 21ZIYLAIAID
[tr1-6€T] IS M M IS IS IS s pIoe 21uNayYLIAIA|D
[seT] r M uIpuge|9
[2€T] A A 3/ 8U00[RYI0017
unuinbijos
[oeT'seT] M M M M r ‘uuaBnunbijosy
(oed ueb)
uiJinbi
[vetl I s A pue utusbnuinbi
(nw
oe| Buob)
seluoyew
[eeT-TeT] r r r uiziyosep sinen
[oeT-TeT] IS IS IS IS r M M I8 I8 IS IS uuigiis
[oeT'6TT] M £ /v uIgApisos) (1 134 1nys)
winueLew
[sT1-GTT] S P s s urjoyixel wngAIS
pI9e 21]NJI8J0S|
[rT1-TT7T] r I A A £ pue pioe o1jnJa
[ot1] A jouabiwy
(ew Buays)
u1a10eAX09Q aebnyoIwig
[601'80T] A A A M| -9z-1de-gz pue ueoy BWOZIYY
(1z
ay oew) 3nJy
elfeuILLIa)
[201-50T] A A A pIoe o1j|e REITEL:
uoniqiyul
uoiseaul | asouessisas
si199 | sp80 sissuaboibue pue Brupnuw | uonenBai uoniqiyul uonanpul
SOSAN | D@ | L | MN | SAVL -uy s4vL | uonesbiy -uy ABeydoiny | uoneuapijosd | sisordody
saouala)ey INL $1192 Jownp sjusuodwiod aAnoY SINHD

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



Page 51

Zhang et al.

(Buoj Buap
utl) sijesAyd
smoniy
[sg1-¢€8T] S A A g pue v suljesAyd nas xA[eD
[esr'18T1] A A M r apisouoBop
[osT] 1 I3 I3 I \, I 5 utuoBop
[821] r M M r ulfeoreg (uib Bueny)
aele||anos
[6.1'8.1] s I3 I3 I3 I3 I3 uiafeoreg xipey
cd
[247] M I A £ pue Tg uipiueAdoid
[os1°s27] r A A A A A ujosin (rew oeib
utl) sAnogip
[yL1] IS unny wniAdobe4
(Bueyz ny)
wnyepidsnd
[eL1] A A unepAjod wnuobAjod
[eL1] M s M| 1 pue | apisook|Bnhiz (nAip)
aeqglosinbues
[t21] IS r A pioe 216e)(3 Xipey
(uays uenx)
aelsenydolos
[o21] A pIoe JlWeuUI) Xipey
(oed
Bui) Buop)
SU30sagNI
[69T1] M I8 IS S uIuopLO eIsopgey
[897-501] 1 r r r r 1 r r r loesansaY (el tec)
sisdojadwe
[ro1-291] M M IS IS IS uIyoaeD xipey
(uab
[ta1] A uIopunIy oew req)
aeresadwi
[o9T] r A A pIoe d19)JeD) BWOZIYY
proe
[6sT] r | ounmeq |AxoipAH-£Z
uoniqiyul
uoiseaul | asouessisas
si199 | sp80 sissuaboibue pue Brupnuw | uonenBai uoniqiyul uonanpul
SOSAN | D@ | L | MN | SAVL -uy s4vL | uonesbiy -uy ABeydoiny | uoneuapijosd | sisordody
saouala)ey INL $1192 Jownp sjusuodwiod aAnoY SINHD

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



Page 52

Zhang et al.

[202] IS A S A A ureyy (uer) 1yz
ueq) erequeq
[90z] I I8 IS uIpows 80|V BLIR||8IN0S

[soz] A A A |04315001S-¢)

[voel A A r r uiushidy
[eoz] r A i A A pIoY 2110SIN (1Z 1yz)
aeluapleh
[c0Z] A A uidiuso smani-

unuesonig
‘a/v auivdnig (1z uep
‘lounuesdnig eA) eaoniq
[toz-86T] M IS IS IS IS ‘|loresnig smoni4
[26T] A A ulnosay (d
utb) 1uixely
[967] s s s r r unanasy X300
(uery
[seT] A r | epioydesBoipueoan uIXx uenyo)
elenolued
[v61'c6T] A M M M M apijoydesBoipuy | siydesBospuy
(0ea nw
ap1I0Jy20IpAY 1A) 1INUo3|
[e6T] £ auLINuoaT eqisH
[teT] M r A £ pIoe JneISY (oe0 anx
1) eoneise
[o6T] M IS IS s apISooNRISY [j81usD
(ny reyo)
a unajdng
[68T1] A A A A A A A | pue v suluodesosres xipey
(oed
1Z) aelgaule
[881-981] A A 3 3 3 uIuoxIyS xipey

uoniqiyui
uoiseAul aoueISIsal
s|[92 | |19 sisausBoibue pue Bnapnnw | uomnenbau uoniqiyul uonanpui
SOSAN | D@ | L | MN | SAVL -nuy s4vL | uonesbiy -uy ABeydoiny | uoneuapijosd | sisordody
(ERIIEVEIEN | JINL s|192 Jowin|. sjusUOdWod SAIY SINHD

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



Page 53

Zhang et al.

[ssz'252] M r A A A [ownaind A
nyz
[95z-¢52'6] M A M S A A A IS uwnaInD 3) 9BWINDIND BLIOZIYY
[zsz'tsz'e] M r r M i uiuaburreN
[osz'6ve] M M r S ulepBAwy (ua1 o’} [auUIRY YIead
[sy2] s A uiuabieg
(1d uep nwy)
[Lve'ove] M A IS Jouosed SIJIPRJ UEINOW X8110D)
(uen Buif
[sve'vvel s 5 s s 5 apisouplfes Buoy) easos ejorpoyy
. \ (eny
[eve'zvel M s A M| mojah sojesAxoipAH Buoy) 1weyLed soj4
(uix 1x ueyz Buap)
[tve'orel P IS P A r uLe|[3INas sndeasinaiq uosabrg
(eny
[6ez-L€2] M M s unso0ID pue U0t | Buoy IX) SNANes snoos)
[ogz-vee] P 3 P P I3 P auoulysueioipAylg
[ece'zead] M s A A pIoe O1|OURIAleS
[teel s I 5 nsuaysueq
[oez-8zzl M s r A A A pIoe oluLIeWSoY
[222'922] s A A A M auoulysueioldAid
(uays
[ozz-vzel S M s s A M V11 pue | suoulysue] | uep) eziyiuon|iW BIAjES
(Buoix ueny)
[eze'zea] s M M A s A M auizensnBi Buorxuenys swoziyy
T pue 2y (b
[Tzz—812] M M M M ‘T4 apisouasuifoloN | ues) Buasuibolou xeued
uonigyui aoueISIsal
uonebaibbe sisauaboibue uoiseAul pue | Bnupnnw uoire|nbai uononpul
19191e|d sbad ) -nuy uoneabiy -nuy ABeydoiny sisoydody
uonenaaI
$30UIBRY poo|g JINL s|192 Jowin|. s1uBUOdWOd SO SINHD

"JNL 8U2 pue S][39 JowN) UO SuauodLIOd SAIE 113Y) pUR SISEIS POOJQ SAOLWAI PUE UOITRINDAID POO|q d1owoid Yeyl SINHD aU1 10 WSIUBYISIA

