
Chinese Chemical Letters 35 (2024) 109129

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Vesicular drug delivery systems for oral absorption enhancement

Linghui Zouc,1, Meng Chenga,1, Kaili Huc,∗, Jianfang Fenga,b,∗, Liangxing Tua,∗

a Jiangxi University of Chinese Medicine, Nanchang 330006, China
bGuangxi University of Chinese Medicine, Nanning 530200, China
c Shanghai University of Traditional Chinese Medicine, Shanghai 201203, China

a r t i c l e i n f o

Article history:

Received 10 August 2023

Revised 18 September 2023

Accepted 19 September 2023

Available online 21 September 2023

Keywords:

Vesicular

Oral

Mechanism

Drug delivery

Liposome

Niosomes

Transfersomes

Chitosomes

Bilosomes

a b s t r a c t

Oral administration is the most acceptable route of drug delivery at this stage due to its convenience,

safety, and non-invasiveness. However, drugs given orally are exposed to a complex gastrointestinal en-

vironment, causing a tremendous challenge for their successful absorption into the circulation. Over the

past decades, researchers have developed various novel pharmaceutical technologies to improve oral ab-

sorption, among which the vesicular drug delivery system (like liposomes, niosomes and transfersomes)

has received extensive attention. Encouragingly, there have been several investigations confirming the

improved effect of vesicular drug delivery systems on oral drug absorption. Nevertheless, the clinical

translation of oral vesicular drug delivery systems has been less impressive than implied by the positive

results, and few vesicular formulations for oral use have been marketed yet. Against this background,

this article provides an overview of the current applications and challenges associated with the vesicular

delivery systems available for oral drug delivery, specifically liposomes, niosomes, transfersomes, chito-

somes and bilosomes. The composition, formation mechanism, drug delivery advantages and application

cases of these carriers in oral drug delivery are summarized. The possible mechanisms by which vesicular

carriers enhance oral drug absorption are analyzed in terms of the in vivo process of oral drugs. Further,

the challenges that oral vesicular carriers now face, such as safety, undefined in vivo fate, and scale-up

production, are summarized, while possible strategies to deal with them are indicated. By reviewing the

aforementioned, it can facilitate a more comprehensive knowledge of vesicular systems that can be used

for oral drug delivery, providing a theoretical basis and reference for the design of oral formulations.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Oral drug delivery is the most convenient way of drug ad-

ministration because of its simplicity, safety and non-invasiveness,

which makes it more easily accepted by patients. Considering pa-

tient compliance, oral administration is a reasonable drug deliv-

ery route. It is reported that over 60% marketed products are ad-

ministrated by oral route, showing its immense potential for dis-

ease treatment [1–3]. Therefore, the development of efficient oral

preparations has always been one of the hot topics in the phar-

maceutical field. However, oral drug delivery is not the optimal

way from the perspective of bioavailability. For example, the oral

bioavailability of albendazole is less than 5% in humans [4], the

oral bioavailability of curcumin was only 1% in rats [5], the abso-

lute bioavailability of scutellarin in Beagle dog administered orally
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was rarely 0.4% [6], and the oral bioavailability is generally low in a

variety of ginsenosides (less than 5%) [7]. The drug delivered orally

will first enter the gastrointestinal (GI) environment, which has

many biological and physical obstacles that prevent the drug from

being absorbed into the blood circulation smoothly. The speed and

degree of drug absorption will be affected by these barriers, espe-

cially for the drugs with poor physicochemical properties (such as

low solubility and permeability), resulting in incomplete drug ab-

sorption and eventually affecting oral bioavailability [8]. The bar-

riers to oral absorption can be divided into biochemical barriers,

mucosal barriers and cellular barriers (Fig. 1) [9]. Specifically, ac-

cording to the in vivo process of the drug after oral administration,

the absorption barriers can be summarized as follows: (1) The sta-

bility of the drug in the GI tract. The digestion of pepsin can de-

compose some acid-labile drugs in the gastric environment with a

pH of 1.2–3. The lipase, amylase and biological metabolic enzymes

will decompose and digest part of the drug after entering the in-

testinal tract, which will eventually affect the drug’s oral bioavail-

ability. (2) The solubility of the drug at the absorption site. In ad-

dition to stability, the drug must exist in the solution in molecular
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Fig. 1. Absorption barriers of oral formulations. Figure includes modified templates

from Servier Medical Art (smart.servier.com).

form to be absorbed [10]. The small intestine is the main site of

digestion and absorption. Therefore, the poor solubility of the drug

in the small intestine, especially the absorption site, will also have

a greater impact on the drug’s bioavailability. (3) Diffusion barrier

on the intestinal epithelial cells, such as the unstirred water layer

and mucus layer. The unstirred water layer is close to the mucus

and is the main barrier to hindering the absorption of lipid-soluble

drugs. The mucus, which covers the surfaces of intestinal epithe-

lial cells, is the main physical barrier for drug absorption by the

epithelial cells. The mucus with a complex hydrogel-like structure

is mainly composed of proteins (especially mucins) and carbohy-

drates. It naturally protects intestinal epithelial cells by capturing

and removing foreign particles, which makes it one of the absorp-

tion obstacles to oral drugs. (4) The small intestinal epithelial cells

are another barrier after drugs pass through the mucus layer. Some

drugs, such as Biopharmaceutical Classification System (BCS) class

III drugs, have poor membrane permeability, which will also af-

fect the absorption of the drug by intestinal cells and ultimately

the oral bioavailability of the drug. (5) Intestinal efflux. It is mainly

related to the intestinal efflux protein, such as P glycoprotein (P-

gp). Some drugs, as the substrates of P-gp, are re-excreted dur-

ing transport through epithelial cells or even after absorption. This

phenomenon of drugs returning to the GI tract is called intestinal

efflux, which is also one of the key factors affecting drug oral ab-

sorption [11–13].

In the past few decades, researchers have tried to improve

the barrier-crossing ability of oral drugs through various phar-

maceutical technologies. New dosage forms developed based on

excipient and material technologies, such as nanoparticles [14–

20], solid dispersion [21–24], nanoemulsion [25–28], polymeric mi-

celles [25–33] and nanocrystals [34–38] have been widely demon-

strated to be effective in improving the oral absorption of drugs.

As drug vehicles, the encapsulation effect of these microcarriers

can mask the unpleasant taste and smell of drugs to improve pa-

tient compliance, increase drug solubilization and improve drug

stability, which in turn enhances drug survival in the complex

GI environment and ultimately increases the drug oral absorp-

tion [39,40]. In addition, further surface modification techniques

based on these carriers can achieve the active targeting of the

drug, thereby reducing the toxic side effects of the drug [41]. The

development of new formulation technologies and dosage forms

in recent decades has brought new hope for oral drug delivery.

Among them, vesicular drug delivery systems have attracted nu-

merous attentions due to their unique nature and drug delivery ap-

plications [42]. Vesicles can be defined as a highly ordered spher-

ical assembly composed of one or more concentric bilayers that

are formed by the self-assembling of amphiphilic building blocks

in water. Liposomes, the first vesicular formulation with vesicle bi-

layers formed by phospholipids, have been widely used for drug

delivery since the first description by Bangham et al. in 1965 [43].

However, with in-depth research, the problems of conventional

liposomes have gradually come to the fore, such as low hydrophilic

drug encapsulation efficiency, unstable membrane caused drug

leakage, short half-life, high cost and poor storage stability [44,45].

Natural lipids, particularly those with aliphatic chains attached to

the backbone by means of ester or amide bonds, such as phos-

pholipid, are often subject to the various hydrolytic or lipolytic en-

zymes, which will cleave off acyl chains, disrupt the lipid bilayer,

and eventually result in the leakage of the encapsulated drug [46].

Altering the composition of the vesicle bilayers has been proven to

improve the druggability of the vesicles. Therefore, various amphi-

pathic molecules have been employed to form the bilayers, such as

fluorinated lipids, ether lipids, synthetic double-chain amphiphiles,

as well as single-chain amphiphiles, including nalkylindoles, poly-

hydroxyl lipids, polyhedral non-ionic surfactants. In addition to

bilayer-forming molecules, other functional components were also

introduced to further improve the drug delivery efficiency. In sum-

mary, researchers have developed a variety of new vesicle drug

delivery systems that are morphologically similar to liposomes by

changing the composition of the prescription, including niosomes,

sphingosomes, bilosomes, chitosomes [47] and some representa-

tive deformable nanovesicles such as transfersomes, menthosomes,

invasomes, ethosomes and transethosomes [48]. Indeed, some of

these novel vesicles can be used as desirable carriers for oral drug

delivery, and several successful studies on this concern have been

reported recently.

The systematic reviews on the applications of vesicular sys-

tems on oral drug delivery is still lack currently, so in this re-

view, we aimed to introduce the concept, related properties, and

applications of different vesicular drug delivery systems available

for oral drug delivery and analyzed the possible mechanisms by

which vesicular carriers can enhance the drug’s oral absorption.

In addition, we discussed the challenges and possible solutions to

enhance the application potential of vesicular drug delivery sys-

tems on oral administration. We hope this review will further

strengthen our understanding on the related concepts and charac-

teristics of vesicular drug carriers, thereby providing a certain the-

oretical basis for the applications of this carriers in the field of oral

drug delivery and a reference for the design of novel oral formula-

tions.

2. Vesicular drug delivery systems available for oral

administration

By reviewing the application cases of novel vesicle carriers in

recent years, it can be found that the vesicular systems currently

available for oral drug delivery mainly include liposomes, nio-

somes, transfersomes, chitosomes, and bilosomes (Fig. 2).

The aforementioned vesicular delivery systems have commonal-

ities in morphology and membrane-forming components, but their

features are different. The enclosed vesicle bilayers are the main

skeleton components of these five types of vesicular carriers, and

all the bilayers are composed of amphiphilic molecules. For the

formation mechanism, the self-assembly of amphiphilic molecules

in water is mainly affected by the hydrophilic-lipophilic balance
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Fig. 2. The structure of vesicular delivery systems available for oral drug delivery.

Fig. 3. The relationship between the CPP and the morphology of self-assembled

amphiphilic molecules.

(HLB) and the geometric shape of the amphiphilic molecule [49].

Besides, factors such as lipid chain length, chain packing and mem-

brane asymmetry are also related to the formation of vesicles.

