
Marquez et al. Journal of Nanobiotechnology            (2024) 22:6  
https://doi.org/10.1186/s12951-023-02275-6

REVIEW Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Journal of Nanobiotechnology

Synergistic vesicle-vector systems 
for targeted delivery
Christine Ardelle Marquez1†, Cho‑Im Oh1†, Gna Ahn1,2†, Woo‑Ri Shin1,3, Yang‑Hoon Kim1,2* and Ji‑Young Ahn1,2* 

Abstract 

With the immense progress in drug delivery systems (DDS) and the rise of nanotechnology, challenges such as tar‑
get specificity remain. The vesicle‑vector system (VVS) is a delivery system that uses lipid‑based vesicles as vectors 
for a targeted drug delivery. When modified with target‑probing materials, these vesicles become powerful vectors 
for drug delivery with high target specificity. In this review, we discuss three general types of VVS based on different 
modification strategies: (1) vesicle‑probes; (2) vesicle‑vesicles; and (3) genetically engineered vesicles. The synthesis 
of each VVS type and their corresponding properties that are advantageous for targeted drug delivery, are also high‑
lighted. The applications, challenges, and limitations of VVS are briefly examined. Finally, we share a number of insights 
and perspectives regarding the future of VVS as a targeted drug delivery system at the nanoscale.
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Introduction
Drug delivery systems (DDS) refer to the approaches, 
formulations, manufacturing techniques, storage sys-
tems, and technologies used to transport drugs into and 
throughout the body. Targeted drug delivery (TDD) is the 
delivery of a drug to a target site with little or no effect on 
nontargeted cells or tissues. TDD has grown in popular-
ity over the years due to its potential implications in the 
treatment of chronic diseases, including cancer, neurode-
generative diseases, and genetically acquired illnesses.

Nanotechnology has since improved drug delivery. To 
date, drug delivery vehicles such as polymeric micelles, 
liposomes, and polymeric nanoparticles have been stud-
ied as ideal drug delivery vehicles to enhance target speci-
ficity [1]. However, drugs pass through complex pathways 
and must overcome multiple barriers during transport to 
reach their target. In most cases, drugs end up interact-
ing with multiple targets (e.g., tissues or organs), often 
resulting in adverse side effects. Unfortunately, deliver-
ing therapeutic materials to a targeted location remains a 
challenge regardless of its obvious merits.

The use of lipid-based nanovesicles as vectors for tar-
geted drug delivery has been under development for over 
a decade [2]. In this review, we propose the term vesicle-
vector system (VVS), a combination of the terms “vesi-
cle” and “vector”, which pertains to the use of lipid-based 
nanovesicles as vectors or carriers for the delivery of 
therapeutic materials in a targeted manner. The VVS can 
be applied comprehensively in fields such as medicine, 
biology, chemistry, and engineering. To date, a variety 
of nanoparticles (NP) have been used as vectors to carry 
various therapeutics. These include polymeric (dendrim-
ers, polymersomes, polymer micelles, and nanospheres), 
inorganic (silica NP, quantum dots, iron oxide NP, and 
gold NP), and lipid-based (liposomes, lipid NP, and emul-
sions) nanoparticles [3]. This review highlights the use 
of modified, lipid-based, naturally-derived or syntheti-
cally-produced nanovesicles (extracellular vesicles and 
liposomes, respectively) as vectors or drug carriers spe-
cifically for targeted delivery applications.

Here we categorized VVS into three primary types—
vesicle-probe, vesicle-vesicle, and genetically engineered 
vesicles (Fig. 1)—based on the different conjugation tech-
niques that will be highlighted in this review. Briefly, the 
vesicle-probe vector system is a lipid-based vesicle con-
jugated with various bioactive probing materials for tar-
geted delivery. Polymers include a variety of proteins, 
peptides, antibodies, and aptamers. The vesicle-vesicle 
hybrid vector system is a hybrid of two types of vesicles 
(e.g. exosomes and liposomes, exosomes, and bacterial 
OMV). This type of VVS takes advantage of both natu-
ral- and synthetically-derived vesicles to achieve targeted 
delivery. Finally, genetically engineered VVS are based on 

vesicles (e.g. bacterial outer membrane vesicles) whose 
parent cells are genetically modified to express certain 
proteins (or other molecules with targeting properties) 
via direct or indirect cell surface display methods.

We aim to discuss various types of vesicle-vector sys-
tems (VVS), their advantages in targeted delivery, and 
specific conjugation techniques and methods. We will 
also provide some insights into how these modifications 
improve the target specificity of VVS as a delivery system 
for various cargoes such as drugs and genetic materials. 
Challenges, limitations, and perspectives for future stud-
ies on VVS are also reviewed.

Vesicle types
Vesicles used in various VVS are typically divided into 
two types that include (1) synthetically produced vesicles 
such as liposomes and polymeric micelles and (2) biolog-
ically sourced vesicles such as extracellular vesicles (EV), 
including exosomes, bacterial outer membrane vesicles 
(OMV), endosomes, and vacuoles. The former has been 
the most studied in terms of its application in drug deliv-
ery due to its simple preparation, low cost, and overall 
safety [4]. However, as the functions of EVs in cell-to-cell 
communication have come to light, it is hypothesized 
that the use of EVs is potentially more advantageous than 
the use of liposomes in terms of targeted drug delivery 
due to EV’s intrinsic properties.

Each type of vesicle offers different advantages for tar-
geted delivery. These characteristics are discussed in the 
following section. Table  1 presents a comparison of the 
lipid composition and marker molecules for each vesicle 
type.

Liposomes
Liposomes are artificially produced spherical vesicles 
with sizes ranging from 30  nm to several micrometers 
and are composed of one or more phospholipid bilayers 
[5]. Their lipid bilayers are oriented such that the polar 
head groups face the interior and exterior sides, thus pos-
sessing both a hydrophobic center and hydrophilic space 
within the lipid bilayer. This structure makes liposomes 
ideal carriers of both hydrophobic and hydrophilic drugs. 
Liposomes are also easier to prepare than EVs. They 
facilitate intracellular drug delivery (of anticancer agents) 
and prolong the retention time of the encapsulated pay-
load in target cells. By enhancing the pharmacokinetic 
profile and pharmacological qualities, liposomes can be 
extremely helpful in addressing the problems associated 
with the off-target effects of non-targeted delivery [6].

Due to their biocompatibility, low toxicity, ability to 
trap both hydrophilic and lipophilic drugs, and site-spe-
cific drug delivery to tumor tissues, liposomes exhibit 
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increased rates both as an experimental system and com-
mercially as a drug delivery system [5]. To date, liposomes 
remain the most researched and approved drug delivery 
system for clinical use [7]. Some of the most common 
liposome preparation methods include mechanical dis-
persion methods such as sonication, the freeze–thaw 
method, and solvent dispersion methods such as solvent 
vaporization and ethanol injection [5].

However, without modifications, liposomes may exhibit 
low target specificity, low stability, high biodegradability, 
and high blood clearance, thus making them difficult to 
use for targeted delivery [8]. Furthermore, conventional 
liposomes are easily degraded by pH, enzymes, and the 
immune system in biological environments. Under acidic 
pH conditions, liposomes are easily decomposed, and 
upon reaching the digestive system, they can be degraded 
by lipases [8]. These limitations can be overcome by mod-
ifying the physical and chemical attributes of liposomes 
via polymer conjugation, surface decoration, and hybridi-
zation with other vesicles.