Author Manuscript

€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



Page 54

Zhang et al.

aulwnbuopiadid
[o62-282] s A A A A pue ‘[ejjauom) ‘sutiadid (oeil ny) wnibiusadid
[98z's82] A M A A A |0I%0UOH pue jojoubely (nd noy) sJeq eijoubey
[r8z-z82] IS M P M unaiabue)
[t8z-6.2] r A A A una|IgoN (1d uayp) [9ad aunisbue) paliq
[822-9.2] IS M r M| unssadsaH pue uipuiadssH
[s22] A A ulwsoiq
[vreese] IS P M unawsolq
(noys
[erz'122] A A s usydefieg 04) S11A19ep02Jes 11319 sndni4
uroyesadwios|
[o2z-292] \, A ) pue upiozesadw| (1yz 1eq) eoLINYEp Ba1jabuy
a1e1908
[992's97] s I3 P P I3 -£29 |0SI|V pue g |01V (a1x 82) sirewsife ewoziyy
(nd Bueyd
[r9z'e9z] IS M M M r auoJese-eyd|y 14S) 1I0Y2S 11MOULIEIE) SNI0IY
uomqiyui 8oue)sISal
sisausbolbue uoiseAul uolye|nfiai uonigiyut uonoanpul
-nuy pue uonelbi -nuy ABeydoiny uolyesajoid sisoydody
S80UBIBJeY INL s||80 Jowin | s1uBUOdW0d BAIOY SINHD

"JL 8L pue S]189 Jown) uo siuauodwiod sANe 11yl pue ssaudwep areulwis pue wisjyd aAjosal eyl SINHD aU1 10 WSIUBYISIA

Author Manuscript

¥ alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



Page 55

Zhang et al.

[1el A A A r | g uobodoydo (Buop
1ew) snojuodel
[21€] r A A A A | @ uoBodoydo uoBodoiydo
[o1e] IS P M M I8 IS IS IS M auawa|3-g
[grel 5 M M Jowsapn3-g
111 pue (nyz req)
| sapijousjA1oeny | sejeydasosoew
[y1el S IS r M s A ‘auojfioeny sepojA10eny
[eT€] I3 I3 I3 A A g Ullpuesiyos
[z1€l £ I unpueziyasAxoaq (1z 18m
NM) SISUBUIYIY
g aeIpULSIYYS
[t1e] A | suoioenydnspey SMINISS
[ote'60€] r M M apIS0ISEqIaN (1Z uayz AU)S
p1on] 1snBi| )
[goe] IS M S s uradoina|o SMONIS
(oeAS
ueys) ausoddo,
[20¢€] M A IS S M utuabsolq ©2109501Q
(uas oez
uens) aesouldss
[90¢] A a/v apisogning | ydiziz uswas:
(1yzbui
wnpion
[soe'v0el] I M IS IS IS A P19k d1IBpOURS) ewIapoues)
(1yz uenp)
aefebAjod
[eoe] M g uiuodesifup xipey
MO pue ‘24 ‘py %
‘TaY ‘29 ‘e
[zog ‘PYd 'S0y ‘2ud S
-£62'812] M M M M M M M M| 164 spisoussuin d
[262 (uays :wcm
-£62'812] M M M I I I 5 r M M M| €6 apisoussuln | Buasulb xeued
uoniqiyul
uononpai uolseAul aoueIsIsal
S[199 | s|199 sisauabolbue | uoireindod pue Brapnnw | uoirenbaa uonigiyui uononpul
SOSAW | L | MN | SWVL | sOd | sdvl -y SelSe) uonelBIN -huy ABeydoiny | uoneusyijosd | sisordody
sjusuodwod
ERIEIEIEN | JINL $]192 Jowin| aAIY SIWHD

"JIALL 8U1 pue $][32 JoWN) UO S)usuodLLIOd AL 113y} puR 8ourlsISal Apoq 81epIjosuod pue ABisus [elA usybuans 12yl SNHD 8yl JO WSIUBYIBA

Author Manuscript

Author Manuscript

g 9|qel

Author Manuscript

Author Manuscript



Page 56

Zhang et al.

oo
N
z
=
=
[2ve-gvel I IS M M A A M pioe ofnJa -
josojesadwy | Buep) sisuauis
pue ‘uIsindaqg aeol|abue
[rve-zvel r IS I8 S S ‘upioyesadw] Xipey’
[tre-geel I A r M r uiuel3 ;
v .
[2e€] A A | 1ossuoopesoipuag ;
(ny 1ys) s1nea
[oee'see] r A A |ojuebI9
[ree'eeel] P P P A M M r M| Al episojeBensy
(1b Bueny)
/1N 1lebense
[zeel S A A A apIsojebensy xipey
[tee-6eel IS IS M S A unrelangd (1l nm
19) SNSO21UBS.
[sze'12¢€] M M M A A ulwesss | xeuedoyjueoy
[9z€] I3 I3 » | suoopeyoeneqos M
[sze] [o1yonyeg N
! ! ! (1yz N6
uajelosdos| nq) aesjeosd
[veetezel I I I IS I IS s pue usjelosd snjoni4
[zze'Teel] M A M | spisonyoeg | (ony Buek uif)
wnipawida
[oze'61€] P P M P s A r M uLeo| eqUsH
uoniqiyui
uononpai uolseul aoue)sIsal
S[199 | s|199 sisauaboibue | uoireindod pue Brapnnw | uoirenbaa uonigiyui uononpul
SOSAN | L | MN | SINVL | sOQ | sdvl -nuy $OSO uonesbiN -uy ABeydoiny | uoneuapijosd | sisordody
syusuodwiod
RERIETETEN| INL S|199 Jown]. NIy SINHD

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 57

Zhang et al.

SI189 6ELT-140

T aseuaboipAysp
are[ew pue sureys g aseuaboipAyap

sisauaboauoan|h

(uays uep)