From the perspective of thermodynamics, the self-assembly of am-

phiphilic molecules needs to resist the reduction of free energy

and negative entropy components, which can only be achieved via

favorable enthalpy from intermolecular van der Waals forces, hy-

drophobic forces and hydrogen bonding [50]. Therefore, the forma-

tion of vesicles is closely related to the HLB value of amphiphilic

molecules. It has been reported that the sorbitan monostearate

surfactants (Span) with an HLB value between 4 and 8 are con-

ducive to vesicle formation [51]. Highly hydrophilic amphiphilic

molecules generally cannot form free hydrate units such as vesi-

cles, and these free units tend to aggregate to form a layered

structure. Therefore, it is required to select the vesicle-forming

molecules with a suitable HLB value, or other substances that can

neutralize their hydrophilicity should be added to aid in better

vesicle formation. For example, cholesterol is often added to nio-

somes as a functional ingredient to enhance their tendency to form

vesicles. In order to more easily judge the behavior of amphiphilic

molecules in water, some researchers have pointed out that the

use of nominal geometric parameters for amphiphilic molecules

can predict the shape of spontaneously formed associated colloids

with considerable certainty. Notably, Israelachvili et al. discussed

the critical packing parameter (CPP) in 1976 [52] and it can be de-

fined by Eq. 1.

CPP = V

a0lc
(1)

where V is the tail volume of the molecules, a0 is the surface area

per molecule at the hydrocarbon-water interface, lc is the critical

span of a fluid molecular chain in an aggregate.

The shape and size of the equilibrium aggregates formed by

amphiphilic molecules will change with the CPP value, specifically

from spherical micelles (CPP ≤ 1/3) to cylindrical micelles (1/3 ≤
CPP ≤ 1/2), vesicles or planar bilayers (1/2 ≤ CPP ≤ 1), and in-

verted micelles (CPP > 1). The specific structure can be seen in

Fig. 3.

This is of great significance in explaining the mechanism of

vesicle formation, which can help us choose the appropriate vesicle

bilayer-forming molecules, addition amounts and hydration condi-

tions. Indeed, these formation theories are suitable for vesicular

drug carriers that can be used for oral absorption, and they can

guide our vesicle preparation process to a certain extent. On the

other hand, since amphiphilic molecules form the bilayer skele-

ton of vesicles, the stability of vesicular drug delivery systems is

related to the physicochemical properties of the loaded drug, am-

phiphilic molecules, their interaction with each other, vesicle size

and other factors in addition to environmental factors such as tem-

perature, pH, oxidation and osmolality [53,54]. Overall, the stabil-

ity of vesicular drug delivery systems can be greatly enhanced by

different formulation designs and surface modification techniques

[55]. For drug release from vesicular drug delivery systems, which

is closely related to the GI stability of vesicular drug delivery sys-

tems, premature rupture of vesicles can lead to drug leakage and

release, and there is a risk of rupture of drug-carrying vesicles at

any of the barriers mentioned previously [56]. Ideally, if the vesi-

cle can reach the target site such as intestinal epithelial cells in

an intact form, the vesicle bilayer can fuse with the cell mem-

brane to release the drug due to the similar membrane compo-

sition of the vesicle and the cell membrane. Apart from this, the

drug-loaded vesicles can enter the cell through a series of endo-

cytosis (phagocytosis, pinocytosis, caveolin-mediated endocytosis,

and clathrin-mediated endocytosis, etc.) as well as the paracellu-

lar pathway [57–59]. In addition, sustained and targeted release of

drugs can be achieved by surface modification of vesicles [60,61].

The formulation composition, the drug delivery advantages, and

some applications of these vesicular drug delivery systems in the

oral field are introduced in this section.

2.1. Liposomes

Liposomes were discovered and named by Bangham in 1964

when he observed the behavior of phospholipids dispersed in wa-

ter with an electron microscope [43]. The hydrophobic tails of

phospholipids tend to gather together to avoid the water phase,

while their hydrophilic heads are exposed to water. A certain num-

ber of phospholipid molecules can spontaneously form enclosed

vesicles with a bilayer structure in water (Fig. 2) [62]. The spe-

cific organization of the lipids depends on their properties, con-

centration, geometric form, and ambient temperature [63]. Drug

molecules can be encapsulated in the hydrophilic inner aqueous

phase or the hydrophobic region between the lipid bilayers if they

are present during liposome formation. Liposomes can be classi-

fied as uni-, oligo- or multilamellar vesicles on the basis of lamel-

larity and as small, intermediate or large liposomes on the ba-

sis of size. The unilamellar vesicles (one lipid bilayer, 50–250nm)

with a large inner aqueous phase are suitable for encapsulating

hydrophilic drugs, while the multilamellar vesicles (two or more

concentric lipid bilayers, 1–5μm) are more inclined to encapsulate

lipid-soluble drugs. Due to their unique structure and properties,

liposomes have been widely used as carriers to efficiently deliver

drugs via different routes [42,64].

2.1.1. Compositions and advantages of liposomes as drug carrier

Liposomes consist of vesicles enclosed by concentric lipid bi-

layers with an inner aqueous phase, the bilayers are generally

composed of phospholipids and cholesterol (Fig. 2). The phospho-

lipids used in liposomes include natural and/or synthetic phos-

pholipids (phosphatidylcholine, phosphatidylethanolamine, phos-

phatidylglycerol, phosphatidylserine and phosphatidylinositol). The

main structural components of most biological membranes are

composed of phosphatidylethanolamine and phosphatidylcholine,

also known as lecithin [65]. The characteristics of liposomes, such
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as encapsulation efficiency, are strictly related to their phospho-

lipid properties because the lipid molecules can affect the surface

charge, release, permeability, and biodistribution of liposomes [66].

Cholesterol, the most commonly applied sterol used to increase the

stability of liposomes, is not involved in the formation of mem-

brane structures, but it can be embedded between phospholipid

molecules to regulate the permeability and fluidity of the mem-

brane, which is essential for maintaining the structural stability

of the liposomes [67]. In addition to phospholipid and cholesterol,

there are also some other additives, such as polyethylene glycol,

modified on the surface of liposomes to realize the long-circulating

effect of liposomes.

Liposomes have long been used as drug carriers since they were

first reported in the 1960s, and they are considered safe drug de-

livery vehicles due to their biocompatibility and biodegradability.

As drug carriers, liposomes can deliver drugs with different solu-

bility properties because of the unique vesicle structure formed by

the amphiphilic molecules. Specifically, the hydrophobic drug will

reside in the acyl hydrocarbon chain of the lipid bilayer, and hence

the encapsulation efficiency is related to the length and packing

density of the acyl chains of the lipids and also to the drug-to-

lipid ratio. For the hydrophilic drugs, they will localize in the inner

aqueous phase or adjacently near the polar head groups of phos-

pholipids. In addition, the encapsulation effect of liposomes can

avoid direct contact between the drug and the unfavorable envi-

ronment, thus enhancing the stability of the drug before it is ab-

sorbed. It can also reduce the exposure of sensitive tissues or or-

gans to toxic drugs and then reduce adverse body reactions after

drug administration. Liposomes can be engulfed by macrophages

as foreign substances and concentrated in macrophage-rich organs

such as the liver, spleen, and lymphatic system. Therefore, passive

targeting of drugs can be achieved when liposomes are employed

for drug delivery [68,69]. In addition to uptake by macrophages,

drug-loaded liposomes can also be adsorbed to the cell surface by

nonspecific weak hydrophobic forces, electrostatic forces, and spe-

cific interactions with cell surface components. Then the lipid bi-

layer further inserts into the plasma membrane and fuses with the

plasma membrane, simultaneously releasing the contents into the

cytoplasm. Therefore, the partition coefficient in oil or water, and

the size of the drug molecules, the nature of the lipid bilayer, the

density of the liposome surface charge, and the interactions of the

drug with the lipid membrane need to be carefully screened in or-

der to deliver the drug efficiently.

2.1.2. Applications of liposomes on oral administration

In the past few decades, the potential of liposomes as drug car-

riers has been widely explored in different administration routes.

With the development of the preparation process, the first in-

jectable liposome product, AmBisome R©, an amphotericin B-loaded

formulation, was approved in 1974 [70]. However, intravenously

administered liposomes are rapidly cleared from the blood and

eventually accumulate in the tissues or organs of the reticuloen-

dothelial system [71]. Researchers have addressed these issues by

surface modification or exploring other drug delivery routes for li-

posomes. Among them, oral administration has gained the most

attention due to its unique characteristics of safety, convenience

and easy acceptance by patients. Recently, liposomes have been

employed for the oral delivery of a wide range of drugs, includ-

ing anti-inflammatory, antimicrobial, antiviral drugs, proteins and

peptides, etc., and the results indicated that liposomes are able to

enhance the intestinal absorption and oral bioavailability of drugs

to varying degrees. For one thing, conventional liposomes have

been used as carriers to deliver various active ingredients of tradi-

tional Chinese medicine, such as baicalein [72], silymarin [73] and

breviscapine [74]. The experimental results showed that the oral

bioavailability was increased by 4.52, 3.5 and 2.38 times compared

with the corresponding raw drug, respectively. For another, Yama-

zoe et al. significantly improved the oral absorption of fluorescein

isothiocyanate dextran by modifying polyethylene glycol (PEG) on

the surface of liposomes, and the absorption improvement was re-

lated to the PEG concentration [75]. These findings were in good

line with daidzein-loaded liposomes with PEG modification [76].

And liposomes can be combined with another functional group,

such as vitamin B12, on the basis of PEG modification to fur-

ther strengthen insulin oral absorption [77]. There are also stud-

ies on the preparation of acetic acid transporter-mediated, multi-

functional polymer liposomes for oral delivery of docetaxel [78].