Extracellular vesicles
Extracellular vesicles (EVs) represent an umbrella term 
referring to the sac-like, lipid-based nanoparticles that all 

cells produce. EVs are secreted by most cell types through 
different biogenesis pathways. Depending on their par-
ent cells, they may consist of a broad range of proteins, 
particles, and other molecules that ultimately define their 
functions and properties. They range from 30 nm to a few 
microns in size and are classified into several subtypes: 
exosomes, microvesicles, apoptotic bodies, and bacterial 
outer membrane vesicles [9]. Although the distinction 
among EV types is not well-established, researchers have 
determined the hallmarks of each type in terms of bio-
genesis, molecular composition, and function.

It was originally established that EVs are only involved 
in the management of cell metabolites and wastes by 
packaging and releasing unwanted cellular material. 
Recent studies have demonstrated that EVs play a vital 
role in cell-to-cell communication. Since the emergence 
of this new information, EVs have been considered excel-
lent candidates for vesicle-based drug delivery vectors. 
As both are composed of phospholipid membranes, 
EVs and liposomes are comparable in terms of targeted 
delivery. In contrast to liposomes, EVs are composed of 
a complex mixture of different lipids and also surface 
and membrane proteins. Some of these components pri-
marily function in tissue targeting, whereas others aid in 

Fig. 1 The Vesicle‑Vector System. The three primary types include the vesicle‑probe, vesicle‑vesicle, and the genetically engineered vesicle vector 
systems
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minimizing nonspecific interactions. It has been hypoth-
esized that these distinctive protein-decorated phospho-
lipid vesicles possess precise barcodes required to locate 
their targets both locally and distantly [10]. Thus, EVs are 
ideal vectors for targeted drug delivery. The challenge lies 
in the isolation and purification process. The ease of iso-
lation and purification of EVs may vary depending upon 
their source. However, this typically requires a combina-
tion of chemical and physical methods such as density 
gradient, ultracentrifugation, and immunoaffinity cap-
ture methods [11].

Mammalian‑derived EVs
Mammalian cell-derived EVs ranges in size typically 
from < 200 nm [12]. They are secreted by all cell types and 
have been detected in plasma, urine, semen, saliva, bron-
chial fluid, cerebral spinal fluid (CSF), breast milk, serum, 
amniotic fluid, synovial fluid, tears, lymph, bile, and gas-
tric acid [11] and are composed of a diverse cargo of pro-
teins, lipids, nucleic acids, and other bioactive molecules, 
making them capable of transmitting complex biologi-
cal signals to target cells by facilitating the exchange of 
important signaling cargoes (e.g. hormones and growth 
factors) carrying DNA materials between cells [13].

Mammalian cell-derived EVs have been implicated 
in a wide range of physiological and pathological pro-
cesses, such as immune modulation, tissue regenera-
tion, and disease progression. They can transfer their 
cargo to recipient cells through various mechanisms, 
including endocytosis, membrane fusion, and recep-
tor-mediated uptake. Additionally, exosomes can cross 
biological boundaries and target tissues or cells (par-
ticularly when they originate from autologous sources) 
and can cross the blood–brain barrier. Manca et.al 
reported that exosomes isolated from bovine milk 
deliver protein and RNA cargoes to the brain [14].

The ability of these EVs to encapsulate and deliver 
specific molecules, such as microRNAs or growth 
factors, holds tremendous potential for therapeutic 
applications, including drug delivery and regenera-
tive medicine [15]. Unlike liposomes, mammalian EVs 
originate from cells, thus making them more biocom-
patible and less immunogenic. They are heterogeneous 
in nature and carry various protein markers on their 
surface. Previous studies have reported that mamma-
lian EVs can interact with target cells and modify their 
cellular activity by delivering various mediators. Spe-
cifically, communication with target cells is achieved by 
transferring the constituent biomolecules of exosomes 

Table 1 Lipid composition and marker molecules of liposomes and extracellular vesicles

Liposome Ref Extracellular Vesicle Refs

Lipid components Natural phospholipids Phosphatidylcholine, 
phosphatidylethanola‑
mine, phosphatidylserine, 
phosphatidylinositol, 
phosphatidylglycerol, 
phosphatidic acid

[33] Mammalian EV (Exosome) Sphingomyelin, phos‑
phatidylcholine (PC), 
cholesterol, phosphatidyl‑
serine, phosphatidyletha‑
nolamine

[34]

Synthetic phospholipids DOPS / PEG‑DSPE, DOPG, 
DOPE, DOTAP, HSPC, 
DOPC, POPC, DMPC

[35] Bacterial OMV Phosphatidic acid (PA), 
Phosphatidylinositol (PI), 
Phosphatidylcholine (PC), 
Phosphatidylglycerol (PG), 
Phosphatidylethanola‑
mine (PE)

[36]

Stearic acid‑based syn‑
thetic phospholipids

DSPE, DSPA, DSPG, DSPC [37] Plant EV Phosphatidic Acid (PA), 
Phosphatidylethanola‑
mine (PE), Phosphatidyl‑
choline (PC)

[22]

Palmitic acid‑based syn‑
thetic phospholipids

DPPE, DPPA, DPPG, DPPC [38] Yeast vacuole Phosphatidylcholine, 
phosphatidylethanola‑
mine, phosphatidylinosi‑
tol, phosphatidylserine,

[31]

Markers None Mammalian EV (Exosome) CD9, CD81, CD63, flotillin, 
TSG101

[39]

Bacterial OMV OmpA porin protein (E. 
coli),
Serralysin (S. marcescens)

[30, 36, 40]

Plant EV Tet8, PEN1, Ole e1, Ole e11, 
Ole e12

[41]

Yeast vacuole Yck3, Env7 [42]
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into the cytosol of the target cell, ultimately resulting 
in the regulation of target cell functions via receptor 
interaction and endocytosis [16]. For example, immune 
cell-derived exosomes contain regulatory proteins of 
the immune system, including MHC-I, MHC-II, CD86, 
and galectin-9, and can bind to target cells for cell–
cell communication [16]. Additionally, mammalian EV 
membranes contain tetraspanin, a transport and func-
tional protein. This makes mammalian EVs a promising 
targeted drug delivery vector that can be used to deliver 
genetic material for gene therapy and to deliver chemo-
therapeutic drugs [17]. This has prompted scientists to 
further study its structure and properties to exploit its 
functionalities and facilitate targeted drug delivery for 
the treatment of diseases that are otherwise difficult to 
target (e.g. cancer and neurodegenerative diseases).

One of the major difficulties associated with the use 
of mammalian EVs is their scale  up production. Par-
ticulary, the isolation and purification of mammalian 
EVs remains challenging due to its requirement of 
specialized equipment (i.e.  ultracentrifuge) and sig-
nificantly low yield [17]. However, recent reports have 
revealed that mammalian EVs can be obtained not only 
through endogenous synthesis but also through dietary 
sources [18]. Therefore, to obtain an effective and prac-
tical VVS, the isolation of mammalian EVs from rela-
tively more accessible sources such as animal milk [19, 
20] can overcome this limitation. Of note, the cellular 
uptake or treatment of exosomes from different spe-
cies has proven valuable and exerts significantly posi-
tive effects across different species (e.g. bovine milk in 
rat/mouse cell lines [19] and donkey milk in rat skeletal 
muscle cells [21].)