[eog] \ o uf 31e108| JO U0ISSaIdxa ay) Jo uoissaiddng 10 uone|nbaisAq V11 duoulysue] BZIYLION]IW RIA[ES
S1193 T06.09S pue GyNMIN
o uf
(1199 SYNMIN) J9oued uononpoud
uonoafur | ownsel payelbouax adiw apnu 9/qeg Aemyzed BuijeuBis 1y ay) Jo apexd0|q aye1oe| pue uondwnsuod (oeo
[zo€] [eauoiuiadenu| oA Uf pue uoissaldxa ZMH 40 uomqiyu| as09n|6 ay} Jo uonigIyu| '/ 9U09|BYd091T ueB) aenuinbiy xipey
S|190 1-a1ad
pue 62LH ‘029MS ‘9TTLOH ‘08YMS
o uy
(s1189 9TTLOH) 189ued [219810]09 Aemuyied (TOHOLW/MY) T Xajdwod
uonaalul payeiBousx adlw apnu 9/qjeq urdoAwedel Jo 1866 UBI[RWIWIRW sisayuAsolq pidiy (ueys Bueyo)
[t9g] |eauoliiadeniu| oNIN U /g aseuny uig)oid Jo uoniqiyu| pue sisA|02A16 Jo uoniqiyu| auoulbnjofeH ae04ydIg XIpey
S]199 J89ued [€393.0]02 pajeInw-gGd
o uf
(51199 087MS) J80uEd (TLOIN) T Jonodsuen
uonoalul 1810310102 payelBouax adiw o/qeg aejAxogJeaouow pue T1NTO 1odxa arejoe| Bulonpas (oea Buil Buop)
[o9€] [eauoiuiadenu| oA Uf 10 s]ana| uialoid ayy Jo uone|nbalumoQg pue axeidn asoan|b Buniqiyul uluopuO SU32sagn. e1sopaey
S1182 66¢TH uonessusb d1v pue g (1d Buif )
[6s¢€] \ oA Uy uoIjeAIIdRUL JO UoneINW g6d ‘axe1dn asoan|f Jo uoniqiyug p19® J1IejOpPNasd s1o1ejopnasd xauUo0)
s|199
L-40 PUe 675-19 ‘TEC-dN-VAN
o uf
(1199 TEZ-9N-VAIN) J9oued 1sealq g/ uisroid ael
uoIeziuo|od Hunj 8d1w 9/qpeg /ad1W paje|nbal-as0an|b jo uomnenbaidn UOITBDIHIPIOE JeN||3..IX3 pue
uonalul o1uabsuel) auold-iowny-Arewwe pue Aemyred 2AN-0/gX-4N/T-U1]08ARD ayeidn as0an|6 ‘uononpoid (d
[85e‘61€] |eauoyliadeniu| ONIN U 2In S1sK|09A16 190ued uoissaiddng a1e108| JO UonIgIyU| p1oe oluln1eg nys eny) leq yalig
s|199 uonelauah
OAO7 pue ‘1-¢/157 ‘9TT-LOH ‘8-LOH ale1oe| pue uondwinsuod (uays uep)
[25€] \ onIn Ul DT-4|H JO UoIssaIdxa ay} 40 uonigIyu| 85096 Jo uoissaiddng p1oe JluLRWSOY BZIYIon|IW BIA[ES
S1199 T06.-09S PUe G-NMN u1104d paje1oosse-sak SISA|09A|6 d1qoJae
[9ge] \ o uy 10 2dUBPUNQE Je3jaNu 3y} JO UonoNpay | parelpaw-oT-4|H 40 apexdo|g p1oe o1j0uB3|0
S1190 TEZ-AIN-VAIN pue L-40IN
oN uyf
(s1199 £-4DIAl) J82UBd
uonalul 1sealq payesbousx adiw o/qjeg (2INMd) ZIN aseuny ajeanlAd pue uolleWwIoy) 81e108| pUe (Buam noy req)
[sge] Jeauoiuiadenu| onAul | W-HQA1 ‘T-LNT19 8y Jo uonenBaiumoq | uodsues) asoan|b jo uonigqiyul unaIaNd SISusuIY9 e||1esind
S1199 TE2-9N-VYAIN Vv-HQa1 uoljewW .0y A1e1R| pUE (oeo ueb onh Buenb)
[¥sel \ oI uf pue T-1N719 ay1 Jo uonenbaiumog | Modsuely asoan|h Jo uoniqyu| uipLge| rlge|B ezIYUAIA|1D
spusuodwod
ERIETETEN| saIN0Y |lepow 1soue) SEITN wisiueydaIN ANy SINHD

Author Manuscript

‘wIsIueyIaW 419y} pue uonigiyui sisAj0aA|6 aigose J1aourd 10) SINHD Woly sjusuodwod aAnde ay L

9 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 May 28.

Adv Drug Deliv Rev. Author manuscript:



Page 58

Zhang et al.

s1189 Z9doH 1d9 pue ‘(zado)
oI uf aseuaboupAyap areydsoyd-g-10192A16

(1199 zzH) {(2319d)  aseuny aetsaA|boydsoyd uononpoud ayeioe|

uonaalu J133Ued JaAI| payesBousx sd1w 9/qeg ‘saWAzua pare|al-sisAj0dA|6 pue uondwnsuod aso0an|f

[9€] [eauojiadenu| oA Ul 10 UOITeWIOJU0I 38U} JO UONeIdY Y 10 Sajel 8y} JO uoIqIyu| unaInNas3y (1d uib) 1urxe.y X809

(1d9) aseiawios!

areydsoyd-9-asoan|b o uoiejnbaiumoq sISA109A16 J0 uoniqiyu|

sjusuodwod
RERVETETEN| saINoy |apow J33ue) s1abae wisiueyda|N NIy SINHD

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



Page 59

Zhang et al.

'$1199 (uelsisal-qruniyab) §.6TH
pue (aAnisuas-qiunyab) 2z8dDH Buneinoour Buipnjoul ‘sjppow
payeIBouax INoy Ul SNIAIIIR JOWNIIUR PAMOYS [olyouoy [ewosodi]