In addition, Agardan et al. found that tamoxifen-loaded liposomes

containing penetration enhancers have better oral absorption and

breast cancer therapeutic effects [79]. Bile salts are another com-

monly used additive to adapt the liposomes for drug delivery. In

recent years, it has also been reported that extracellular adhesion

protein derived from Staphylococcus aureus can be used to further

improve the oral drug delivery effect of liposomes when coated

on the liposome surface [80,81]. The detailed procedures for these

studies of liposomes are summarized in Table S1 (Supporting in-

formation). It can be found that there are relatively few cases of

conventional liposomes for oral drug delivery, and most of the

studies prefer to introduce functional components to make lipo-

somes more suitable for oral drug delivery. In summary, common

strategies to improve the oral delivery performance of liposomes

mainly focus on improving the stability and intestinal absorption

of liposomes. Among them, stability enhancement can be achieved

by modifying the constituents of the lipid bilayer, surface coating,

interior thickening, and other means, such as double-liposomes,

which can prevent the destruction by intestinal enzymes due to

the outer bilayers serving as a protective coating. For another, in-

testinal absorption enhancement can be achieved by increasing the

adsorption capacity of liposomes on the intestinal mucosal, the ad-

dition of absorption enhancers or polymers, and ligand-mediated

targeting of intestinal epithelial cells.

2.2. Niosomes

With further research, it was found that the crude phospho-

lipids forming the bilayer of liposome vesicles were difficult to

purify and were prone to oxidative deterioration, which reduced

membrane fluidity and led to the leakage of encapsulated drugs.

The search for other amphiphilic molecules that can replace phos-

pholipids has revealed that many synthetic surfactants are capa-

ble of forming vesicles, but the ionic ones are more toxic, so non-

ionic surfactants have received more attention. The vesicular car-

rier formed by the hydration of non-ionic surfactants with choles-

terol was first reported by Handjain-Vila et al. in 1979 [82], and

“niosomes” were first used to express this vesicular carrier by

Azmin et al. in 1985 [83]. Structurally, niosomes consist of an or-

derly arrangement of nonionic surfactant molecules forming mono-

layer vesicles with an internal aqueous phase, or multilayer vesi-

cles formed by repeating multiple monolayer vesicles (Fig. 2). The

formation mechanism of niosomes is similar to that of liposomes,

mainly characterized by the replacement of phospholipids by non-

ionic surfactants, which avoids oxidative degradation of phospho-

lipids, resulting in high chemical stability [84].

2.2.1. Composition and advantages of niosomes as drug carrier

The basic components of niosomes are non-ionic surfactants,

similar to phospholipids, which are the main molecules that form

the bilayer of the vesicles. Non-ionic surfactants exhibit higher sta-

bility than cationic, anionic, and amphoteric surfactants due to the

fact that the head of the nonionic surfactant molecule does not

have any charge [85]. The main molecules that can be used to

prepare nonionic surfactant vesicles include fatty acids, amides,
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amino acids, alkyl esters and alkyl ether surfactants. Depending

on the nature of the hydrophilic head group, alkyl ether surfac-

tants can be categorized into alkyl ethers whose hydrophilic head

group consists of a repeating glycerol subunit and a related iso-

mer or a larger sugar molecule, and alkyl ethers whose hydrophilic

head group consists of a repeating ethylene oxide subunit. The am-

phiphilic molecules used in the first niosomes were single-chain

surfactants such as alkylene oxides [51]. Another important com-

ponent of niosomes is cholesterol, which is used to regulate the

fluidity of the vesicle membrane and affect the drug encapsulation

efficiency of niosomes. Usually, the cholesterol is used at a molar

mass ratio of 1:1 with the nonionic surfactants. It has been re-

ported that many surfactants form vesicles containing up to 30–50

mol% cholesterol, and there is a strong relationship between the

HLB value of the surfactant and the amount of cholesterol added.

When the HLB value of nonionic surfactants is increased above

10, the cholesterol concentration has to be increased accordingly

to compensate for the effect of larger head groups on CPP, as de-

scribed previously. In addition, charge-inducing molecules can also

be added to niosomes to prevent their aggregation via the electro-

static repulsion effect, thereby further maintaining the stability of

niosomes.

Compared to conventional liposomes, niosomes as drug carri-

ers exhibited better chemical stability, permeability and shelf life.

Niosomes with no charge are less toxic and more biocompatible,

and they do not initiate immunogenic reactions because they can

be degraded by biological systems. The functional group on the hy-

drophilic head makes it easily modified. Similar to liposomes, nio-

somes can also encapsulate hydrophilic and hydrophobic drugs. In

addition, niosomes are able to achieve controlled, sustained, and

targeted drug delivery because of their small-sized vesicle drug-

loading structure [86]. Recently, there has been an expanding in-

terest in the study of niosomes as drug carriers because they are

able to overcome some of the drawbacks of liposomes. The surfac-

tants used in niosomes are easy to derivatize, conferring greater

versatility to the vesicular structure, and they are less costly than

phospholipids. Drug-loaded niosomes can be administered via in-

travenous, ocular, nasal, oral, dermal, transdermal, intramuscular,

and pulmonary routes [87].

2.2.2. Applications of niosomes on oral administration

Niosomes have been widely used in the oral delivery of various

drugs in recent years, mainly antibacterial, antiviral, antitumor, an-

tidiabetic, hypolipidemic, and hypotensive drugs. In contrast to li-

posomes, conventional niosomes already have good oral drug de-

livery potential; surface modification and modulation of vesicle bi-

layer compositions are not common in oral-related niosomes. For

the surface modification, there are niosomes coated with chitosan

by crosslinking with tripolyphosphate for atorvastatin oral delivery

[88]. In addition, some studies have also introduced stearyl amine,

a positive charge inducer, to further increase the stability of nio-

somes and thereby enhance their oral absorption [89]. Currently,

the process commonly used to prepare niosomes that are available

for oral drug delivery is the film hydration method. And most of

the research focuses on screening the amount of the prescription

composition of niosomes (such as the non-ionic surfactant and the

cholesterol) [83,90–94]. In addition, it has been found that sorbi-

tan monostearate 60, a non-ionic surfactant called Span 60, seems

like a common option for most niosomes that can be used for

oral drug delivery [95]. The detailed procedures for these studies

of niosomes are summarized in Table S2 (Supporting information).

2.3. Transfersomes

Transfersomes, the first generation of elastic liposomes, have

been developed in order to overcome the poor permeability of li-

posomes [96]. The term “transfersomes” means carrying body and

is derived from a Latin word “transferre” (meaning to carry across)

and a Greek word “some” (meaning body). Similar to liposomes,

transfersomes can be understood as vesicle carriers with enhanced

penetrating ability [97]. Transfersomes were first reported by Cevc

et al. in 1992. Deformability is the most important feature of trans-

fersomes, which differs from liposomes in that they are able to

change their membrane flexibility and pass through the skin pores

spontaneously when they reach the skin pores [98,99], while con-

ventional liposomes can only stay in the upper stratum corneum.

Accordingly, transfersomes are also called ultra-flexible vesicles,

ultra-deformable vesicles or flexible liposomes. The structure of

transfersomes exhibits a bilayer vesicular structure with at least

one inner aqueous compartment surrounded by a lipid bilayer con-

taining an edge activator (Fig. 2) [100].

2.3.1. Composition and advantages of transfersomes as drug carrier

Phospholipids and surfactants (used as edge activators) are the

essential components of transfersomes. Edge activators inserted

into the phospholipid bilayer can effectively improve the elastic-

ity and fluidity of transfersomes, making it easier to penetrate the

stratum corneum [101]. The compositions of transfersomes are in-

troduced in detail as follows: (1) Phospholipids, an amphiphilic

molecule that can be a mixture of lipids, which are the vesicle-

forming components that create the lipid bilayer, are the basic and

main component of the transfersomes. The phospholipids used to

prepare transfersomes are similar to conventional liposomes, such

as phosphatidylcholine (PC), hydrogenated lecithin (HPC) and egg

yolk lecithin (EPC) [102]. In addition, the cationic lipid DOTAP was

also used to prepare cationic transfersomes to enhance the affin-

ity of drugs and skin, and improve the skin retention and pen-

etration capacity of drugs [103]. (2) An edge activator, usually a

single-chain surfactant, can be incorporated into the lipid bilayer,

the edge activator may position in the lipid bilayer with the head

group oriented toward the head group of the phospholipid, and the

lipophilic part is arranged parallel to the acyl chains of the phos-

pholipid [104]. The hydrophilic head of the edge activator will flow

and gather at the damaged part caused by deformation and then

fill the voids in the aqueous solution to maintain membrane in-

tegrity. The most commonly used edge activators in transfersomes

are single-chain surfactants such as sodium cholate and sodium

deoxycholate, as well as nonionic surfactants Tweens and Spans

(Tween 20, Tween 60, Tween 80, Span 60, Span 65 and Span 80).

In addition, saponins such as dipotassium glycyrrhizinate were also

employed as the edge activator, which is one of the significant

reasons for the high deformability of the transfersomes [100,102].

(3) About 3%–10% alcohol (ethanol or methanol) as solvent, wa-

ter, or phosphate buffer (pH 6.5–7) as hydration medium. Choles-

terol, a controversial component, was not included in the composi-

tion when transfersomes were first reported. As mentioned above,

cholesterol can increase the rigidity of lipid bilayers, regulate the

stability of liposomes, and reduce drug leakage [105]. For trans-

fersomes, cholesterol is usually added less or not to ensure the

fluidity of the lipid bilayer. This fluidity may be associated with

the transition of the lipid membrane from a gel state to a liquid-

crystalline state. At the pretransition temperature before the phase

transition, the phospholipid bilayer is in the corrugated gel phase

(lipids will transform into a two-dimensional assembly with peri-

odic fluctuations), which is a critical link before the phase tran-

sition. It has been reported that the concentration of cholesterol

equal to or less than 5 mol% had no effect on the pretransition of

the lipid membrane [106,107]. When the cholesterol concentration

is 9 mol% and above, the pretransition process of the lipid mem-

brane cannot be detected, which will affect the phase transition of

the lipid bilayer and thus affect the fluidity of the membrane [104].
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Transfersomes exhibit a high degree of deformability, which is

an important feature that distinguishes them from conventional li-

posomes, and this property originates from the inhomogeneity of

the lipid membrane [108]. Phospholipid and surfactant, two com-

ponents with different polarities, formed the lipid membrane of

the transferosomes. The components with high polarity tend to ag-

gregate in membrane areas with high curvature. For example, the

sodium cholate in the transfersomes can accumulate in the high-

pressure part to cause deformation, and these molecules have a

tendency to form a higher curvature structure. The characteristics

of molecular arrangement and aggregation promote the deforma-

tion of lipid membranes, thereby enhancing the deformability of

the transferosomes [100,109]. In addition, this structure can pro-

mote the deformation of transfersomes by reducing the energy ex-

penditure in the process of vesicle formation. The transfersomes

will be easy to pass through a channel that is much smaller than

their own diameter when they are exposed to extraneous stresses

and narrow space. The deformability of transfersomes can be five

orders of magnitude greater than that of conventional liposomes

[110]. Previous studies have shown that transfersomes with an av-

erage particle size of 500nm can pass through small pores that

are 1/5 of their own, and the structure of the transfersomes re-

mains almost unchanged after permeation. The elasticity of the

lipid membrane reduces the risk of complete rupture of the vesi-

cle, and the initial structure can be maintained well [111]. In addi-

tion, a high degree of hydrophilicity is also one of the properties

of transfersomes. Studies have found that the skin permeation of

transfersomes is mainly driven by the pressure difference between

inward hydration and spontaneous dehydration, which is propor-

tional to the number of transfersomes and the hydrophilicity of the

transfersome monomer [112], the skin permeability and its speed

are equivalent to pure water. The transfersomes have a tendency to

enter the skin along the skin hydration gradient because of their

hydrophilicity, and their deformability can ensure smooth pene-

tration. Conventional liposomes usually remain on the skin surface

due to their poorer hydrophilicity and deformability until dehydra-

tion and fusion [113].