Plant‑derived EVs
Unlike mammalian-derived EVs, studies examin-
ing plant-derived EVs (PDEV) are still in their infancy. 
PDEVs are typically similar in size to mammalian EVs 
and carry diverse biomolecules such as proteins, lipids, 
RNAs, and metabolites in their lumen and on their mem-
brane surfaces [22]. Depending upon the plant source, 
plant-derived EVs exhibit specific characteristics that can 
be used for various applications. In particular, a growing 
body of research has demonstrated the unique charac-
teristics of plant EVs that make them ideal for transport-
ing anticancer agents, including biological compounds 
and medications, to cancer cells. For example, Zhang 
et  al. isolated EVs from edible ginger and loaded them 
with doxorubicin (DOX) that was used for drug delivery 
in the context of colon cancer therapy [23]. The isolated 
EVs were almost circular in shape with an average size 
of 90 nm (ranging from 30 to 200 nm). They discovered 
that ginger-derived EVs (GDEV) were absorbed well by 

intestinal cancer cells, and this led to the targeted deliv-
ery of DOX to colon cancer tumor cells in  vivo. Most 
notably, DOX-loaded GDEVs successfully reduced the 
tumor size in a colon xenograft model. These GDEVs 
were synthesized from ginger lipids and exhibited excel-
lent biocompatibility.

Due to their capacity to traverse biomembranes and 
their biocompatibility, low toxicity, low immunogenic-
ity, and less allergenic nature, clinical trials have dem-
onstrated that PDEVs are potential delivery vehicles for 
natural chemicals to specific cell targets [24]. Target 
specificity will increase when further combined with 
bioactive molecules, including proteins, peptides, and 
aptamers, thus making PDEVs more suitable for targeted 
delivery (further detailed in Sect.  "Bioactive Probes for 
Targeted Delivery").

Bacteria‑derived OMVs
Bacterial outer membrane vesicles (OMVs) are lipid-
based, sac-like vesicular membranes produced by Gram-
negative bacteria. They range in size from 20 to 300 nm 
and are released during bacterial growth [25]. They are 
responsible for the transport of a broad range of chemi-
cally diverse cargoes, such as membrane-embedded and 
associated proteins, small molecules, peptidoglycans, and 
nucleic acids [26]. Another advantage of OMVs is their 
versatility in terms of the ease of genetic modification 
through basic molecular biology laboratory techniques 
like bacterial plasmid transformation. Furthermore, 
OMVs can be mass-produced using optimized purifica-
tion methods as described by Gerritzen et al. [27]. Hence, 
OMVs, exosomes, and other mammalian cell-derived 
EVs are excellent candidates for targeted drug delivery.

Bacterial OMVs contain various proteins that vary 
depending on the source organism. For example, OMVs 
derived from E. coli are enriched in Omp porin proteins 
[28]. In particular, OmpA was observed to be signifi-
cantly abundant, thus making it a reliable marker for E. 
coli OMV detection and characterization [29]. The extra-
cellular protease serralysin is prevalent in OMVs pro-
duced by Serratia marcescens [30].

Others
Yeast-derived vacuoles are similar to mammalian EVs in 
terms of their membrane composition. However, unlike 
bacterial OMVs they are nonpathogenic and can be easily 
modified by genetic engineering [31]. Gujrati et al. devel-
oped a bio-inspired drug delivery system using vacuoles 
isolated from genetically engineered yeast cells [32]. The 
nano-sized vacuoles dramatically improved the ability of 
the drug to penetrate tumor xenografts, and this reduced 
tumor growth without inducing immune reactions.
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Fig. 2 Vesicle‑Probe Vector Systems a Multilamellar Vesicles‑Protein. Transferrin‑bearing multilamellar vesicles encapsulating α‑T3 suppressed 
the growth of A431 epidermoid carcinoma and B16‑F10 melanoma in vitro and in vivo. Upon intravenous administration, the modified vesicles 
caused tumor regression within 24 h and continued for 11 days. By day 16, the tumor began to develop again, but subsequent treatment reverted 
this growth right away. In comparison, other treatments failed to cause tumor regression. Reprinted from Karim et al., 2017. b Exosome‑Peptide. 
Modified exosomes, composed of membrane Anchor (BODIPY)‑Spacer (PEG)‑targeting Ligands (cyclic RGD peptide) (ASL), enhanced the stability, 
target delivery, therapeutic efficacies of DOX, and added imaging capabilities to exosomes as a theranostic agent. DOX carried by the ASL 
exosomes were able to image the tumor specifically and effectively limit the growth of the tumor without causing any substantial side effects. 
Reprinted from Kang et al., 2020. c Liposome‑Antibody. Lipocalin 2 (Lcn2) is a promising therapeutic target for breast cancer. For the specific 
delivery of Lcn2 siRNA, liposomes were conjugated to ICAM‑1 antibody via the DSPE‑PEG‑COOH anchor. They were capable of targeting TNBC 
cells and silencing the Lcn2 gene through the inhibition in vivo of angiogenesis. Representative micrographs are presented for the reduction 
of blood vessel formation in the treatment of antibody conjugated liposome, ICAM‑Lcn2‑LP. Reprinted from Guo et al., 2016. d Mimic vesicles (MVs) 
derived from erythrocytes‑Aptamer. DOX and P‑glycoprotein (P‑gp) siRNA was loaded onto the MVs. The MV carriers could be readily obtained 
through extruding erythrocyte membranes. At 5 μg/mL of DOX concentration, the viability of P‑gp siRNA/DOX‑MV‑treated groups dropped 
by ≤ 10%, in comparison to the 80% reflected in NC siRNA/DOX MV‑treated groups. This suggests that the aptamer conjugated MVs successfully 
overcame drug resistance and synergistically kill MDR tumors. Reprinted from Wang et al., 2019
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Vesicle‑probe vector system
For decades, phospholipid-based vesicles have become 
key factors in drug delivery systems. However, the innate 
characteristics of specific vesicle types may be inade-
quate for successful drug delivery. Upon preparation or 
isolation, vesicles are further modified to remove or add 
certain properties to achieve the desired results. Modifi-
cation of vesicles by fusion with or addition of polymers 
is one of the many ways that allow researchers to add 
goal-specific traits to a vesicle, ultimately making it more 
effective in carrying out its objectives (in this case, target 
specificity). Functional groups situated on the lipid heads 
of the vesicle membrane bilayer act as anchors and allow 
conjugation of bioactive probes, such as proteins, pep-
tides, antibodies, and aptamers which can improve target 
specificity (Fig. 2). A vesicle-probe-type VVS provides a 
good example.

Bioactive probes for targeted delivery
Various methodologies exist in which different types of 
polymers are part of the liposome structure. Hydrophilic 
polymers can be added as coatings to the surfaces of 
vesicles via physical adsorption. Ionic polymers (such as 
chitosan, polylysine, and others) uses electrostatic inter-
actions, while neutral polymers uses hydrogen bonds to 
attach to the surface of the vesicle [43]. These are exam-
ples of vesicle modifications via conjugation with poly-
mers. The following section discusses the most useful 
bioactive probing materials that can be applied in vesicle 
modification for targeted drug delivery applications. Dif-
ferent types of bioactive probes and their corresponding 
interactions with vesicles, applications, and other rel-
evant information are summarized in Table 2.