(s1132 G26TH
pue /28D0H) Jowny
D1DSN payelfousx

301w 8pnu 9/9Tv'e

Bulhip-azaaiy
Ag pamoy|o} poyiaw

Anpanjos

[86¢€] ONIN Uf 0NN Uf uonoaful joueyg J1alem pue Aujigess 10od JonjouoH
"3uo|e sawosodl| papeo]-yQO Uey Jamoj Ajjuednyiubis s]199 z9daH
sI sawosodl] ul XOd pue YO 40 A1aA11apod 104 anjeA 0501 ay L ©amn uy
(onn uy (s1199 z9daH) BSOONW
(“A191x0} XOQ 81enuale 0} 19848 aAI39810.d € pey Jowiny Janl| payesBousx [eunsalul ay} Ss0Ioe (xoq)
VO pue ymoiB Jown) paygiyul uoire|nwioy sawosodi| papeo|-yo 801w apnu 9/qjeg poylew Aujigeawad mo| pue udIgnioxoq pue
[26€] ONIN U 0NN U uonoafur joueyg Anignjos snoanbe mo | (VO) p1oe d1joues|o
'uonn|os o 0} pasedwod 19 Jamoj pjoj-i°0 & pue ‘1 HIA J8buoj pjo} sle) ds (Vo)
[96¢] -L'T e 'ONV Jabie| pjoy-G/°2 e pey sewosodi| payelA93d papeol-vo onAul | poyrsw uoisiadsip-wii4 Aujignjos serem mo | proe a1unayAoA|9
‘uluisiwane fewosodi Jo reyy ueyy (qw/Brl g5 1=050]) 1810816
Sem ujuisiwaye jewosodi] patejAbad 4o 19848 A1191X030142 8y L S1199 2-40IN poylaw
[s6€] oA uy oA uf uondalur joueyry A11gn|os Jajem mo uluIsiWauY
"A]9A1198dsa1 ‘UoNIN|OS UIUOPLIO 931} pue sawosod|
JeUONUBAUOD JO Jey) ey} JaBuoj pjoy-9 pue -z Inoge [ HIN Yum Buikip-azaauy
‘pasealoul a1am poojq sy} Ul uluopLo [ewosodi] y3jesls Jo S|ans] ayL slel ds Aq pamoj|o4 poyraw
[ve€] oNA Ul oNIA Uf uondalur joueyig AN[1gn|Os Jayem Mo uluopuUO
"0533 U0 1988 spoyiaw alpe.d
0ou Jsowl e pey ainyesadwa) UOIEGNIUI 8Y} B]IYM ‘9533 By} pasusnjjul aYej|ns-WnjUoOWWe pue
Ajrealb ones pidij-03-6nip pue ‘awiy uolegNUl ‘UoIIRIIUBIUOD yuaipelb Hd ‘uonelodens uondalul Jejnasnwesjul
a1eJ|Ns WNIUOWIWE 3] ‘PoyIawl JuaIpeld ayejns-winiuowwe aseyd-pasianal Jaye Apoq uewny
[e6e] AQ %2’ 1S 1e %33 Yyim paonpoud ag pinod sawosodl] suLeWAXQ \ ‘uorssadsip wiy-uiyl | ur (uiw ET) aj|-[eY LoyS auLIRWAXO
uonoaful
"901W apnu U1l ymmolb Jown) 9, 8'Gy 8yl Buissaiddns ul ajes (1199 T06.-29S) uoln|os Jaye sueblo Jofew
pue 8A1398))3 panoid pue uofIN|os aulagJaq 03 pasedwod UoKusle) Jown} o1iseh payelbousx 0} UOIINQISIP BpIM pue
UoIRIN2IID pasealoul Apuesyiubis sswosodi| aulaglag payipow-93d 301w apnu 9/qpeg poyiaw uoisiadsip 32Inb e pue ‘uole|iposen
[z6e‘16E'22€] OAIN Uf 0NN U wyy-uaipelp Hd pue uoisualodAH aulagIag
Do ¥
ur Auigers poob pue aulon.q aaly Uey) 10844 paseajal-paureisns Janag
e pey sawosodi] 8yl "%/ €6 1B %I F 8U UNM WU OZT Sem sawosodi| spoyiaw jusipe.d Junowe 910}
palelAD3d J0 8z1s 8y | "adeyns sawosodi] 8y} Uo UoIedlipow areyd|ns wnjuowwe 3y} 03 8S0| SI 8UIdNIq
[o6€] 1134} 10} Pauaalds alam 93d 0 siyblam Jejnasjow ualagid \ pue uonaafur joueyyg | 4o unowre onnadelay) ay L aulonig
‘AlaAnoadsal ‘auswala-g a8y pue sawosodi| suswald uonoalul
-d [reuonuaAuod o asoyy ueyy Jabire| pjoy-0'9 pue -G'T Bulag ‘pasueyus snouanenul Jaye sjuabe
Uroq a1am sawosodi| patelA9ad 40 8ji-4ey pue DNV UL ‘%, 26 Buizijignjos Aq pasnes
SeM 0533 8U} PUE WU $°TZg Sem sawosodi| pare|A93d Jo 9zIs ayL 201w Butwuny| poyiaw aJe Buipas|q paonpul
[68¢€] ONIN Uf 0NN U uondafur joueyg pue ured ‘19A8} ‘sIgaIUd suswi|3-g
sjusuodwod
ERITEYETEN| S1INsaJ Urejn Jopowl 1soue) Buipeo Bnug sabejuenpesiq paddeayug

uonealdde u1ay) pue saiuadoud [eaiwayd021sAyd ui sabeiueApesip 41841 SWO03IBA0 SINHD 10 sjuauodwod aAnde yim sawosodi] Bune|nalia-buo

Author Manuscript

L 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 May 28.

Adv Drug Deliv Rev. Author manuscript:



Page 60

Zhang et al.

*dnoub jou09 01 pasedwod se Apuediubis

(s1199 Jowin-O¥T)

|oJyeIanSDY
pue ‘jowAy L
'(ISH-#10-0x0-€)
9U0JJ.| BULIasSOWOY
-]-(JAouedapop
-0X0-g)-N
‘|oJoeAteD (3dVD)
Ja1se |Ayrauayd

BUWIOUIDIRD [|39-Snowenbs p1oe d19)eD
UiwmolB Jowny pagiyul jo1elansal pue JSH-¢TD-0xo-¢ [ewosodi] | 398U pue peay payeiBousx ‘auaqnsoJayd
“Aigess Janaq yim sawosodi| ur paddesiua aiam spunodwiod asay L 321w apnu 9/qpeg Aujigesut ‘|o1oeAIeD
[90¥] oA Ul ONIA Uf poyiaw uoneIpAy w4 10 A3111gN|0S J8¥em 100d ‘p1oe o18ye)
sawosodi| (sp199
papeo|-pIoe 21j0sin Aq paanpul 198y d1uaboibuenue ajqissod /-42IN) Jowny 1sealq
e pamoys sfewliue Bulieag-iowny o sisleweled aouru0Sal diaUBeRIN payelBouax adiw apnN uoneziuabowoy pue
[sov] oNIN Uf oNIA Ul pouyisw uoneIpAy w4 A11gn|os Jsjem mo pI9e 21j0SIN
'sawosod1] pale|A93d WOy |04ISe|d9 JO ases|al S1199 (deoA) aersoud
Bnap pue AjigeIs wniss ‘o33 ay) pasuanjiul uonisodwod pidif syl 3y JO Jaoued-|elgalIan uoISNIIXa pue
[vor] o uy oA uy poyiaw uoirepAy w4 | aunjeu aiqoydoipAy AjybiH jonisela)
"XOQ 834} J0 1y} ueyl anjea 959 1aybiy e pey 1ng 8j9Ad |39 pue
suisjo.d sisoydode ay3 uo 1988 JoLadns e PalIqIYxa UoIRINLLLIOS 8y L S|199 381N XOQ pue
[eov] oI uf oI uf poylsw uonelpAy wyi4 AN11gn|os J8jem mo (say) |0J1el10ASDY
‘A1an110adsal ‘s)189 1sejqolqy pue zodaH ayy ul ‘pioe 21z1yuAoA|B
pue uluiqgiis 8a.) JO Jey) Uey JsMo| ssWwil-g'¢ pue sawn-0T saul| uo1edIuoS Aujigejreneolq
Sem pioe 21z1y11AdA16 pue uiuigipis rewosodi| payejABad 1oy 050 ayL 1199 1sejqoiqy pue zodaH pue Jayng S3d3H yum O] pUe |10 pue p1oe 21ZIyAIA|D
[zor] o uy omn uy poursw uoneIpAy wii4 Jarem ur Aijignios Jood pue utuiqiis
"3UO[e UI2019 0}
pasedwod S[132 92 Ul sanjeA 9591 Jaybiy pamoys snyi pue AJaA1loaya
2I0W UID01D paulelal [04a1s8]oyd Jaybiy yum sawosodi| palejAo3d S|189 9210
o uy o uy
*Jauuew Juapuadap (1199
-9S0p B Ul ‘UI91gNIOXO0p 981} PUe UI2010 YHM pasedwod swiy [eAIAINS 9210) Jaoued [€19810]09 abeiols pue Buissaoold
pabuojo.d Apueayiubis (63/6w QT pue 0S) u1oo.d jewosodi] | payelBousx 821w 9/gTvg | U0ISNIIXa yim anbluydsy Buunp Anjigeisul
[Tov] oA Uf oNIA Uf punoseyn-wji4 pue ‘A)j1gn|os JaYeAn u12019
‘AjoAnoadsal "4av/L-40N pue ¥av/9-TH (yav
ur JayBiy poy-Tz'e pue -18'y BuinsIyde 's{|9d JuelsisaI-NAY 1L-40 pue YAv/9-H)
01 A)121X0} |[89 daueyUd UBd JNO PUe INAQY 4O UoIRUIqWd 3yl | Surens ][22 uelsIsal-NQY
o uf oA uy
'ymoaB Jowny Jo axed uoniqiyul (Mav/.-40) poyiaw juaipeld abelols pue Buissaoold
159yB1yY ay1 YyuM ‘NQV 0 UOIIRIIUAIUOD POO|] B} Pasealaul 1aoued 1sealq payelfouax a1e}|Ns Winiuowwe Buninp Aujigeisut (nav)
pue a}1]-}ey 8y} papusixa AV pue INO Buidojanus sewosodi] 301W 9pNnu 9/g1vg yum anbiuyday pue ‘Ajige|ieAeolq Moj uAwelpy pue
[oov] ONIN Uf oI Ul punosesn-wji4 ‘AN11gnjos snosnbe mo (an®) unaaiand
'sAep /g e anjeA [eAIAINS Ueipaw
yum ymmoih Jowny paAejap Ajpueaiiubis sswosodi| parejA93d
3yl "g71d 9944 03 uosredwod ul 1D ssa] Ajjueaiyiubis pue ewserd (T4919) BWOUR]OW uondaful
pasealoul ploj-1°9€ e paqIyxa sawosodi| Buiyeinaaio buoj ay L Burreaq ao1w £9/19/50 ui syuabe Buizijignos Aq
[66€] oNIN Uf ONIN Uf poylaw uonelpAy wyi4 pasned $108443 apIS 319NSS (g91d) wibequinid
syusuodwod
ERITEIETEMN| S1INsaJl Urejn Jopow J13oue) Buipeo| Bnug sabejuenpesiq paddeayug