2.3.2. Applications of transfersomes on oral administration

Most relevant research on transfersomes has focused on the

field of transdermal drug delivery since their inception. As a trans-

dermal drug carrier, transfersomes can significantly enhance the

skin penetration efficiency and bioavailability of loaded drug [114].

However, there have been few studies of transfersomes for oral

drug delivery. In addition to the influence of its original appli-

cation field, another reason is that the formulation composition

and concept definition of a new vesicle drug delivery system are

easily confused. Nevertheless, some researchers have attempted to

prepare transfersomes for oral drug delivery and achieved satis-

fying results due to their unique formulation compositions and

functional properties. The surface modification of transfersomes,

such as silica-modified, can further enhance the oral absorption of

curcumin compared to conventional transfersomes [115]. And the

transfersomes prepared with bile salts or Tween 80 as an edge ac-

tivator also showed excellent oral delivery of catechins and salmon

calcitonin, respectively [116,117]. The detailed procedures of these

oral-related studies of transfersomes are summarized in Table S3

(Supporting information).

2.4. Chitosomes

Polymers, especially biopolymers, can form a layer around the

surface of liposomes after being introduced, which can endow li-

posomes with different performance according to their different

properties [118]. Among these available polymers, chitosan has at-

tracted extensive attention due to its biocompatibility, low toxicity,

low immunogenicity, and biodegradability. The positively charged

amino groups of chitosan most likely interact with the negatively

charged components, so the chitosan can bind to the surface of li-

posomes through electrostatic interaction, then form a hydrophilic

chitosan layer on the surface of liposomes (Fig. 2). Bilosomes were

first described by Alamelu et al. in 1991, which refers to lipo-

somes whose surface is modified with chitosan or its derivatives

[119,120]. Bilosomes as drug carriers have shown desirable stabil-

ity, penetration, safety, and drug delivery efficiency.

2.4.1. Compositions and advantages of chitosomes as drug carrier

In addition to phospholipids and cholesterol used to form lipo-

somes, the most important and basic components of chitsomes are

chitosan and its derivatives that are modified on the surface. Chi-

tosan, a linear cationic polysaccharide, is obtained by alkaline or

enzymatic deacetylation of chitin [121]. The properties of chitosan,

a key influence on the drug delivery advantages of chitosomes,

are usually related to its molecular weight, degree of deacetyla-

tion, and distribution of the acetyl and amino groups along the

copolymer chain. For example, the large charge density will lead

to the condensation of protonated charges in the chitosan solution

and improve its solubility when the degree of deacetylation of chi-

tosan is greater than 75%. It has also been reported that the wa-

ter solubility of chitosan decreases from 123.2mg/mL to 0.4mg/mL

as the molecular weight of chitosan increases from 5kD to 50kD

[122]. On the other hand, the characteristics of chitosan can be fur-

ther strengthened by changing its structure, making it more suit-

able for surface modification or realizing other drug delivery func-

tions. According to Karewicz et al., a cationic-hydrophobic chitosan

derivative was synthesized by introducing quaternary ammonium

salt and N-dodecyl into chitosan, and liposomes modified with this

functional cationic hydrophobic polymer have been validated to

show that it can markedly improve the structural stability of lipo-

somes by anchoring the liposome bilayer via the long alkyl chain,

thereby making it more easily to penetrate the cell membrane and

release curcumin in a controlled form [123]. In addition, Yan et al.

prepared pH-responsive liposomes by coupling ethylene glycol chi-

tosan to the liposome membrane, which can change from a neg-

ative charge to a positive charge in the acidic extracellular tumor

microenvironment. The resulting formulation exhibited enhanced

cellular uptake, which in turn improved the anticancer efficacy of

doxorubicin [124]. It can be seen that the properties of chitosan

modified on the surface of liposomes have a significant impact on

their drug delivery functions. Therefore, the properties of chitosan

and its derivatives should be fully investigated before being added.

In addition, chitosomes with different functions can be achieved by

changing the structure of chitosan and its derivatives on the lipo-

somes.

Due to the coating effect of the chitosan polymer layer, chito-

somes exhibited better mucoadhesive ability, physicochemical sta-

bility, and prolonged GI tract residence time compared with con-

ventional liposomes. In addition, by changing the structure of chi-

tosan and its derivatives, chitosomes can be endowed with many

functions, such as environment-responsive drug release and target-

ing. In recent years, chitiosomes have been widely used as a drug

in transdermal, ocular, oral, nasal, and intramucosal fields, showing

excellent drug delivery potential [125,126].

2.4.2. Applications of chitosomes on oral administration

The applications of chitosomes in the oral field are mainly fo-

cused on the delivery of cardiovascular disease-related drugs. Sim-

ilar to niosomes, conventional chitosomes already have desirable

oral delivery potential. For example, cinnarizine-loaded chitosomes

prepared by Oransa et al. improved the bioavailability of drugs

via an enhanced mucoadhesive effect, which was in line with a

previous finding by Ezzat et al. [127,128] In addition, there are
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studies that first prepared TPGS-modified liposomes, and then fur-

ther modified chitosan on their surface to prepare coenzyme Q10-

loaded chitosomes, and the results indicated that the systemic

exposure of the drug was significantly enhanced after oral ad-

ministration [129]. Chitosomes can also be used as intermediates,

and then they can be further made into fast-dissolving tablets,

which can improve the oral bioavailability of rosuvastatin [130].

For the surface modification of chitosomes, some studies have in-

troduced sodium tripolyphosphate into the prescription of chito-

somes, which further improves the stability of quercetin in an

acidic environment [131]. The detailed studies of chitosomes are

summarized in Table S4 (Supporting information).

2.5. Bilosomes

Bilosomes, the nonionic surfactant vesicles incorporating bile

salts, are a new vesicular drug carrier first described by Conacher

et al. in 2001 [132]. Bilosomes are prepared mainly to further en-

hance the stability of niosomes in the GI tract. Similar to the nio-

somes, the structure of bilosomes appears as concentric bilayer

vesicles with an inner aqueous phase (Fig. 2). The bile salts act

as absorption enhancers and can protect drug-loaded bilosomes

from the intestinal media containing bile acids, thereby decreas-

ing premature release of drugs before they reach the absorption

sites [133]. With the deepening of research, it has been found that

a variety of drugs can be encapsulated in bilosomes, and the drug-

loaded bilosomes can be administered in different ways. Therefore,

bilosomes as drug carriers can exert the effect of the introduced

bile salt molecules, thereby improving drug oral absorption.

2.5.1. Compositions and advantages of bilosomes as drug carrier

For the composition of bilosomes, some previous studies have

claimed that the preparations formed by adding bile salts to li-

posomes are called “bilosomes”. However, there are phospholipids

in the composition of liposomes, while the bilosomes are vesi-

cles composed of nonionic surfactants and bile salts (bile salts

are incorporated into the niosome’s membrane), which are consid-

ered non-lipoidal biocarriers [134–136]. Thus, this novel nanocar-

rier can be understood as bile salt-stabilized vesicles. Although

bile salts act at the periphery to disrupt vesicle membranes, when

incorporated into the vesicle bilayer, bile salts act as stabilizers

for vesicle nanocarriers and reduce vesicle disruption by phys-

iological bile salts in the GI tract [137]. In addition, bile salts

can act as endogenous surfactants, form mixed micelles with free

fatty acids and partially digested lipids to assist the solubiliza-

tion of lipophilic drugs, and they can also form reverse micelles

to improve the penetration ability of hydrophilic drugs through

the biological membranes (refer to Section Oral absorption enhanc-

ing mechanisms of vesicular drug delivery systems for details). The

bile salts commonly used in the preparation of bilosomes include

sodium cholate, sodium deoxycholate, sodium chenodeoxycholate

and sodium taurocholate, etc. It can be found that the amount

of bile salt used in bilosomes is usually not more than 100mg,

while the molar ratio of non-ionic surfactant and cholesterol can

be changed according to the actual [138].

In addition to the drug delivery advantages of niosomes, bilo-

somes as drug carriers can withstand disruption by physiological

bile salts in the GI tract, and they are able to enhance the re-

sistance to degradation by digestive enzymes compared to con-

ventional niosomes, thereby improving the structural stability of

bilosomes. Bilosomes are generally stable after oral administration,

which prevents degradation under highly acidic conditions and en-

hances the potency of orally administered drugs [139]. Bilosomes

can be easily stored after lyophilization (in the case of nanoparti-

cles and microspheres) and do not need strict refrigeration storage

conditions.

2.5.2. Applications of bilosomes on oral administration

The bile salts stabilized and protected the bilosomes and their

contents from the harsh environment of the gut, enabling drug de-

livery via the oral route. Bilosomes exhibit excellent GI stability

mainly because of the bile salts incorporated in the formulation,

thereby being widely used for oral drug delivery. Bilosomes have

been used for oral delivery of a variety of drugs, including vac-

cines, antitumor, antivirus, antibacterial, antihypertensive, and an-

tidepressant drugs. Among them, the research on bilosomes used

for oral delivery of vaccines is relatively extensive. The main rea-

son is that bilosomes do not require the use of live pathogens, and

the oral administration of vaccines has better patient compliance.