Proteins and peptides
Proteins and peptides can be conjugated by various 
covalent linkages such as maleimide-thiol, peptide, sul-
fonyl, disulfide, and phosphatidylethanolamine-linked 
bonds [44]. Additionally, peptides can be adsorbed and/
or interpolated onto the liposomal surface via elec-
trostatic and/or hydrophobic interactions [45]. Fur-
thermore, peptides can be present in several copies 
simultaneously to achieve a higher binding affinity, and 
the large specific surface area of nanostructures makes 
it possible to combine various peptide ligands into a 
single construct [46]

Most recent applications of protein/peptide modified 
VVS are in the field of cancer treatment (Table 2) and 
include transferrin [4] (Fig.  2a), T7 peptides [47], and 
cyclic arginylglycylaspartic acid (RGD) peptides (Arg-
Gly-Asp-d-Phe-Lys) [48] (Fig.  2b). These can be used 
as bioactive probing materials decorated on vesicle sur-
faces to actively target transferrin receptor-rich liver 

tumor cells. Several other studies report the use of P1C 
peptide to decorate liposomes and target avβ3 protein 
and demonstrated successful targeted drug delivery of 
DOX to cancer cells both in vitro and in vivo [49] [50]. 
Wen et  al. used RGD (cyclic peptide containing Arg-
Gly-Asp) to target the same integrin protein avβ3 and 
successfully delivered shikonin (anti-tumor drug) on 
breast cancer cells [51]. In lung cancer cells, antagonist 
peptides of gastrin-releasing peptide receptors (GRPR) 
can be used to decorate lipid-based vesicles for targeted 
delivery [52].

Previous studies frequently used liposomes as lipid-
based vesicles and delivery vectors. However, EVs such as 
exosomes are also good vesicle options for protein/pep-
tide modification. Liang et  al. decorated exosomes with 
Her2 affibodies to target Her2-expressing tumor cells in 
breast cancer and observed successful targeted delivery 
and high cellular uptake [53]. This method is also prom-
ising for the treatment of brain cancers such as glioma. 
The glycoprotein gp130 is overexpressed in human gli-
oma cells, and Suga et  al. designed a peptide, VTWT-
PQAWFQWV (VTW), that binds specifically to gp130 
to promote the targeted delivery of drugs to glioma cells 
[54]. Although this study demonstrated successful tar-
geted delivery to glioma cells in vitro, further studies are 
required for in vivo and clinical applications.

In addition to its applications in cancer treatment, 
similar successful efforts have been made in regard to the 
treatment of neuroinflammatory diseases [55] and mus-
cle atrophy therapy [56]. Proteins and peptides exhibit 
great diversity, specificity, and targeting potential [57, 
58]. These attributes have led to extensive research on 
proteins and peptides as new therapeutic possibilities for 
targeted delivery.

Antibodies
Antibodies are the protective proteins produced by the 
immune system. Vesicles can increase the efficiency of 
endocytosis and intracellular drug administration by 
conjugating with antibodies to take advantage of the 
interactions between the antibodies and cancer cells. 
The pharmacokinetic (PK) and pharmacodynamic (PD) 
behaviors of VVS are influenced by the surface features of 
the vesicle, drug-to-lipid ratios, antibody structure, affin-
ity, and density [59].

The conjugation of antibodies to vesicles can improve 
the specificity of VVS. Yu et  al. demonstrated the suc-
cessful delivery of Paclitaxel and P-gp transport inhibi-
tor for the synergistic treatment of multidrug-resistant 
gastric tumors using nanoliposomes decorated with 
a PD-L1 monoclonal antibody [60]. Nanobodies are a 
type of antibody that are small recombinant proteins 
that can also be used in VVS. Kooijmans et  al. created 
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nanobody-polyethylene glycol (PEG)-micelle conjugates 
to target tumor cells. Epidermal growth factor recep-
tor (EGFR)-specific nanobodies were coupled with 
phospholipid (DMPE)-PEG derivatives. Their results 
revealed a significantly higher binding specificity to 
EGFR-overexpressing tumor cells [61]. Moreover, breast-
cancer-specific immunoliposomes (intercellular adhesion 
molecule-1 [ICAM-1]-liposomes) promote clinical effec-
tiveness by delivering siRNA [62] (Fig. 2c).

Multitargeted delivery can also be achieved using 
bispecific antibodies (BsAbs). This increases the target 
specificity by binding to or inhibiting two or more targets 
simultaneously. BsAbs possess two binding sites for dis-
tinct antigens that simultaneously recognize two different 
epitopes of one antigen. This increases the therapeutic 
potential of the cargo and minimizes the development 
of drug resistance that is typically observed when using 
single-targeted treatments [63].

Aptamers
Aptamers are short artificial single-stranded DNA or 
RNA oligonucleotides that are typically 25–90 nucleo-
tide bases in length which can selectively bind to specific 
target molecules with high target affinity and specificity 
[64]. Over the years, aptamers have attracted attention 
as promising ligands due to their high affinity for a sin-
gle specific target and their versatility, small size, stability, 
low immunogenicity, and streamlined synthesis [65]. This 
makes aptamers excellent candidates for bioconjugation 
with lipid-based vesicles [65–68].

A pertinent characteristic of aptamers that makes them 
suitable for target-specific delivery is the presence of gua-
nine-rich sequences in their structure termed guanine 
quadruplexes (G-quadruplexes) [69]. In addition to high 
target affinity, these structures make aptamers highly 
resistant to serum nucleases and cause them to exhibit 
high thermal stability [70]. Aptamer-target interactions 
are mediated by hydrophilic bindings that include hydro-
gen bonding and also polar and electrostatic interac-
tions [67]. Systematic evolution of ligands by exponential 
enrichment (SELEX) is an enrichment method used to 
produce aptamers. Using a larger oligonucleotide library, 
SELEX identifies the optimal aptamer candidates for tar-
geted drug delivery [71].

Conjugation of aptamers to vesicles can be achieved 
using various chemical and physical methods. The post-
insertion method is a simple method that allows for the 
efficient incorporation of targeting ligands into lipid-
based vesicular membranes [72]. In this method, aptam-
ers are conjugated after the extraction or preparation 
of the main vesicular body. First, the aptamers react 
with functional group-activated lipid chains. The result-
ing unstable aptamer-modified lipid micelles were then 

incubated with the pre-formed drug-loaded vesicles. 
This method is flexible and compatible with a variety 
of ligands, thus allowing for the fabrication of different 
combinational constructs.

Conversely, in synthetically prepared vesicles such as 
liposomes, aptamers can be incorporated via the mem-
brane anchor method in which the aptamers are conju-
gated during vesicle preparation [73]. Using this method, 
the resulting aptamer-vesicle complex is formed in a 
manner such that a portion of the aptamer molecule is 
on the inner surface of the liposome. This could limit the 
internal space of the liposomes and make them suscepti-
ble to hydrolytic degradation [74]. The major drawback of 
this method is the exposure of aptamers to the substances 
and chemical solvents used in liposome preparation that 
may exert adverse effects on the secondary structure of 
the aptamers, ultimately leading to functional defects. 
Nonetheless, this is an established method for aptamer-
vesicle conjugation.