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 May 28.

Adv Drug Deliv Rev. Author manuscript:



Page 61

Zhang et al.

UOITRAIUBOUOD 1gIyul Jjey ‘05D ‘eoueles|d 1D “48oued Bunj 1182 |jews-uou ‘DTSN ‘8wl 80UspISal UeaW ‘| HIAl ‘9AIND 8LUI-UOIEIIUSoUOD ewsed sy} Japun ease syl ‘DN SUOHEIASINgY

"sawosodi| g 40 1eys ueyl JaBuoAs ploj-Z'T Sem g pare|A93d Jo
a1el AI0MQIYUI JOWN) 8YL "SANSSII JOWN Ul 8JR[NLWINIJE A[SA08448 URD

s|199

B9 pue sjj80 z9daH
04 Uf

(s1199 ¥TN) 490URD
[e21A132 paljeBousx

a|iy01d ases|a. pauresns yym sswosodi] papeo|-v'g palelA93d syl 301w Burwunyy anbiuydal
[20v] oNIN Uf ONIN Uf uonoalur joueylg A11gn|os Jajem Jood (wg) proe alunieg
syusuodwod
ERITEIETEMN| S1INsaJl Urejn Jopow J13oue) Buipeo| Bnug sabejuenpesiq paddeayug

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



Page 62

Zhang et al.

‘sjpuueyd Asoiwiw o1usbojnasen

paAoJisap pue ‘UoISeAUl S|190 9D paliqIyul ‘Jaliieq
UIeIg-poojq ay} sso.oe uolyeriodsuely Bnip paoueyus
sawosodi jorjouoy snjd urdigniounep paiipow 4
oA uy

SO3NING pUe S[182 90

"awl [eAIAIns pabuojoid pallayuod oA uf
pue agoJid 82usdsaion|y Aq payedlpul anssiy Jowny |apow 821w spoyiaw jusipe.d
ureiq u1 uoire|nwNd2e panoidwi sswosodi| Bunshiel ay | y21 Buneag-ewol|o 9]eJ|Ns wnuowwe udigniouneq
[vey] 0NN Uf onin uy | snid uoisiadsip w4 pue [o1ouoH (371) uLBy01e ]
(so3nna)
'SJOWN} Ul UOITR[NWNDJE Pasealoul pue awil Uole|nad S|189 [eljaY10pud
pabuojoud Apueayiubis pamoys sawosodi| Bunebie) ay Je[NdseAo.IIW
o uf ureiq suunw pue
*dnouf auljes ayr yum pasedwod (sAep 95°€ F S[199 ¥AWV/9D ‘SI199 9D
19°2P) awn [eainins pabuojoud paigiyxa sjewiue pue y ouIN uf
g 01 dn paurejurew euis JuadSaION[Y YIM BNSSIY Jowiny |apow 821w
uteiq U1 uonre|nwindde panosdwi sawosodi| Bunabiel 1 d21 buLreag-ewor 9 poyiaw AUISLIJUIA
[ezy] 0NN U ONIN Uf uoisladsip wyi4 pue auLpuena| s101dadal uLLIaysuRl ] (J.1) uLiaysuel ]
‘Alonnodadsal
‘UOIRIUAOUO0D JW/BW G0 Je UonN|os WA pue sawosodi|
VIN [BUOIIUBAUOD JO 850U} UeY} Jaybiy pjoj-£8'T pue
-9'T Sem Y/|A Jo sawosodi| Bunabier jo ayes Alonqiyug
o uy
"1eay ayl ur ueys Jaybiy sawin G'g pue ‘Asupiy ayl
ur ueyy Jaybiy sawn 9°9 ‘Bunj sy ui ueyl Jaybiy sewn S[199 z9daH
€ ‘uaa|ds ayl U1 ueyl Jaybiy SawWIl /g Sem JaAl| 8d1W oA uf
3y} u1 sawosodi] Bunabirey ul WA 40 uoneINWNIJE 8y | 801w Buiwuny) | poylew uonelodens
[zzv] 0NN Uf ONIN Uf aseyd-pasionay (VIN) auLireiN 9501087
“JAAI| WOJY 9OURIRS|D JI9MO] YNM ‘@1W Ul UOIN|OoS |HO J0
Teu ueys Jabuoj pjoj-95°G sem (d1-140-HON) 8sojoefeh
unm paijipow sawosodi| papeo]-140 4O LHIA YL 301w Burunyy poyisw
[tzy] onn uf onn uf uonoafur joueyig (140) uuopLo
"sawosodi|-yO J0 Jeyl ueys S||a3d ul
uoIRIUAIU0D Bnip Jaybiy plos-1'T Pamoys d1-v9O-1e9
o uf
‘Ajannoadsal ‘sawosodi| papeo|
-vo Bunsbieiuou pue uonn|os o Yim pasedwiod uaym
JUBLIBSEaIIUI P|OJ-€'T pue -8Y'T Bulsq d1-vO-[eD Jo s1189 Z9doH
1HIA 3yl yum 21w Butwunyy ui ajioad Buirenalio-buoj oI uf
pamoys (d1-v9O-1e9) sawosodi]-yo pare|Asoloejes 201w Buiwunyy poylaw (Vo) s101dadal
[ozv] ONIN Uf oNIN Uf uoisiadsip w4 p19e 21UNBYLIAIA|D ursioidodA|boleisy as0)oe[e-d
S]199 J89uBd JO 39BHINS B} UO S103dadal passaldxa-1anQ
sjusuodwiod
ERIIESETEN| SInsaa Ule|y |Japow 18oue)d Buipeoj Bnuqg paddenug aus bunabae] spuebi| Bunabae]

JINL Y1 pue s|139 Jaaued 0] pajabiel SINHD Jo sluauodwod annae Joj spuebij Bunabiey aanoe jewosodi| snoLiea

Author Manuscript

8 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



Page 63

Zhang et al.