Besides, bilosomes are able to eliminate the cold-chain require-

ments of preparations such as vaccines, thereby avoiding common

problems associated with injections and improving the efficacy of

vaccines [140]. For another reason, the addition of absorption en-

hancers on the basis of bilosomes has also been confirmed to fur-

ther improve the intestinal absorption of doxorubicin [141]. There

are studies that co-load the active ingredients of traditional Chi-

nese medicines to improve the efficacy of drugs through synergis-

tic effects [142]. It can be found that Span 60 is commonly used as

the nonionic surfactant to form the vesicle bilayer [143], and the

amount of bile salt added is usually not more than 30% [144,145],

but the specific amounts are determined according to the proper-

ties of the loaded drug and the addition of nonionic surfactant. In

summary, bilosomes have shown great potential for efficient oral

drug delivery [146–149]. The detailed procedures of these oral-

related studies of bilosomes are summarized in Table S5 (Support-

ing information).

3. Oral absorption enhancing mechanisms of vesicular drug

delivery systems

As mentioned above, vesicular systems have been shown to be

useful for oral drug delivery and can significantly enhance the oral

absorption of a wide range of drugs. However, the mechanism by

which vesicular drug delivery systems enhance oral absorption has

not yet been elucidated, and the possible mechanisms by which

vesicular drug delivery systems enhance oral absorption can be

broadly analyzed on the basis of the oral absorption barriers of

the drugs, the prescription composition of the formulation, and

the functional characteristics. Before that, we need to understand

the general in vivo processes of vesicular carriers and loaded drugs

(Fig. 4). Based on the report of He et al. [70], we can hypothe-

size that orally administered vesicular formulations are partially

destroyed upon entry into the acidic environment of the stomach,

at which point drug leakage occurs. Thereafter, the still-surviving

vesicles are emptied by the stomach into the alkaline intestinal en-

vironment, where they are subjected to a second digestion in the

intestinal lumen. The surviving vesicles need to pass through the

intestinal unstirred water layer and the mucus layer to reach the

intestinal epithelium, a process that also involves vesicle rupture

and release of the drug. Vesicles that survive this entire digestive

process may cross the intestinal epithelium into the bloodstream

via the transcellular and paracellular pathways or enter the lym-

phatic tissue via M-cell uptake. This section summarizes the mech-

anisms by which vesicular carriers enhance the oral absorption

of drugs by analyzing the prescription composition and functional

characteristics of different vesicular systems available for oral drug

delivery.

3.1. Improving stability in GI conditions

The stable presence of drugs in the GI tract is a prerequisite for

their absorption, and many drugs, such as proteins and peptides,

can be degraded and inactivated by a combination of gastric acid,
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Fig. 4. General in vivo processes of oral vesicular drug delivery systems. Figure in-

cludes modified templates from Servier Medical Art (smart.servier.com).

bile salts, proteases and pancreatic lipase [68]. The most intuitive

advantage of vesicular carriers for oral delivery is that the bilayer

encapsulation can reduce the direct contact between the encapsu-

lated drug and the GI environment to a certain extent and prevent

the drug from being digested prematurely [150]. However, it has

been reported that the drug-loading structure of vesicular carri-

ers such as liposomes is susceptible to damage in the GI tract. In

a gastric juice environment with a low pH, H cations can diffuse

into the aqueous phase of liposomes and destabilize them [151].

Therefore, most vesicular drug delivery systems for oral use have

been prescribed with functional ingredients to enhance the struc-

tural stability of the GI. For example, bile salts added to liposomes,

bilosomes and transfersomes play an important role in stabilizing

the vesicle structure. In the small intestine, the exogenous bile salt

monomers will enter the lipid bilayer of conventional liposomes,

and the liposomal vesicles will be induced to micelles as the con-

centration of bile salts increases, which will affect the structure of

liposomes and lead to drug leakage. However, a common edge ac-

tivator such as sodium cholate can render the transfersomes more

resistant to bile salt disruption in the small intestine, mainly due

to the repulsion effect of sodium cholate in the lipid bilayer of the

transferosomes and the bile salts in the intestinal tract [132]. Hu

et al. studied the integrity and stability of liposomes containing

sodium glycocholate and conventional liposomes in simulated GI

medium as well as isolated rat GI medium. The results showed

that there is a significant increase in calcein release in media

with low pH or physiological bile salts, and liposomes contain-

ing sodium glycocholate showed the greatest drug retention in dif-

ferent simulated release media compared with conventional lipo-

somes [152]. For transfersomes, the hydrophilic head of the edge

activator will gather with the hydrophilic head of the phospholipid

and quickly fill the broken part of the lipid bilayer to maintain sta-

bility as much as possible. The lipid bilayer structure is destroyed

at the initial stage, which may be one of the reasons why the

transfersomes can maintain the integrity of the lipid bilayer vesi-

cle structure [153]. In addition, the fatty acid radical anions ionized

by common anionic surfactants in transfersomes (such as sodium

cholate) may hinder the diffusion of H cations into the inner aque-

ous phase, thereby maintaining the structural stability of transfer-

somes in acidic environments [154]. Beyond the antagonism ef-

fect against exogenous bile salts to maintain the structural stabil-

ity of the vesicular drug delivery systems, bile salts have also been

proven to reduce enzyme degradation of drugs. Niu et al. [155] pre-

pared sodium glycocholate-containing liposomes by reverse-phase

evaporation. The results indicated that the presence of sodium gly-

cocholate reduced the enzymatic degradation of loaded insulin by

pepsin, trypsin and α-chymotrypsin, which is consistent with pre-

vious findings by Yamamoto and Shinichiro et al. [156,157]. In ad-

dition to bile salts, other enzyme inhibitors can be added to lipo-

somes to inhibit the enzyme metabolism of protein-based drugs.

On the other hand, phospholipids with high phase transition tem-

peratures have been reported to have rigid membranes at phys-

iological temperatures, which help to resist the factors that can

destabilize the membrane structure in GI. For chitosomes, the spa-

tial site resistance induced by the polymer coating on the surface

or the aqueous layer formed by the polymer may also allow the

liposome membrane to be separated from the harsh GI environ-

ment, thereby improving the stability of the membrane structure.

Recently, selenized liposomes were prepared by deposition of se-

lenium onto the outside and inside of lipid bilayers by the thin

film dispersion-in situ reduction technique, which was also shown

to significantly enhance the stability of liposomes in the GI tract,

providing a novel insight into boosting the stability of liposomes

[158]. In short, the vesicular carriers available for oral drug deliv-

ery have been designed to enhance vesicle stability in the GI tract

to a certain extent by different means.

3.2. Increasing solubility

There is a relatively immobile water layer with a depth of 100–

800μm close to the surface of the intestinal mucus layer, also

called the unstirred water layer or the hydrostatic layer, which is

the outermost component of the intestinal pre-epithelial diffusion

barrier and mainly affects the intestinal absorption of lipid-soluble

drugs [159]. Drugs loaded into vesicular carriers can pass through

the unstirred water layer more efficiently. For one thing, lipid-

soluble drugs can be encapsulated in the space between vesicle bi-

layers close to the hydrophobic tails of the amphiphilic molecules;

the hydrophilic head of these molecules gathers outside; this am-

phiphilic drug-loading structure can improve the water solubility

of the lipid-soluble drug [160]. In addition, the phospholipids and

other amphiphilic molecules in vesicular drug delivery systems can

form mixed micelles with the increase of bile salt concentration in

the intestinal tract, thus promoting the dissolution of poorly solu-

ble drugs. Tang et al. [161] prepared pueraria flavone-loaded lipo-

somes with the addition of sodium deoxycholate using the reverse-

phase evaporation method, and the oral absorption of pueraria

flavone was improved due to the enhanced water solubility. In the

study of Islam et al., the solubility of ebastine in water could reach

17.9 μg/mL, which increased by up to 751% compared with a pure

drug when loaded in the bilosomes prepared by the film hydra-

tion method [162]. In addition, it has been reported that sodium

taurocholate can interact with drug molecules to inhibit the ag-

gregation and crystallization of drugs, thereby maintaining the sta-

bility of the supersaturated system to dissolve more drugs [163].

These findings suggest that vesicular drug carriers have the po-

tential to enhance the solubility of poorly soluble drugs in the in-

testinal tract, which allows them to better penetrate the unstirred

water layer, thus improving the amounts of poorly soluble drugs

being absorbed.

3.3. Improving mucus adhesion and penetration

The mucus layer, another barrier covering the surface of the in-

testinal epithelial cells, is mainly composed of water (90%–95%),

electrolytes, lipids (1%–2%) and mucins (1%–5%). Among them,
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mucin is the most important functional component of the mucus

layer, and the common one is Mucin-2 secreted by intestinal ep-

ithelial goblet cells, which determines the most basic and dom-

inant viscoelasticity of the mucus layer with an overall appear-

ance of a highly hydrous gel [164–166]. Previous studies found that

the mucus layer can be divided into an inner mucus layer and an

outer mucus layer. The inner mucus layer with greater viscoelastic-

ity is continuously secreted by goblet cells and closely connected

with intestinal epithelial cells; the outer mucus layer is relatively

loose and contains more water, so it appears less viscoelastic. Col-

lectively, the surface of intestinal epithelial cells is covered with

a double mucus layer with a dense bottom and a sparse surface.

Studies have shown that the hydrophobicity and negative surface

charge of the mucus layer are the major factors limiting drug pene-

tration [167,168]. Mucus has a high turnover rate (between 50 and

270min); therefore, the drug carrier must be able to diffuse over

this barrier to prevent quick mucus clearance and reach the intesti-

nal epithelium, in addition to entering the mucus layer [169]. For

vesicular drug delivery systems, especially chitosomes, ionic inter-

actions between the positively charged polymers carried on their

surface and the negatively charged components of the mucus layer

make it easier for chitosomes to adhere to the mucus layer, pro-

longing the exposure of the vesicles in the small intestine and in-

creasing the chance of absorption [122,170]. The prolonged half-

life of the loaded drug observed after oral administration of chito-

somes can be attributed to the prolonged drug retention time due

to mucosal adhesion. Ezzat et al. enhanced mucosal adhesion by

preparing chitosomes loaded with catechin, and the chitosomes ex-

erted a high value of area under the curve (AUC), 1.37-fold higher

than uncoated liposomes and 2.12-fold higher than the control so-

lution [129]. Therefore, mucosal adherence ability is supposed to

be considered for subsequent oral vesicular drug delivery systems.