In a study conducted by Li et al., the researchers con-
structed a novel aptamer-vesicle hybrid VVS for the 
treatment of EGFR-mutated lung cancer cells. The 
liposomes were conjugated with anti-EGFR aptamer 
(Apt)-conjugated chitosan (Cs) and were then loaded 
with erlotinib (Apt-CL-E) [75]. When tested in  vitro on 
H1975 cells, erlotinib-carrying Apt-CL-E VVS demon-
strated superior stability (compared to its non-decorated 
liposome counterparts) by preventing nanoparticle 
aggregation. It also exhibits binding specificity for EGFR-
mutated cancer cells, and this leads to the termination 
of the cell cycle and apoptosis of cancer cells. Further-
more, in contrast to other RNA aptamer-mediated lipo-
some delivery systems [76], the Apt-CL-E formulation 
used in this study was conjugated with DNA aptamers. 
DNA aptamers are easier to produce, more stable against 
nuclease digestion, and more easily combined with VVS 
[77, 78]. The cholesterol-linked DNA aptamer AS1411, 
combined with erythrocyte-ghost (EG) vesicles, specifi-
cally delivered siRNA and DOX to treat multidrug resist-
ant (MDR) tumors [79] (Fig. 2d).

Vesicle‑vesicle hybrid vector system
EV‑liposome hybrids
Recently, there has been interest in the development of 
liposome-EV hybrids for targeted drug delivery. These 
hybrids can be created by fusing liposomes with EVs 
using various conjugation techniques, such as freeze–
thaw, membrane extrusion, and simple incubation 
(Fig. 3). Hybridization of EVs via membrane fusion with 
liposomes was developed as an alternative technique to 
various cellular uptake methods in modifying EVs. This 
approach was first demonstrated by Sato et  al. (2016) 
[87] using a simple freeze–thaw method and it allowed 
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Fig. 3 Conjugation Methods a Freeze–thaw Method. Reprinted from L. Cheng et al., 2021 b Membrane Extrusion Method. Reprinted from Sun 
et al., 2021 c Simple Incubation. Reprinted from Lin et al., 2018 d PEG‑mediated Fusion. Reprinted from Piffoux et al., 2018 e Sonication. Reprinted 
from Thorsteinsson et al., 2020 f Ligand‑based Incubation Method. Reprinted from Jumeaux et al., 2018
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them to optimize the intrinsic properties EVs but with 
decreased immunogenicity, increased colloidal stabil-
ity, and improved the EV half-life in blood. In another 
study, Lv et al. (2020) [88] developed hybrid EV-liposome 
nanoparticles for drug delivery using previously reported 
freeze–thaw methods and showed an increased drug 
delivery efficiency and decreased clearance by the mono-
nuclear phagocyte system (MPS). In addition, numerous 
studies have also demonstrated this principle using other 
conjugation techniques (Table 3).

The composition of hybrid EVs can be designed by 
varying the liposome-to-EV ratio and the composition of 
the precursor liposomes. This is a promising bio-inspired 
strategy that harnesses communication and delivery sys-
tems mediated by EVs.

Conjugation methods
Freeze–thaw method
The freeze–thaw method was originally utilized in the 
loading of therapeutic materials into lipid-based vesicles 
like liposomes. By briefly forming ice crystals, the mem-
brane layer is disrupted, at which point water-soluble 
molecules can enter the vesicles. The same methodology 
can be employed in the development of liposome-exo-
some VVS hybrids. The frequency of freeze–thaw cycles 
can vary across different experimental designs. Sato et al. 

created liposome-exosome hybrids (with 1:1 ratio by vol-
ume) by freezing the reaction mixture in liquid nitrogen 
and then thawing them at room temperature for 15 min. 
After repeated freeze–thaw cycles, the resulting hybrid 
exosomes exhibited enhanced rates of cellular uptake 
compared to that of its non-hybridized liposome coun-
terparts [87]. In another study, a vesicle-vesicle hybrid 
VVS was developed by combining genetically modified 
exosomes and thermosensitive liposomes to take advan-
tage of immunotherapeutic and photothermal proper-
ties from the exosomes and liposomes, respectively. The 
vesicles were successfully fused using the freeze–thaw 
method with a fusion efficiency of 97.4% (Fig. 3a) [93].

Freeze–thaw methods are known attain considerably 
high fusion efficiencies, however, there are considerable 
drawbacks. Freeze–thaw cycles done in high frequency 
can compromise membrane integrity of both vesicles and 
it may negatively affect the stability and efficacy of the 
drug cargo [94].

Membrane extrusion method
To form hybrid vesicles using this method, both exosomes 
and liposomes were simultaneously extruded via mem-
brane pores of controllable size under physical pressure. 
The main advantage of the membrane extrusion method 
over other fusion methods is the uniformity in size of 

Table 3 Recently developed exosome‑liposome hybrid vesicle‑vector system

Exosome Source/s Liposome 
Preparation

Conjugation 
Method

Properties Cargo Target Application/s Refs.

Mouse fibroblast 
sarcoma‑derived 
CMS7‑wt, CMS7‑HE, 
and Raw 264.7 
macrophages

Extrusion Proce‑
dure

Freeze–thaw 
method

Enhanced cellular 
uptake

– – Drug Delivery [87]

HUVEC, MSC, MDCK Extrusion Method PEG‑induced 
membrane fusion

Enhanced cellular 
uptake;
30% more fusion 
efficiency than pre‑
vious ref [87]

– – Drug Delivery [89]

HEK293FT cells – Incubation Delivery of CRIS‑
PRCas9 system 
in the mesenchy‑
mal stem cells 
(MSCs)

Large nucleic acids 
and CRISPR/Cas9 
expression system

mesenchymal 
stem cells 
(MSCs)

Gene manipula‑
tion

[90]

SKOV3‑CDDP cells Thin Film Hydration 
and Extrusion 
Technique

Sonication 
(ultrasound), 
membrane fusion 
and extrusion

multitargeting 
capability, high 
drug encapsulation 
rate, valid drug 
protection and low 
clearance by MPS

Chemotherapy 
agents TP 
and miR497

Tumor cells Ovarian Cancer 
Therapy

[91]

Fibroblast‑derived 
(L‑929 cells) 
via ultracentrifuga‑
tion

Reverse‑Phase
Evaporation 
Method

Membrane Fusion High affinity 
towards target 
cells → effec‑
tive at depletion 
of macrophages

Clodronate (CLD) Kupffer cells Pulmonary 
Fibrosis

[92]
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the resulting vesicles. Sun et al. formed a vesicle-vesicle 
hybrid VVS using liposomes loaded with clodronate and 
exosomes obtained from fibroblasts to treat pulmonary 
fibrosis (Fig.  3b). The exosome-liposome mixture was 
vortexed, sonicated, and passed through a polycarbon-
ate ester membrane with 400 nm and 200 nm pore size. 
This extrusion process was repeated ten times [92]. The 
pore size of the polycarbonate membrane and frequency 
of membrane extrusion affected the characteristics of the 
hybrid VVS. While membrane extrusion methods exhibit 
elevated fusion success rates, the mechanical stress pro-
duced throughout the extrusion procedure may compro-
mise the membrane integrity of natural exosomes.