o uy

'SaNssI} Jowny zgH Ul sutsjoid
493 pue gsasedse) Jo uoissaidxa ayy parejnbal
pue A}ISUap Je|naseAC.dIW Jown) paonpal ‘Yimolh

Jowiny paNgIyul InD YHM papeo] sawosodi| payIpow VO S1189 ZZH pue z-9deH poyisw
[tev] 0NN U oI uf uondafur joueyg ind
NIEx]
Z29daH ul sawosodi| pajafisel-uou Jo Jeyl ueyl uonIgiyul
yamolb Jaybiy pjos-9¢°T pamoys sawosodi| paiHpow-yo s|199
oAUl | g-X1 pue go-1 ‘godeH
"sawiosod| pajabueuou Jo yeys ueys Jaybiy o uf
ploj-/"T Sem sawosodi| palabie] Jo onres Aloliqiyul Jowny (s1192
3L uonensIUIWpe Jalye A[LIOYS JaAI| pue Jown) ay} ul 29daH) Jaoued Janl|
palenwnade Ajybiy pue Ajpides sawosodi| paiipow o payelBouax ad1w YOI | poylsw uonelodens
[8zv] 0NN Uf ONIN Uf aseyd-pasianay utuoBopn
"%8'¢8 Sem auldniqg 40 %33 8yl pue Wu '/ ¥T
sem sawosodi| pajehie) Jo azis ay) “(6/6) g Jo onel
(m/m) w9 01 pidi| pue ‘ST 4o opes (m/m) Bnip o3 pidi|
‘9 J0 o1jes (M/Mm) 101335310y 01 pidi| e yum paziwndo poylew
[osy] | sem sawosodi| auidnig palipoW o) JO UOITeINWIOY 8y | \ uondalur joueyrg auronig
spoylaw
‘%8 TY 18 %33 M uonas(ul joueysd
[6zv] | wu ST sem sawosodi] ulfedteq PaLIPOW VO JO dz1S YL \ pue uoeIpAy wii4 uljeateg
‘A1aA10adsal ‘sawosodi| papeol-zyy pue uonnjos
2Yy yum paredwiod pjoy-9'0 pue -G'Q Aq paseasoul
$1199 T2LL-OININS Ul sawosodi] paipow-y' Jo 5| SI182 TZLL-DNINS poyisw (v9)
[gzv] onIn Uy oA Uy uonelpAy wji4 2YY apisouasulo s101dagal v p1oe 21unayIAA|1D
'sawosodi] pare|lA93d Bunabieiuou yum pasedwod
se s10ay49 onoldode pue ‘uoniqiyui uolesaijoid ‘axeidn
1199 Jown) panoidwi pamoys sawosodi| parejA93d
vN Bunabiel ¥ "96G8 Uey) 810W SeM VN 40 %33 8y L S|180 g
o uy o uf
"ymo.f (s1190 g)
Jowny [eJo Jqiyul Apueanyiubis sswosodi| N paiipow | Jaoued [eso payelbousx
93d-Vv4 ‘sawosodi] bunabirey anissed yum paredwo) 90IW apnu 9/qreg uoISNIIXa
[22v] onn uy onn uf pue uoneIPAY wid (vn) prae a1josin
‘sawiosodi| pajabiey
-uou o ey ueyl Jaybiy asem sawosodi| Bunabiel
-4 papeo|-eg Jo axeidn Jejn||ad pue A2IX010IAD s||92 e18H uoneziuabowoy
[9zy] oqn uf omayy | pue uonespAy w4 (reg) urreoreg
'S|189 eJaH Uey} JnD Jewosodi] Bunabiei-y4
0] BAINSUSS aJ0W alam s|[32 g "sisordode Juapuadap
-awi} pue -asop 1aybiy pasnea pue uolelayijold
Je|n|[82 panqIyul AjaAidas aiow sawosodi|
pajabirel InD fewosodi| payshieiuou ueyy sawosodi| NIEN
Bunabier-y4 aiow pasoifoopus |89 aAlIsod-H- 675V pue ‘elaH ‘g poylaw
[szv] oA Uy onIn Uy uoisiadsip w4 (4nD) ulwnaing (44) sloidadal arejo4 p1oe 21104
syusuodwiod
ERITEETEMN| S}Insal uley |apow 18oue) Buipeoj nug paddenug aus bunebae] spuebi| Bunabael

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 May 28.

Adv Drug Deliv Rev. Author manuscript:



Page 64

Zhang et al.

S31POgIIUER YJIM UOITRIIPOW 80BLINS

‘Alonnoadsal
‘sawosodi| [eUOIUBAUOD /I PUE UOIIN|OS /IA JO Jey}

spoyiaw

uey Jaybiy pjoy -1 pue -0°g pue ‘spiweydsoydojdaLo (s1199 ZZH) uondalul joueyls
10 1eY1 01 Je|1WIIS Sem ewiouldledoleday zgH | 49oued Jan payelBousx pue uonelodens
uo sawosodi] N PaLIPOW-/H JO 81el uomqiyul ay L ?J1W 9/qJeg aseyd-pasianal
[2e¥] 0NN U ONIN Uf ‘uoisiadsip wyi4 auLIBN
BOLERES]
A2 ay3 BuissaidxaIano s|[99 65V UM uolegnoul
Ja)e ‘AjaAnoadsal ‘sawosodi| JnD palipow pue
sawosod1] JnD pajafiejuou ‘InD 9auy 10y |W/jow TZ0'0
pue Ze0'0 ‘¥S0°0 89 0} PUN0y 313M sanjeA 501 8y L ‘%z, Aunow
sem sawosodi]-InD 01 pidi]-H Jo a1el Bulpuiq ayl S|199 677GV pue zodsH | poysw uoleiodens palelpaw-ueuoin|eAy Joy (VH)
[oev] o uf ouIN uf aseyd-pasianay (4n) uiwnaind J01dadal ay) pue yad p1oe oluoinfeAH
JNL 3y Bunsbier
“BLIPUOYI0}IW Ul UOIRINWINIL BAID9|9S
pue axeidn JeIn||a0 Janaq pasned |olelansal BuiAlied vOQ 40 (dd1) apiwoiq
sawosodl] 93d-3dSA yum paredbnluod wOQ pue ddl S|192 074914 UoISNIIXa wniuoydsoydjAuaydin
[sev] o uf oA uf | pue uolsiadsip w4 |oJ1RIoNSDY 1AngAxoqued-
"UOITR|NWINJDE [BLIPUOYIOHW SAII3[9S
Buinalyae ajiym ‘Jauuew Juapuadap-asop e ul sawosodi| S1199 2-42IN
Jexen|oed Jo A1191x0) 8y aoueyus Ajjeansibiauls oA Uy
pInod (INM OT pue ‘G ‘T) sswosodi] auliagiaqg Bunsbie)] (QIEN
o uy WB)S J3oued Pareraossip
"108449 Jown} /-4DIN) 189ued
-nue 3sabuolis ayr panqiyxa sawosodi| |axeljoed pue 1seaiq payelbousx
sawosodi| auliaguaq Bunabie Jo 19848 o1sIBIBUAS ay | 301W apnu 9/gjeg uoIsnNxa
[vev] ONIN UY onAuf | pue uoisiadsip w4 aullaglag
"asea|al O awoayo01Ao Buuabbiy Ag Aianoe |80 S|199 4aqod
Aiongiyui pajowoud sswosodl] Bunabiey ul [oIreIansal 16775V pUe S|[90 65V
J0 A)[1gN|os pue axeidn [eLIPUOYI0HW Pasealdul ay L o uf
oy uf (s1189 d@@d
‘4ol Jowny Jo uoniqiyoid 16%7SV) J8oued Bun|
Josadns panqiyxa sawosodi| aulg[aIoulA Yim sawosodi| JuBlSISa) payelbousx
JoJyelansas Bunabire) Jo UOITRNSIUILPE UOITBUIGUIOD By L 321w apnu 9/qjeg uoIsnxa
[eev] 0NN U oniA Ul | pue uoisladsip wii4 |oJ1RIoNSDY (wvOQ@) wniuifenbag UOLIPUOYIOM A
sa||aueblio a1wse|dolfo Bunsbire)
(si190
'S109448 9IS PAAISSTO INOYIM 0T49T9) eWoOUR[BW
108448 Jowny-nue Joadns pamoys sswosodi| Bunsbirel [01W 9/19.260 poylew (9093) sre|ebd
[zev] onn uf onn uy uonelpAy wyi4 uroigniexoq 47129 | -€ uyosreoo|ebidy
‘uonigIyul ymmoah Jowny pue sisoydode
Je|njjaa zodaH alow paonpul sawosodi] palpow o
syusuodwiod
ERITEETEMN| S}Insal uley |apow 18oue) Buipeoj nug paddenug aus bunebae] spuebi| Bunabael