In addition to adhesion ability, vesicular carriers also need to im-

prove their ability to cross the mucus layer because of the need to

overcome the rapid turnover clearance of the mucus layer. Modifi-

cation of polymers containing PEG chains, such as Pluronic F127,

on the surface of vesicular delivery systems has been shown to

enhance their mucus-penetrating ability due to the hydrophobic

and electrostatic interactions of liposomes modified with Pluronic

F127 with mucins being significantly attenuated [171]. For trans-

fersomes and bilosomes, anionic surfactants and bile salts such as

sodium cholate have been shown to be effective in reducing the

viscosity and elasticity of the mucus layer, which may be helpful

for drug penetration [172]. It has been reported that bile salts and

lecithin can reduce the viscosity of the mucus layer by 70%–100%

under some extreme conditions, such as bile reflux. which may be

a commonality of the anionic surfactants added to the vesicular

drug delivery systems [173].

3.4. Enhancing intestinal epithelium crossing

In general, the intestinal epithelium, which consists of a va-

riety of cell types, is another barrier to drug absorption un-

der the mucus layer. The intestinal epithelium mainly includes

the most abundant absorptive enterocytes, mucus-secreting gob-

let cells, endocrine cells, and the subepithelial region associated

with gut-associated lymphoid tissue (GALT). This region is called

Peyer’s patches, which are rich in dendritic cells, lymphocytes, and

macrophages [174,175]. In addition, the patches are covered by

follicle-associated epithelium (FAE) with a different cellular pat-

tern. FAE is devoid of goblet and endocrine cells but contains en-

terocytes and M cells, which have shorter microvilli, less mucus,

and less lysosomal activity. Therefore, FAE shows better transcyto-

sis potential, and M cells are the main route for introducing foreign

substances into lymphoid tissues [176]. Drugs are mainly trans-

ported through the epithelium via the transcellular and paracellu-

lar routes. The transcellular routes mainly include passive diffusion

(lipid-soluble small molecules are usually absorbed by passive dif-

fusion) and energy-dependent uptake (pinocytosis and endocyto-

sis) [151,177]. The paracellular pathway is applicable to hydrophilic

molecules that cannot diffuse across epithelial cells [178]. However,

for the paracellular pathway, the plasma membranes between ad-

jacent epithelial cells are tightly bound to form an important junc-

tional complex consisting of transmembrane protein families (oc-

cludin and claudin) and peripheral membrane protein families (ZO

proteins), etc., which plays an important role in the paracellular

transport barrier and maintains cell polarity [179].

For the transcellular routes, vesicular drug delivery systems

such as liposomes, chitosomes, and transefersomes have good

compatibility between their lipid bilayers and cell membranes;

they are able to naturally fuse with the cell membranes and

thus facilitate the cellular uptake of the drug, wherein the chi-

tosomes, due to the positively charged chitosan coating on their

surfaces, have an enhanced ability to adhere to the cell sur-

faces, further resulting in the fusion of vesicles in contact with

the cell membranes [120,180]. On the other hand, drug-loaded

vesicular carriers containing bile salts can combine with organic

cations to form a lipophilic ion-pair complex, thereby enhancing

the membrane permeability of hydrophilic drugs. Song et al. pre-

pared salmon calcitonin-loaded transfersomes with sodium cholate

as the edge activator, which has been proven to enhance cal-

citonin oral absorption by forming the lipophilic complex [117].

Furthermore, bile salts can change the distribution of lipids and

proteins in the cell membrane at a lower concentration, reduce

the order of the arrangement of phospholipid molecules in the

cell membrane, thus increasing the cell membrane permeability,

which is also conducive to the transmembrane transport of hy-

drophilic drugs. Notably, bile salts such as sodium cholate at high

concentrations may directly combine with membrane phospho-

lipids to cause membrane dissolution [181]. For another, bile salts

are usually highly soluble in the bilayers of vesicular drug sys-

tems, which can form reverse micelles under a series of diges-

tions in the GI tract. The inside of the reverse micelles is hy-

drophilic, and the outside is lipophilic, which may facilitate the

penetration of hydrophilic drugs through the cell membrane [182].

Apart from the bile salts, nonionic surfactants used in niosomes,

bilosomes and transfersomes are have also been reported to en-

hance the transcellular transport of drugs. Deshmukh et al. have

prepared cromolyn-loaded proliposomal bead formulations coated

with phospholipid-cholesterol-surfactant (Tween 80) systems, and

further research found that it can significantly enhance the trans-

port of cromolyn, especially when the concentration of the surfac-

tant is low. And there is no evidence of damage to Caco-2 mono-

layers (e.g., a marked decrease in transmembrane electrical resis-

tance (TEER) value), which suggests that the surfactants may en-

hance drug transport via enhanced transcellular pathways rather

than tight junction modulation or cellular disruption [183]. The

possible reason for this is that surfactants can modulate the flu-

idity of cell membranes, and the ability of Tween 80 and Cre-

mophor EL to fluidize cellular phospholipid bilayers has been re-

ported [184]. In addition, receptor-mediated endocytosis (clathrin-

mediated endocytosis or caveolae-mediated endocytosis) is also

one of the common mechanisms by which vesicular carriers en-

hance the transcellular routes. Receptor-mediated endocytosis or

liposome accumulation at the site of uptake can be accomplished

through the modification of targeting ligands on the surface of the

vesicle, and the commonly used ligands are folic acid, exogenous

lectin, biotin and mannose [70].

For the paracellular routes, bile salts, a functional ingredient

commonly used in vesicular drug delivery systems, can bind Ca2+,
affect the distribution and function of myosin, and open the tight

junction between intestinal epithelial cells. At the same time, the
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Fig. 5. Deformable vesicle carriers such as transfersomes utilize deformability

through intercellular tight junctions.

increase of ions passing through the cell bypass will lead to a

decrease in the TEER of the Caco-2 cell monolayer model [185],

The specific mechanism is that sodium cholate produced a change

in the distribution of ZO-1, claudin-1, occludin and E-cadherin,

the normal distribution of the proteins was interrupted, and the

proteins detached from the cytomembrane and entered the cyto-

plasm, which is consistent with the findings of Wang et al. [186].

In addition, some researchers have prepared insulin-loaded sodium

cholate liposomes that can significantly reduce the TEER value of

the Caco-2 cell monolayer model, and the TEER value gradually

returned to normal after removing the liposomes, which suggests

that the effect of sodium cholate on tight junctions is reversible

[187]. In addition, a number of studies have demonstrated that sur-

factants commonly used in vesicular drug carriers are also capable

of opening or modulating tight junctions and facilitating the para-

cellular transport of drugs [188–190]. As the classical deformable

vesicles, transfersomes can more easily cross tight junctions be-

tween cells that have been opened compared to other oral vesi-

cle systems due to their high degree of deformability (Fig. 5). It

has been confirmed that the transfersomes can pass through a gap

whose size is 1/10–1/5 of its own, and the drug-loading structure

hardly changes after permeation [111,191]. This may allow more

drugs to penetrate the intestinal epithelial cells because of their

greater structural stability, thereby enhancing their drug intestinal

absorption.

3.5. Improving lymphatic transport

Some drugs can gain access to the systemic circulation via in-

testinal lymphatic routes in addition to being absorbed by the

mesenteric blood capillaries [192]. In general, drugs mainly en-

ter the blood circulation through the hepatic portal vein because

the flow rate of blood is about 500 times faster than that of the

lymphatic fluid in the intestinal lymphatic vessels [193]. However,

drug-containing chylomicrons can enter the mesenteric lymphat-

ics, move to the thoracic duct, and subsequently enter the sys-

temic circulation at the junction of the left jugular vein and the

left subclavian vein, which can effectively avoid hepatic first-pass

metabolism, and thus improve drug bioavailability [194,195]. As

mentioned above, drugs loaded into vesicular delivery systems can

self-assemble into a drug-containing mixed micelle that can freely

diffuse into the unstirred water layer after a series of digestions.

Generally, micelles cannot be absorbed in a complete form, and

most of them are absorbed in the form of free fatty acids, mono-

glycerides, and drugs. Thereafter, long-chain fatty acids are re-

esterified in the smooth endoplasmic reticulum of small intestinal

epithelial cells to form triglycerides, which will combine with the

initial lipoprotein produced by the rough endoplasmic reticulum,

and then the nucleus expands to form chylomicrons that can se-

lectively enter the capillary lymphatics after being secreted from

cells [196]. The lymphatic absorption of drugs can be enhanced if

the drug is combined with the triglycerides in the chylomicron nu-

cleus. For vesicular drug delivery systems, most of the lipophilic

groups of the surfactants used in niosomes, transfersomes and

bilosomes are long-chain fatty acids. This may provide more raw

materials for the production of chylomicrons, and also increase

the combination of drugs with chylomicrons. In addition, uptake

through M cells in the intestinal epithelium is one of the mech-

anisms that enhances the lymphatic absorption of drugs [197]. It

has been reported that M cells are able to transport a variety of

particles from the intestinal lumen to the lower lymphoid tissues,

including vesicles that survive a series of digestive processes. Since

M cells do not secrete mucus, they are least protected by mucus

above them (Fig. 4) and have more access to drug-loaded vesicles.

It has also been investigated to enhance drug lymphatic uptake by

modifying lectins on the vesicle surface to target M cells [198]. The

enhanced lymphatic absorption has a positive significance for im-

proving the drug’s oral bioavailability.