Incubation
This simple incubation method relies on the spontaneous 
process of membrane fusion that takes advantage of the 
innate physicochemical properties of both vesicle types 
to facilitate fusion. In incubation method, exosome-
liposome VVS hybrids are formed through electrostatic 
or hydrophobic interactions, without the disruption of 
the membrane integrity or leakage of vesicle contents. 
Lin et al. created hybrid VVS by incubating HEK293FT-
derived exosomes with CRISPR/Cas9-expressing 
liposomes at 37  °C for 12  h, (Fig.  3c). This novel study 
provides an interesting approach for a safe and successful 
delivery of CRISPR-Cas9 system in gene therapy applica-
tions [90]. Although the fusion efficiency of incubation 
method is notably lower than that of the freeze–thaw and 
membrane extrusion methods, this technique does not 
cause significant harm to vesicles’ membrane integrity 
and cargo load.

PEG‑mediated fusion
Polyethylene glycol (PEG) has been extensively used to 
increase circulation time of drug-carrying liposomes. 
However, it has also been proven to facilitate membrane 
fusion between two vesicle types by intermediating close 
physical contact between the lipid bilayer structures 
and subsequently signaling the reorganization of lipid 
molecules. A study by Piffoux et  al. revealed that PEG 
facilitates the conjugation of liposomes and exosomes 
(Fig. 3d). Their results indicated an enhanced fusion effi-
ciency of at least 30% [89].

However, PEGylated VVS still has major drawbacks 
such as the accelerated blood clearance (ABC) phenom-
enon, which manifests after several doses. Various efforts 
were done to evade the ABC phenomenon such as the 
addition of polysarcosine coating [95]. Overall, PEG-
mediated fusion is a notable method of membrane fusion 
due to PEG’s simple preparation and stability coupled 
with its added ability to increase circulation time of VVS 
in the blood.

Sonication
Sonication is a technique that uses sound waves to induce 
mechanical shear stress, impair vesicle membrane integ-
rity, and facilitate membrane hybridization. This method 
was originally extensively used for liposome preparation 
and drug loading. However, the same principle can also 
be applied to vesicle hybridization. Thorsteinsson et  al. 
demonstrated the successful fusion of the two liposome 
types using sonication (Fig. 3e) [96].

Although sonication is a powerful technique with a 
high fusion efficiency [96], consideration should be given 
to EV’ membrane integrity. The loss of intrinsic contents 
and biological qualities and the possibility of membrane 
deformation due to overheating during vesicle hybridiza-
tion are key points of concern [97]. Additionally, expen-
sive equipment is required [98].

Ligand‑based incubation
The use of ligands on vesicles provides another method 
to facilitate more efficient membrane fusion during incu-
bation. This approach involves the construction of bio-
logically inspired structures to trigger vesicle docking 
and membrane fusion. One example is the use of DNA as 
a ligand. In a DNA-mediated membrane fusion system, 
single-stranded DNA is altered by hydrophobic groups 
to enable its spontaneous insertion into the lipid bilayer 
of liposomes or cells, and a second single-stranded DNA 
with a complementary sequence is inserted into a differ-
ent liposome [99]. Although DNA-mediated membrane 
fusion is promising, it suffers from low fusion efficiency. 
Mora et  al. (2020) demonstrated that vesicle fusion is 
facilitated by peptides (Fig.  3f ). The vesicles were func-
tionalized with lipopeptides, and the results indicated 
that the peptide-based membrane fusion system can be 
used as a rapid and effective targeted drug delivery sys-
tem in future studies [100].

Genetically engineered vesicle vector system
Genetic engineering of the parent cells is another method 
to modify EVs with targeted bioactive probing mol-
ecules. In the following sections, we will focus on the 
genetic engineering of bacterial outer membrane vesicles 
(OMVs) via various surface display techniques.

Genetic engineering of EV parent cells
Surface display through genetic modification allows func-
tional proteins to be expressed on the bacterial surface by 
fusion with different anchor proteins [101] (Fig. 4).

Typically, displaying of recombinant proteins on EVs’ 
surface membrane can be achieved through a variety of 
established systems such as the autotransporter platform 
and Spy Tag/Spy Catcher system. Heterologous proteins 
and peptides can be directly (or indirectly) displayed on 
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Fig. 4 Surface Display Methods a Schematic illustration of the secretion of outer membrane vesicles and direct display models 
including autotransporters, outer membrane proteins (OMPs), and surface lipoproteins (SLPs). b Indirect display module. The specific 
bioconjugation system was utilized to produce an indirect display module between biological probing molecules and OM anchor proteins. c Outer 
Membrane Proteins. The diagram presents the cloning/ expression regions of a lead (Pb) adsorbing molecule ligated into the gene and displayed 
on the outer membrane of E. coli. Reprinted from Hui et al. 2018. d Slam‑dependent surface lipoprotein (SLP) translocation. Reprinted from Huynh 
et al. 2022. e ClyA Fusion. The diagram depicts engineered OMVs, called AvidVax, designed for vaccine application. It displays a synthetic antigen 
receptor (SNAP‑OMVs) that are remodeled with biotinylated antigens‑of‑interest using ClyA fusion technology. The surface of SNAP‑OMVs 
can be remodeled with virtually any biomolecule amenable to biotinylation. Reprinted from Weyant et al., 2023. f SpyCatcher/SpyTag. Design 
of receptor‑binding domain (RBD) recombinant antigens fused to N‑ and C‑terminal of SpyTag and its subsequent display on the surface of OMVs. 
Reprinted from Jiang et al. 2022



Page 15 of 25Marquez et al. Journal of Nanobiotechnology            (2024) 22:6  

microbial cell surfaces using surface display methods that 
fuse proteins with anchoring motifs. Over the past three 
decades, several cell surface display methods have been 
invented, particularly for bacteria and yeast [102]. We 
further classified these methods into two primary catego-
ries that include direct and indirect.

Direct surface display occurs when a heterologous pro-
tein is directly displayed on the OMV surface membrane 
with genetically modified mediator molecules as anchors. 
Surface display involves the utilization of the intrinsic 
proteins of a bacterium to express heterologous proteins 
on its surface. Gram-negative bacteria use a variety of 
specialized protein secretion mechanisms to transport 
proteins across one or several phospholipid membranes 
[103]. The use of these secretion systems is a promising 
platform for the surface display of recombinant proteins 
on bacterial OMVs. Secretion systems such as autotrans-
porters, outer membrane proteins (OMPs), and lipopro-
teins are frequently used as carriers for gram-negative 
bacterial surface displays, and this will be highlighted in 
the following sections (Fig. 4a). Conversely, indirect sur-
face display involves the use of intermediary proteins and 
affinity tags such as the outer membrane anchor protein 
and specific binding ligand (Fig. 4b), to facilitate its dis-
play onto the OMV surface.