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 May 28.

Adv Drug Deliv Rev. Author manuscript:



Page 65

Zhang et al.

'S99 Jowny ui 8yeldn pue ggg auy} SSoJe uoljeliodsuel)
paoueyua Apueaiiubis sswosodi pajebie]

o uf

“J9AI] 3U} Ul Sem

SO3NING PUE S[182 9O

sBnup 831y Jo sjeubis ay} a|1yM ‘UoITRASIUIWIPE JaYe | 172 oA uf
UIYNIM SI0WN) Ul PaAISSgo alam sawosodl] Bunabiel jo (s1192 90
sreufis Juadsaionfy HuonS "Sawil [BAIAINS PApUBIXa pue JUBlSISaI-uIdIgnIoxoq) poyraw juaipe.d
‘Brup a8y yum patedwod aylj-jfey uoneuiwijs pabuojoid |apouw 81w a1e}|Ns Wniuowie
sawo0sod1| aulIpURJIS) PUR SUIG|SIOUIA PAIJIPOW ADY d21 Burresg-ewol 9 Aq pamoj|o} 8UIQ[3I0UIA (dsw
[evy] 0NN Uf ONIN Uf uoistadsip wyi4 pue aulpuesnal sunBaju| -A19-01w) oy
'sawosod1] pajebiel-uou Jo Jeyl ueyl
J18ybiy pjoj-G'T IN0oge sem sawosodi] payIpow-YON
10 aeidn Jejn||a0 8y "aulaniq 40 %33 uo aduanjyul 23ANH
uealIuBls 1qiyxe 1ou pip spidi] 40 uonisodwod sy L pue s|[80 080T LH
o uf o uy
"auo|e pasn (s1199
0dS 10 DdSH YHMm Jey ueyl Jay1aliol Dds pue OdSH 080T.LH) BWwoosesolq
YHM sawosodi] paijipow-YON YIM pajeal) Sjewiue ul payelBousx
punoy a1am siowny Ui sjeubis aduaasalonyy 1saybiy ayL 321w apnu 9/qjeg poyiaw juaipe.d
[zv1] 0NN U ONIN Uf aley|Ns Wniuowwy aulonig
Wl TT R (03ANH)
$DIANH U0 9501 15am0] Yum A191X0} Jejn|a Jabuons S|199 [eljay10pud
pamoys ¥ON Yum paiipow sawosodi] papeo]-ap1joidi | UISA [ed1]Iquin UewnH poylaw (B
[tyv] o uf o uf uonelpAy wyi4 apijoduL €1a0 -A19-usy) YON
‘uongiyut
ymoub prosayds-towny Jaybiy Apueanyiubis pue
axeldn Jejn|a9 Jaybiy pamoys sawosodi| paipow / | S|199 9N T-6¥SV
o uy oA uf
‘uonesisiuiwpe Areuowind (1199 9n1-675V)
Buimojjoy 321w Jo uedsaji] syl pasueyua pue yimolh Jaoued Bun| aidoloyuio
Jowin) paAe|ap Apueoiyiubis sawosodi| payipow /1 UM 821W apnu 9/gfegd poylaw apndad
[ovy] oA Ul oA Ul uoneIpAy wii4 [WIiELIENTe) 5101da9a1 uLIBjSURL L (HYdAIVH) 21
sapndad yum uonedlIpoW 8epNs
"|0J1eIBASEI U}
uIwN2IN 4oy} Juauiwoid aiow sem Bulpuly ay 'sbnip
991} 01 pasedwod ‘A1191x010140 Jaybiy Ajgelou pamoys poylaw (z43H)
]0JeIBASI PUB UIWLNDIND JO sawosodijounwiwl ay | S|199 /-4 Ue TLNIC uoIsn.IXa pue JoJreIaNSDY Z-101da281 10398} Yyimoih
[6e] o uy o uy uojelodens wji4 pue UIWN2IND [ewJapida uewnH qewnznisel |
'sawosodi] Bunabiel-uou ueyy 95| Jamoy
UMM S[[89 Jown} 0} 91X0} aiow alam sawosodi| Bunabrel
o uf s|199 zodaH
‘Ajonnoadsal ‘sawosodi] ouIN uf
palabiel-uou pue Bnip 8al) 0 Jeyl uey) Jareald (s1199 z9daH)
p|o} -€'T pUB -Z'/ SeM UIIYM ‘YyImolB Jowny uo uoniqiyul | Jaoued Janl| payesfiousx spoylaw
Apueaiiubis pamoys sawosodi| Bunebiel yvad 90IW apnu 9/qreg oluosey|n pue (v Apognue
[8ev] oA uf oNA Ul uorjelodens wji4 111V utuodesowi | s101dadal ¥¥AD YraD-nuy
syusuodwiod
ERITEETEMN| S}Insal uley |apow 18oue) Buipeoj nug paddenug aus bunebae] spuebi| Bunabael

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 May 28.