3.6. Reducing intestinal efflux

There is still a risk of being pumped back into the intestinal lu-

men after the drug is absorbed by intestinal epithelial cells, which

is known as the efflux effect of the intestine [199]. The transmem-

brane protein P-glycoprotein (P-gp), located at the top of intesti-

nal epithelial cells, is a typical efflux drug pump that can energy-

dependently efflux drugs back to the intestinal lumen by hydrolyz-

ing ATP, which can reduce the oral bioavailability of some drugs

that can be considered substrates of P-gp [200,201,175]. For vesicu-

lar drug delivery systems such as liposomes, bilosomes, and trans-

fersomes, the bile salts incorporated in the vesicles, such as sodium

cholate, have been shown to inhibit the efflux effect of P-gp and

enhance the drug’s intestinal absorption [202]. In addition, some

nonionic surfactants that are commonly used in niosomes or as

edge activators in transfersomes also have the effect of inhibit-

ing P-gp, especially the polysorbate surfactants. Previous studies

explored the effects of a series of surfactants on the intracellular

accumulation and intestinal absorption of epirubicin via the Caco-2

cell model and the eversion intestinal sac method (rat jejunum and

ileum intestine). The results indicated that Tween 20 and Tween

80 can significantly increase the basolateral uptake of Caco-2 cells

and the serosal absorption of epirubicin in rat jejunum and ileum

[203]. The specific mechanism is that these surfactants inhibit in-

testinal P-gp, multidrug resistance-related protein families or other

transport proteins, thereby reducing the intestinal efflux effect, and

the optimal hydrophilic-lipophilic balance value of surfactants with

suitable hydrocarbon chains and polar groups is the key factor for

inhibiting the intestinal efflux.

4. Challenges hindering vesicular drug delivery systems for

oral administration

Clinical application is the ultimate goal for the exploration of

vesicular drug carriers. Indeed, vesicular drug delivery systems

have been well studied and have shown promising results in the

field of oral delivery during the last decades. However, the clinical

translation of vesicular drugs is not optimistic. We summarized the

typical vesicular carriers related product that have been approved
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in Table S6 (Supporting information). It can be found that the only

vesicular drug delivery system that has been marketed for clinical

treatment is liposomes. Moreover, these liposome-based formula-

tions are mostly focused on intravenous injection, and there are

few vesicular drug delivery formulations that have been approved

for oral drug delivery, which indicates that the vesicular carriers

available for oral drug delivery still face great challenges. An anal-

ysis of this situation reveals that, similar to a lot of nanocarrier-

based drug delivery systems, the main challenges facing the vesic-

ular carrier are safety, unspecified in vivo fate, and scale-up pro-

duction, which are also unavoidable problems during the process

of moving drug formulations towards clinical applications.

4.1. Safety

For vesicular carriers applied to oral drug delivery, formula-

tion safety is mainly related to the toxicity of the prescription

compositions in the GI tract. Phospholipids, the necessary material

for the bilayer formation of liposomes and chitosomes, have been

widely reported to have good biocompatibility and biodegradability

[204,205]. It was noted that no significant toxicity was observed in

acute, chronic, reproductive, and mutagenic toxicity tests follow-

ing all routes of highly purified phosphatidylcholine. In addition,

fully saturated natural phosphatidylcholine is also safe when em-

ployed for oral drug delivery, but high-dose administration for sev-

eral weeks can cause elevations in plasma cholesterol [206]. Chi-

tosan and bile salts, the two essential functional components of

chitosomes and bilosomes, have also been extensively proved to

be relatively safe and usually nontoxic at routine doses [207,208].

These two components will not be the toxicity source of the vesic-

ular drug delivery system in general. However, surfactants used in

vesicular drug delivery systems are most likely to lead to safety is-

sues. Nonionic surfactants can be added as vesicle bilayer-forming

molecules in niosomes and bilosomes, and can also be incorpo-

rated into transfersomes as edge activators, showing a wide range

of applications in vesicular drug delivery systems. Therefore, the

analysis of surfactant toxicity is of great significance to the safety

assessment of vesicular drug carriers. It has been claimed that an-

ionic surfactants are less toxic to humans with increasing molec-

ular weight, which may be related to the lower adsorption of an-

ionic surfactants in the intestine. Therefore, it is unlikely that an-

ionic surfactants will have acute toxic effects, but chronic effects

are more likely, as daily intake in humans can be as high as 5mg

per person [209]. Several cytotoxicity tests reveal the toxicity of

surfactants in the order of cationic, anionic, amphoteric, and non-

ionic [210]. Furthermore, it has been suggested that surfactants

could damage the cell membranes, thus causing structural and

consequent permeability changes in epidermis [211]. Ujhelyi et al.

found that polysorbate 20, 60 and 80 were relatively toxic among

the nonionic surfactants using the Caco-2 monolayer model. In the

case of caprylocaproyl polyoxyl-8 glycerides, a kind of nonionic

oil-in-water surfactant, the degree of esterification and the lack

of a sorbose component reduced its cytotoxicity. If the hydrophyl

head is changed from polyethylene glycol to propylene glycol, the

main determinants of cytotoxicity are monoester content and car-

bon chain length [212]. In addition, the correlation between sur-

factant molecular structure and cytotoxicity suggests that the size

of the polyethyleneoxide moiety is more important than the size

of the hydrocarbon chain. More specifically, the presence of very

long polyethyleneoxide groups (>30 units) was found to result

in reduced cytotoxicity [213]. Therefore, we can screen the struc-

tural characteristics of the surfactants used in prescriptions via the

above aspects to reduce the potential toxicity of the formulations

on the premise of ensuring their functions. In addition, choosing

safer surfactants as bilayer-forming molecules is a favorable op-

tion. Dodecyl maltoside (DDM), a type of alkyl polyglycoside sur-

factants (green nonionic surfactants with high efficiency, low toxic-

ity, and biodegradable advantages), has been approved by the Food

and Drug Administration (FDA) as an excipient for the marketable

formulation VALTOCO R© in 2020, confirming the safety of DDM

[214]. Another safe natural surfactant is betaine, which, as a mild

surfactant, also has anti-inflammatory properties and may serve

as a molecular alternative for vesicle bilayer formation [215,216].

Cholesterol, the common vesicular bilayer membrane modulator,

has a certain toxic effect in vivo. Kim et al. pointed out that high

levels of cholesterol are cytotoxic and need to be strictly controlled

[217]. These findings are similar to the results of the study by

Yosie et al., which mentioned that cholesterol would cause toxi-

city in the rat’s liver if more than 3% of cholesterol was used in

the diet [218]. Although the amount of cholesterol added is usu-

ally not too high in vesicular drug carriers, it is important to pay

attention to cholesterol during the evaluation of its safety and to

screen the amount of cholesterol in the prescription, thereby re-

ducing its impact on the GI tract. At present, most of the research

tends to modify the functional groups on the surface of the vesi-

cle system to make it more suitable for drug delivery; therefore,

it is necessary for the safety evaluation of the introduced func-

tional materials. For example, polyethylene glycol (PEG)-modified

liposomes with stealth function can avoid premature destruction

of liposomes by phagocytosis by increasing the repulsion between

liposomes and serum. Although PEG has been reported to have

good biocompatibility, but with the deepening of the study still

found that its absorption into the bloodstream will induce im-

mune reactions, and repeated administration of PEGylated lipo-

somes will lead to severe accelerated blood clearance. Further,

it has also been reported that PEG may also cause pseudoal-

lergy related to complement activation [219,220]. And polylactic

acid-hydroxyacetic acid copolymer (PLGA), a European Medicines

Agency (EMA) and FDA-approved drug and medical device, which

still hydrolyzes in vivo to produce lactic acid that can lower the

pH of the surrounding environment and eventually cause an ame-

lioration of the inflammatory response [221]. Therefore, for the

vesicular carriers available for oral drug delivery with the plan

of surface modification, a comprehensive safety evaluation of the

modifying materials is required, and it should be eliminated to

use the materials that have been reported to have serious adverse

effects.

4.2. Unspecified in vivo fate

Over the past decades, although there has been a great deal of

research on the effectiveness, safety, stability and manufacturabil-

ity of vesicular drug delivery systems, the in vivo fate and underly-

ing mechanisms of these drug carriers remain less explored, limit-

ing progress toward commercialization [222]. In addition, the un-

specified in vivo fate affects the judgment of the effectiveness of

the formulation, which largely hinders the application of vesicu-

lar carriers for oral drug delivery and increases the resistance to

clinical translation of these formulations. This is consistent with

Ren et al.’s review of vesicular drug delivery systems, where they

state that in vivo fate affects the performance of vesicular for-

mulations and that the most important factors impacting the ef-

ficiency of oral drug delivery are premature release and struc-

tural stability, which largely depend on the properties of both

payloads and vehicles used [223]. According to the size, compo-

sition and drug-loading form of the vesicular drug delivery sys-

tems, they can be classified as nano-carrier drugs [224]. Indeed,

the in vivo fate of these nano-carrier drugs for oral use has been

surrounded by controversy for several years. Some researchers ar-

gue that the enhanced oral absorption is attributable to the vesi-

cles crossing the intestinal epithelium as a whole, while others in-

sist that these drug-loaded vesicles are absorbed in the GI tract
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after a series of digestive processes to form other drug-loaded

carriers (e.g., mixed micelles) that differ from the initial form [225].

Therefore, clarifying the in vivo fate of the vesicular drug delivery

system is of great significance in explaining the mechanisms by

which the formulation enhances drug absorption, as well as the

safety and stability evaluation. Initially, in vivo analysis of drugs

was performed by conventional liquid chromatography and liq-

uid chromatography-mass spectrometry (LC-MS/MS) techniques. By

determining the amount of drug in plasma or tissue, the possi-

ble in vivo processes of orally administered drugs were inferred.