Direct surface display
Autotransporter platform
The autotransporter (AT) system is a protein secretion 
pathway in Gram-negative bacteria that is used to trans-
port large proteins across the external membrane and 
onto the bacterial cell surface [104]. It is a widely used 
cell surface display platform because AT is known to 
transport material from the inner membrane across the 
outer membrane. A typical AT protein consists of three 
domains, including an N-terminal signal peptide, a pas-
senger domain, and a C-terminal translocator domain. 
The passenger domain that consists of a series of repeti-
tive sequences is responsible for its cell-surface display 
function. These sequences then form a β-helical struc-
ture that is thought to provide stability to the protein. 
From a targeted delivery perspective, an autotransporter 
platform can be used to display ligands on the surface of 
OMVs to allow target specificity when delivering cargo 
for the treatment of certain diseases. The protein of inter-
est was fused to the C-terminal end to use the AT plat-
form for cell-surface display. The resulting fusion protein 
is then transported across the bacterial membrane by the 
autotransporter domain and displayed on the surface of 
the bacterial cells. Compared to existing cell-surface dis-
play systems, the autotransporter platform exhibits sev-
eral benefits, including the capacity to display relatively 
larger proteins and intricate protein structures (Fig. 4a).

The applications of autotransporter platforms include 
the display of antigens for vaccine development, enzymes 
for biocatalysis, and antibodies for therapeutic purposes. 
Examples of autotransporter proteins used in various 
applications are E. coli-derived Ag43 [101], AIDA-I [105], 
and Hbp [106].

Outer membrane proteins
Outer membrane proteins (OMP) of Gram-negative 
bacteria can be used as carrier proteins for the surface 
display of heterologous proteins and consist of several 
classes. OMPs share a structural pattern with AT pro-
teins known as beta-barrels that are composed of a vari-
able number of transmembrane anti-parallel beta-strands 
joined by lengthy exterior loops and short periplasmic 
twists [107]. These overhanging loops are permissive 
locations that can accommodate foreign peptides or pro-
tein fragments, thus making them ideal carriers for sur-
face display of heterologous proteins. Various peptides 
and proteins, including small molecular weight peptides, 
antibodies, domains, enzymes, and receptors, have been 
identified using the outer membrane proteins OmpA, 
OmpC, OmpF, OmpS, FadL, OprF, and PhoE. Hui et al. 
(2018) demonstrated the use of genetically engineered 
microorganisms as bioremediation adsorbents by dis-
playing a Pb-adsorbing molecule (PbrR) using OmpA on 
the surface of E. coli [108] (Fig. 4c).

Lipoproteins (LPs) are another class of OMPs that can 
be used as anchors for the surface display of heterolo-
gous proteins. LPs are soluble hydrophilic proteins that 
remain associated with the lipid bilayer through cova-
lently attached lipid anchors [109]. It is well established 
that many lipoproteins are present in the periplasm and 
are bound to the inner folding of the outer membrane or 
the outer folding of the inner membrane. These surface 
lipoproteins (SLPs) perform crucial functions in regard 
to food uptake, immunological evasion, cellular adhesion, 
and cell signaling and are turally and functionally varied 
[109]. Additionally, surface lipoproteins can be used as 
carrier proteins for cell-surface display of heterologous 
proteins [110] (Fig. 4d).

Indirect surface display
ClyA fusion
Cytosolic A (ClyA) is a 34-kDa cytosolic protein pro-
duced of the most abundant gene. Biological prob-
ing molecules (e.g., proteins, peptides, carbohydrates, 
haptens, lipids, and aptamers) can be displayed on the 
surface of OMVs by acting as leading sequences that 
promote the localization of probing molecules onto the 
outer membrane. By fusion with ClyA, the gene encoding 
the heterologous protein produced a recombinant outer 
membrane protein. The extracellular expression of a 
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biological probe molecule or protein is possible, as ClyA 
is attached to the outer membrane (Fig. 4e).

Cheng et al. displayed heterologous proteins on OMVs 
by fusing proteins with the ClyA protein using recombi-
nant DNA technology [111]. To optimize the conditions 
for expression of the fusion proteins, the genes encoding 
ClyA and the indicator enzyme luciferase (ClyA-Luc, CL) 
were recombined in the plasmid pET28a, and the fusion 
protein was expressed in E. coli Rosetta (DE3). Sepahdar 
et al. successfully displayed an anti-EGFR affibody on the 
OMV surface using ClyA as an anchor protein to tar-
get triple-negative breast cancer cells with no cytotoxic, 
hemolytic, or immune-activating effects [112].

Spy catcher‑Spy tag system
A Spy Catcher-Spy Tag system was designed to ligate 
the proteins. It is based on a modified domain of the Spy 
Catcher surface protein from Streptococcus pyogenes that 
can identify a cognate 13-amino-acid peptide (Spy Tag). 
The side chains of lysine in Spy Catcher and aspartate in 
Spy Tag combine to produce a covalent isopeptide con-
nection as soon as they are recognized. This method has 
been applied to label proteins, produce modular vac-
cines, and covalently stabilize multi-protein complexes 
(e.g., for microscopy) [113].

The use of Spy Catcher/Spy Tag protein ligation tech-
nology to enzymatically connect antigens to hemo-
globin protease that is present in high density in OMVs 
was described in a study by van den Berg van Saparoea 
et al. (2018). The membrane environment was not a hin-
drance to protein ligation, and this allowed for a high 
surface density of coupled antigens, a characteristic that 
has been linked to vaccine effectiveness. Effective cou-
pling of Spy-or Snoop Catcher-nanobody chimeras to 
vesicles will enable targeted medication administration 
to tumor tissues. It would be fascinating to incorporate 
surface-exposed nanobodies that detect receptors unique 
to certain dendritic cell types while developing an OMV 
vaccine. This will cause certain T-cell reactions to the 
delivered antigens [106]. This type of modular plug-and-
display OMV coupling process is flexible and reliable and 
enables the manufacture of drug delivery vectors with 
targeted properties. The Spy tag–Spy catcher technology 
was recently employed by Jiang et  al. (2022) to create a 
unique, well-characterized SARS-CoV-2 vaccine candi-
date. The spike receptor-binding domain (RBD) obtained 
from mammalian cell cultures was attached to Salmo-
nella typhimurium EVs. The golden Syrian hamster was 
used as a COVID-19 immunization model and immu-
nized intranasally with RBD-conjugated outer membrane 
vesicles [114] (Fig.  4f ). Their results demonstrated that 
OMVs are a potential alternative for future SARS-CoV-2 
vaccine development against variants such as the delta/

omicron variants as boosters or for certain populations 
due to a number of advantages of this extracellular vesicle 
technology.

Challenges and limitations
Despite the potential of VVS as targeted drug delivery 
carriers, several concerns remain, including scale-up pro-
duction, drug loading, bioavailability, storage, stability, 
and immunogenicity. Overcoming these hurdles requires 
multidisciplinary efforts to optimize EV isolation and 
purification techniques, develop efficient cargo loading 
strategies, enhance VVS stability, mitigate immunogenic-
ity concerns, and improve targeting strategies. Even when 
these challenges are successfully addressed, the transla-
tion of promising in vitro and in vivo outcomes into clini-
cal trials presents an inescapable obstacle. At present, it is 
of paramount importance to focus on overcoming these 
limitations first to unlock the complete potential of VVS-
based nanocarriers, which could potentially transform 
targeted drug delivery and drive progress in the field of 
precision medicine.