Adv Drug Deliv Rev. Author manuscript:



Page 66

Zhang et al.

ybnouyy sem sawosodi| pajebie) Jo axeidn Jejn|ad ayL
o uf

*A191X0) PaAISSUO INOYIM UOITRUIqUIOD

sBnup aa1y uey) 19919 Jownyiue Jabuons paresisuowap
118Us 934 21j1ydopAy yum sawosodi| bunabie)

S|189 65V

o uy

(s1192 6v5V)

J199uR9 Bun| payeiBouax
921w apnu 9/qjeg

poyaw

apijouayued

(4LIINDD

[6v¥] 0NN U ONIN Uf uonelpAy wyi4 pue MO apisouasulo T-uljidoinaN 8ouanbas) T-dAmy
‘sawiosodi| pajabirejuou 01 patedwod
UBYM ‘}08)43 UOIBWIIR[JUI-UR PadUBYUS pUe ‘uoijelBiw
pauaiyui ‘Ao1x010140 panoiduwt 4100-NL/VH
o uf
'siselselaw Bun| S|199 Ty pue
320|q pUe ‘UOIIRINWNDJE JOWN} 8SeaJoul ‘aWl} UoIe|ndlId 23ANH ‘L '79ZMv
Buojoud pinod d100-NL/VH (d100-NL/VH) oA uf
WH UM pa1eod a1aMm gIX093[32 pue uiwnaind Buisaljap (1199 TLY) WVH ynm Jayiaboy
-09 sawosodi] payipow apndad 11 yum pasny | Jadued isealq d1doloyrio (1v.L) uonduosuen
(@gN) urewop Buipuig-io3e|npow [erussss gx-4N UnMm 821w 9/qjeg poylaw [B[XCRETES) JO J0ojeAnoBSUR}
[817¥] oA uf oA Uf uoneIpAy wii4 puUe UIWN2IND ¥ UedapuAs utajodd AIH
"sawiosodi|
Bunabirey Joj paseaoul sem axeidn Jejn|jad ayL
o uy
‘uolreulqwod sswosodi] Bunabieiuou
J0 Jey uey) JoBuoIIS PJoj-€ Sem Adedlya J1sy L 1199 SSEP-GIN-YAIN
"sawiosodi| uipowa palipow oY JO UolreuIquod o uy
au1 yum yaimoub Jowm paugiyui Apueotiubis (s199 SSEv-GIN
sawosodi| udIgniounep payipow qo%y “uonensiuiwpe -Va) 1aoued
131 Y 7 UIYIIM SIOWN} Ul PUNO) 319M Sawiosodi 1seaiq payelbousx
payipow 98y Jo sjeubis aouadsaionyy Buons 321w apnu 9/qjeg poyiaw By
[2t7] onn uf onn Uy uorsiadsip wii4 urpow3 suBeiu| pue dod) aosy
‘suigyoid
pale|al siselselawl pare|nfal pue ‘sjpuueyd Aloiwiw
a1uabolnasen passaiddns AjaAioays ‘s|189 67Sy U0
A1191X010149 |npJamod panqiyxa sawosodi] paryipow 8y
o uy
‘awinjoA Jowny Bulonpai Jo ajqeded
Bunabie) e pamoys pue salis Jown} Je UoIFe|NWNIJe
Bnip aA1193]as ayy pasealoul sawosodi] palyipow 8y S|199 65V poyiaw uoIgniid3 pue
[ov¥] 0NN U ouIN uf uolsladsip wyi4 uluisiwaueoIpAyIq ¥ URIBPUAS (8y) auluibiee1oo
"sawosodi| papeo|-MHS palsfieiuou yum pasedwod se
‘uoiseAul pue uofielBiw ‘uoirelayijold Jejnjjad pangIyul
pue ‘z-jog/(xeg) uisloid X parerdosse-z-19g 40 oires ayy
Buiseasour Aq sisordode Jejnj|aa paanpul Aj3eaib %66
40 %33 Yum sawosodi| Papeo|-MHS PaIpow Ay S1180 TEZ-aN-VAIN poyisw
[stv] oA Uy oA Uy uonelpAy wji4 (MHS) uuoxiys
'S|199
Jowny ui sisoldode aiow paonpul pue uolielasijosd Jo
uonigiyur sabuous pasnpui sawosodi] Bunabiel ‘aurirew
3814 YUM pasedwioD "9%ET €S JO %33 Ue Ym sawosodi| S1190 GLEV poyaw 1uaIpeld
auLyeW urelqo o} pakojduws sem 3dSA-934-A9Y pue 6z-1H ‘2¢-deog -Hd Ag pamoy|o}
[yl oA uf onIn Uy uoisiadsip w4 auLeN
syusuodwiod
ERITEETEMN| S}InsaJ uley |Japow 18sue)d Buipeoj nug paddenug aus bunebae) spuebi| Bunabael

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



Page 67

Zhang et al.

*sBnup 931} JO Jey} JO 9,GZ 0} paonpal
Apueayiubis sem sawosodi| payehiel Jo 959 ayl (SOdL
:prdijoydsoyd) €:/ J0 o1el Y} e WU (7' TFE'6TT) Sem
9ZIS a1 pue ‘0586 Sem sawosodi| parabiel Jo 9533 ay L S|199 6YSY
o uf o uy
'S[182 Jown ur (1199 6¥5V)
paurelal pue Ayjigeawsad sy paoueyua ‘sels Jowny ojul | Jaoued Bun| payeiBousax
> punodwod apisouasulf paiaaljap sawosodi| pajabrel 321w apnu 9/qreg poyiaw > punodwod
[tay] onn uy onn uy uonelpAy wyi4 apIsouasulo \
‘onjel z-1og/xeg sy Buisesasoul Aq ][99
675V Ul A191X0101A0 panoidwil sswosodl] pajeod SOd1
oA uf S|189 65V
"u1joaIn| 831} JO Jeyl ueyl 9%/ TS o uy
0} aJeJ uoIHqIyui Jowny Jaybiy panqiyxe sswosodi| (1199 675V) (s9dL)
palyIpow ay | ‘sas Jowny ul pare|nwinage Apuesyiubis | Jsoued Bun| payesBousx a1eu129Ns 000T
8JaM U1103)N| UM papeo] sawosodl] pareod SOd1 301W apnu 9/gfeg poylew 109416 ausjAyraA|od
[osy] 0NN Uf ONIN Uf uoisladsip-wiji4 uijoan \ 1A1aydoooy eydje-g
siawAjod ylIm uoieaIIpoW 8dens
"JauuBW Juspuadap-awil € Ul SWOoSosA|
woJ) padeasa atam sawosodi| ay) pue sisojfoourdoloiw
syusuodwiod
ERITEETEMN| S}Insal uley |apow 18oue) Buipeoj nug paddenug aus bunebae] spuebi| Bunabael

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Adv Drug Deliv Rev. Author manuscript; available in PMC 2021 May 28.



	Abstract
	Introduction
	The connotation of TCM in tumor treatment
	Anti-tumor mechanism of different classification of Chinese herbal medicines (CHMs) and their active components
	CHMs that counteract toxin with toxin and their active components
	CHMs that clear heat and detoxify and their active components
	CHMs that promote blood circulation and remove blood stasis and their active components
	CHMs that resolve phlegm and eliminate dampness and their active components
	CHMs that strengthen vital energy and consolidate body resistance and their active components
	Active components that suppress aerobic glycolysis in tumor cells

	Surface functionalization strategies of liposomes for monoconstituents of CHMs to treat cancer
	Long-circulating liposomes
	Active-targeting liposomes
	Targeting specific receptors over-expressed on the surface of cancer cells
	Glycolipids
	Transferrin family
	Folic acid
	Glycyrrhetinic acid (GA)
	Epigallocatechin 3-gallate (EGCG)
	Anisamide derivatives

	Targeting specific receptors on desired organelles
	Targeting specific receptors on cells in the TME

	Others
	Liposomal surface modifications with antibodies
	Liposomal surface modifications with peptides
	Cell-targeting peptides (CTPs)
	Cell-penetrating peptides (CPPs)

	Surface modifications with polymers


	Conclusions
	Limitations and future perspectives
	References
	Figure 1:
	Figure 2
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6
	Table 7
	Table 8