However, these methods do not accurately determine the form in

which the drug is present, and therefore require pre-treatment of

plasma/tissue samples prior to determination. For example, Su et

al. analyzed the pharmacokinetic behavior of amphotericin B li-

posomes by separating carrier-bound amphotericin B and freely

released amphotericin B from plasma by solid-phase extraction

columns, and then determining the drug content using LC-MS/MS,

respectively [226]. Although these analytical methods can deter-

mine to some extent how much drug is absorbed, the in vivo

fate of the drug prior to absorption is still unknown. In order to

elucidate this issue, various biosensing tools such as fluorescent

imaging, computed tomography, and magnetic resonance imaging

have been employed to explore the in vivo fate of vesicular drug

delivery systems [227–229]. Further, the fluorescent-based tracer

technology has been widely studied due to its flexible controlla-

bility, negligible toxicity and superior photostability [230]. Tang et

al. reported novel fluorophores with aggregation-induced emission

(AIE) properties [231]. And when fluorescein in solution reaches

high localized concentrations and forms aggregates, both conven-

tional fluorescein fluorophores and novel fluorescent nanomaterials

may suffer a strong π-π stack, leading to a significant decrease in

fluorescence intensity in the process called “aggregation-induced

quenching” (ACQ) [232]. Gratifyingly, researchers have developed

a series of fluorescent probes based on the principles of AIE and

ACQ for exploring the in vivo fate of nano-carrier drugs and have

made promising progress in recent years. Wu et al. developed a

series of near-infrared ACQ fluorescent probes with sensitive wa-

ter quenching properties, effectively eliminating the interference of

free probes on the signals from labeled intact particles, thereby re-

alizing the accurate resolution of the in vivo spatiotemporal fate of

nano-carrier drugs. These novel probes have been successfully ap-

plied to exploring the in vivo fate of various nanocarriers via differ-

ent administration routes, including nanoemulsion [233], injectable

fat emulsions [234], polymeric nanoparticles [235,236], solid lipid

nanoparticles [237], ultrafine drug particles [238], nanosuspensions

[239] and polymer micelles [240,241], etc. The schematic of the

ACQ effect (Fig. 6A) and some results of the in vivo fate stud-

ies of the above nanocarriers are summarized in Fig. 6. Hu et

al. found that the water-quenching dyes (P2) was able to report

the in vivo fate of lipid nanocarriers more accurately compared

to the conventional non-water-quenching dyes (DiR), suggesting

that water-quenching dyes can serve as better tracer molecules

(Fig. 6B) [242]. In addition, Wu et al. proposed the concept of

the absolute aggregation-caused quenching effect for the first time

based on these studies [243]. Using aza-BODIPY, the classical ACQ

probe, as the parent, by enhancing its hydrophobicity, planarity

and rigidity, they synthesized the novel fluorescent probes FD-B21

and FD-C7 [244], which exhibited better near-infrared emission,

high quantum yield, photostability, water sensitivity, and negligi-

ble re-illumination compared with conventional probes, thereby

enhancing the accuracy of these probes in exploring the in vivo

fate of the nanocarriers. The specific mechanism can be explained

using the example of polymer micelles. The ACQ probe possesses

a strong and stable fluorescence signal when the water-quenched

probe is encapsulated in the hydrophobic core of the polymer mi-

celles. Once the micelles are depolymerized or degraded, the probe

is released and then aggregates in water, and its fluorescence is

rapidly quenched due to the ACQ effect. Thus, the interference of

the free probe signal can be completely eliminated, and the sig-

nal can be tracked in real time from the intact polymer micelle

particle. The final experimental results support integral polymeric

micelles across the enteric epithelia, but the total amount may be

limited (Fig. 6D) [240]. This result is similar to a previous report

that bilosomes surviving the GI environment can be absorbed as

intact vesicles (Fig. 6C) [155,187]. On the other hand, benefiting

from these fluorescent probe technologies, researchers can con-

duct more in-depth studies, such as using the fluorescent reso-

nance energy transfer (FRET) probes (DiO and DiI) to investigate

the effect of nanoparticle shape on cellular uptake, and the results

demonstrated that more nanorods were internalized into Caco-2

cells than nanospheres (Fig. 6E) [245].

4.3. Scale-up production

The suitability of the preparation process of the vesicular oral

drug delivery systems for scale-up production is also critical for

successful clinical translation. The main factors surrounding the

scale-up production of formulations are the scalability of the man-

ufacturing process and the reliability as well as reproducibility of

the final product [246]. Currently, most of the conventional prepa-

ration methods for vesicular drug carriers, such as thin film dis-

persion, reversed-phase evaporation, complex emulsion, and sol-

vent injection, are only suitable for small-scale production, while

their direct application to scale-up production may cause problems

such as uneven particle size distribution, poor reproducibility be-

tween batches, high production costs and organic solvent residues.

As mentioned above, although some vesicle-based formulations

have been marketed, the batch-to-batch variation affects the clin-

ical application of the drug. A continuous high-pressure homog-

enization device has been developed for the scale-up production

of liposomes encapsulating plasmid DNA to overcome the problem

of particle size inhomogeneity. However, drug leakage under high

pressure is serious, and the application of this method in large-

scale production is not successful due to the complicated produc-

tion process and high cost [247–249]. Analysis of marketed vesicle-

based formulations reveals that they are all parenteral routes of

administration, which make it easier to achieve clinically effec-

tive doses, while higher doses and longer courses of treatment are

usually required for oral administration. Therefore, vesicular drug

delivery systems usually incorporate some functional ingredients

through various formulation techniques in order to achieve better

drug delivery efficacy, thereby fulfilling the requirements of oral

drug delivery. However, the complexity of the preparation process

will increase the cost of production, raise the requirements for

the equipment and sites, and ultimately increase the difficulty of

drug feasibility assessment. Moreover, the cumbersome prepara-

tion methods will also complicate the pharmacokinetic, pharma-

codynamic, and toxicological evaluation of the formulations after

oral administration, which is a serious impediment to preparation

and process optimization [250–252]. Accordingly, it is supposed to

minimize the introduction of non-essential functional materials in

future formulation design on the premise of guaranteeing the ef-

fectiveness of vesicle-based drug delivery systems. For example,

ArikayceTM, a liposome of butylcarbamazine approved in 2018, has

a prescription composition of only dipalmitic acid phosphatidyl-

choline and cholesterol. This formulation enhances the efficacy of

the drug in lung disease while reducing its toxicity, which indicates

that a simple formulation design can also efficiently improve the

clinical translation of the drug to a great extent. For the issue of re-

producibility in scale-up production, a thorough understanding of

the formulation key components and their interactions is required,

which is helpful to define the critical characteristics of the product.
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Fig. 6. (A) The schematic diagram of the principle of water quenching ACQ fluorescent probe. (B) Comparison of in vitro and in vivo tracing of water-quenched ACQ flu-

orescent probes and conventional probes. Reproduced with permission [242]. Copyright 2015, Elsevier Science Ltd. (C) Fluorescence images of bilosomes and conventional

liposomes in the intestine. Reproduced with permission [187]. Copyright 2014, Elsevier Science Ltd. (D) Cumulative trans-monolayer transport of P2-labeled polymer micelles

in Caco-2, Caco-2/HT29-MTX and Caco-2/HT29-MTX/Raji B monolayers. Reproduced with permission [240]. Copyright 2020, Elsevier Science Ltd. (E) Differences in the exo-

cytosis of nanorods and nanospheres by Caco-2 cells with prolonged incubation time. C0–C3 are images of cellular uptake, exocytosis of nanospheres at 15min, 30min and

2h, respectively; D0–D3 are for nanorods. Reproduced with permission [245]. Copyright 2018, Elsevier Science Ltd.

These characteristics can be utilized as evaluation metrics in the

early development of vesicular drug delivery systems. For exam-

ple, the effect of organic solvents, ultrasound, high-speed homoge-

nization, emulsification, evaporation of organic solvents, and other

steps commonly used in preparation on the final formulation. Con-

sideration should be given at the “small scale” stage as to which

methods will be beneficial in scaling up the product formulation,

and early identification of these characteristics will also assist in

the selection of appropriate scale-up production methods to es-

tablish critical process steps and analytical criteria to ensure prod-

uct reproducibility [253]. Encouragingly, various preparation meth-

ods have been optimized and improved to meet the requirements

of scale-up production. Roces et al. prepared PEGylated liposome

empty shells encapsulating ammonium sulfate via the microfluidic

method, and then doxorubicin was actively loaded into these pre-

formed liposome shells. The functionalized liposomes obtained by

this method can overcome the tediousness of multi-container and

batch-processing-based technology [254]. Further, the microfluidic

velocity does not affect the properties of the liposomal product,

thus allowing high speeds in scale-up production, and the lipo-

somes prepared in large batches by this method have a consistent

release profile with that of the marketed product, indicating that

the method was successful in realizing vesicular drug delivery for

scale-up production. In order to reduce production costs and in-

crease safety, studies have successfully developed suitable methods

for the scale-up production of conventional liposomes without the
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need for many manufacturing steps or the use of organic solvents

[255,256].

5. Conclusions and outlook

Due to their unique drug-loading structures and functional

characteristics, vesicular drug delivery systems have attracted wide

attention in the field of drug delivery with different administration

routes. Summarizing the relevant studies, it was found that lipo-

somes, niosomes, transfersomes, chitosomes, and bilosomes are the

most promising carriers that can enhance oral absorption, exhibit-

ing desirable performance as oral drug carriers in the last decades.

This review describes the formation, prescription composition, and

drug delivery advantages of these vesicular drug delivery systems.

Further, the possible mechanisms for enhancing the oral absorp-

tion of drugs are also analyzed based on the research examples.

Although these vesicles-based drug carriers demonstrate a favor-

able potential for oral drug delivery, their clinical translation re-

mains unimpressive. According to the analysis, it was found that

these carriers still face pressing issues such as safety, unspecified

in vivo fate, and scale-up production. In particular, the elucidation

of the in vivo spatiotemporal fate of the formulation is crucial to

explaining the oral drug delivery advantages of the dosage form.

Various fluorescent-based probes as tracing tools have been devel-

oped for exploration of drug in vivo fate in recent years, which, to

a certain extent, unveil the in vivo fate of vesicular drug formu-

lations. Indeed, there are still undefined mechanisms of oral drug

digestion and absorption due to the complex organismal environ-

ment. It is important to note that future research should not only

focus on regulating the composition of the vesicle bilayer or mod-

ifying the surface of vesicles with polymers or ligands to optimize

the in vivo fate of vesicles-based drug carriers, but also on the

principles of simplicity and effectiveness in the design of vesicu-

lar drug prescriptions and preparation processes, which can mini-

mize the resistance to final review of drug formulations as well as

the possibility of scale-up production. We believed that in the fu-

ture, with the development of multidisciplinary cross-fertilization,

the improvement of basic theories, and the breakthroughs of tech-

nological bottlenecks, there will be a more comprehensive and in-

depth understanding of vesicular drug delivery systems and their

application principles, which will guide researchers to overcome

the existing challenges and achieve long-term development in the

field of oral drug delivery.
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