In the following sections, each of the aforementioned 
challenges will be reviewed and the recent research 
efforts in overcoming them will be discussed. Further-
more, we have summarized VVS’s strengths, weaknesses, 
applications, and alternatives in Table 4. This reveals the 
advantages and disadvantages of VVS over existing tech-
nologies for targeted drug delivery.

Scale up production
EVs can be extracted either directly from bodily fluids 
and tissues or indirectly from cells grown in  vitro. The 
primary obstacles to establishing EVs in clinical settings 
are their production, isolation, modification, and purifi-
cation at scales that are appropriate for clinical use [116]. 
Principally, the release of EVs by cells is a spontaneous 
process and techniques in optimizing growth conditions 
to maximize EV productivity is a relatively well-studied 
area. Some of these techniques can be largely categorized 
under physical or chemical stimulation methods.

Physical stimulation mainly involves manipulation of 
culture conditions such as serum starvation, pH, tem-
perature, exposure to oxygen, among others [116–119]. 
Sun et al. observed an increase in EV levels attributed to 
serum deprivation, along with modified size distribution 
and the selective enrichment of particular proteins [118]. 
Lower pH values also significantly enhanced EV produc-
tion. These conditions led to increased uptake efficiency 
while maintaining cell-type specificity, presenting a nota-
ble advantage in the context of targeted delivery [119].

Chemical stimulation methods involve the simple 
addition of specific chemicals to the growth medium. 
For instance, cytochalasin-B treatment resulted in the 
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production of at least five times more extracellular vesi-
cle (EV) particles compared to conventional isolation 
methods [120]. Moreover, EVs treated with cytochalasin 
exhibited an enhanced capacity for drug loading [121]. 
Addition of calcium ions is another chemical modifica-
tion used to increase EV production [122]. The addition 
of calcium ions in the bioreactor lead to increased intra-
cellular ion concentration which altered the expression 
of proteins related to EV biogenesis. This ultimately led 

to an increase in EV production under calcium ion treat-
ment conditions [123].

The technical challenge in the upscale production of 
EV is its isolation and purification. Currently, the most 
widely used methods for EV isolation and purification 
involves an ultracentrifugation step, which is a time 
consuming, operator and equipment-sensitive, and very 
expensive process [94]. In addition, isolation techniques 
that rely mainly on ultracentrifugation have no standard-
ized protocol [124]. As a result, yield recovery and purity 

Table 4 Strengths, weaknesses, applications, ang alternatives of vesicle‑vector system (VVS) for targeted drug delivery

Strengths Weaknesses

●Protection from degradation: Lipid‑based vesicles (e.g. liposomes and extracellular vesicles) are 
superior vectors for drug delivery because they protect the cargo from degradation and increase its 
bioavailability
●Biocompatibility: The use of safe and biocompatible extracellular vesicles (EVs) for drug delivery 
promote cellular uptake of target cells
●Target specificity: Conjugation of bioactive probing molecules on the surface of lipid‑based 
vesicles help target specific cells and promote targeted drug delivery
●Multi‑targeted delivery: Multi‑targeted delivery can be achieved by conjugating a combination 
of bioactive probes with different targets or by using molecules with multiple targeting ability (e.g. 
bispecific antibodies)
●Multiple approaches in designing VVS:
  → Conjugation of target‑specific bioactive probing materials like proteins, peptides, antibodies, 
and aptamers with vesicles enhances targeted delivery
  →Hybridization of two vesicle types (e.g. liposome and exosome) is a promising approach in cre‑
ating modified vesicles with enhanced targeted drug delivery characteristics. It takes advantage 
of each vesicle’s characteristics that are helpful for targeted delivery
  →Genetic engineering of EV’s parent cells a practical approach in displaying bioactive probing 
materials on EV surface to be used for targeted delivery. This can be achieved through a variety 
of surface display methods largely divided into two types: direct and indirect surface display

●Scale up production of EVs can be a chal‑
lenge due to complexity of the isolation process 
and requirement of sophisticated equipment. 
Currently, the most widely used method for EV 
extraction is ultracentrifugation, but there are 
problems with protein contamination and low 
product yield
●Drug loading: In the encapsulation of drugs, 
current drug loading methods on EVs are still low 
efficiency. Additionally, the stability and long‑
term preservation of drug cargoes remain to be 
an issue
●Bioavailability: Liposomes, in general, have a low 
bioavailability because they are easily cleared 
by the immune system. Even when using PEG 
to evade immune response, repeated administra‑
tion of PEGylated liposomes has been reported 
to lead to the accelerated blood clearance (ABC) 
phenomenon
●Storage and stability: Cell culture derived EVs 
cannot be kept in storage for an extended period 
of time. Negative 80 °C frozen storage is now 
the most effective all‑around storage method
●Immunogenicity: Protein markers or other 
properties that are inherently present in EVs may 
be toxic and induce immune response from hosts. 
For instance, Lipopolysaccharide (LPS), one 
of the main components of OMV membranes, 
but it is highly immunogenic to human cells 
and triggers host immune response

Applications Alternatives of VVS

●Multi‑targeted delivery: multi‑targeted ligands, such as bispecific 
antibodies can bind to or inhibit two or more targets at once, increasing 
the compound’s therapeutic potential
●Vaccine/gene delivery VVS can be used in vaccine delivery applications. 
The type of vesicle and surface displayed probing material can be altered 
to fit the requirements for a successful vaccine/gene delivery
●Tissue regeneration: EVs are involved in the maintenance of tissue 
homeostasis, and they contribute to tissue repair and regeneration. 
For example, exosomes were reported to promote cartilage regeneration. 
Using an exosome‑based VVS can further enhance this ability which can 
be applied to the regeneration of other types of tissues as well
●Immunological regulation: EVs play discrete roles in the immune regula‑
tory functions, such as antigen presentation, and activation or suppres‑
sion of immune cells. Likewise, EV‑based VVS can be applied in immune 
regulation applications, such as for the treatment of autoimmune diseases

●Inorganic nanoparticles: Silver NP, gold NP, zinc oxide NP, and magnetic 
nanoparticles are used in various biomedical applications (including tar‑
geted delivery) due to their good biocompatibility, small size, low toxicity, 
easy surface modification, and controlled drug release
●Robotic nanomaterials: Micro/nanorobots can be designed to per‑
form any task, including the effective delivery of drugs to body tissues. 
Besides targeted delivery in cancer treatment, they are also predicted 
to carry out other small‑scale tasks, such as microsurgery of cells, assisted 
fertilization, and tissue engineering. Despite very promising advantages, 
much more research is necessary regarding micro/nanorobots on clinical 
applications
●Carbon nanotubes imaging probe: Carbon nanotubes have versatile 
applications. Its strong absorption of near‑infrared regions enable their 
application in photothermal therapy. Carbon nanotubes can also transform 
the laser energy to acoustic signals and exhibit great resonant Raman 
scattering and photoluminescence in near infrared region, which are all 
beneficial to their utilization in cancer imaging
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may largely vary depending on several key factors that 
determine the final efficiency of EV isolation. These fac-
tors include acceleration, type of rotor, and the inherent 
properties of the centrifuge like the radius of rotation and 
the sedimentation path length (k factor) [125].

Another limitation in scale-up production is the repro-
ducibility of EV’s properties. The amount of EVs pro-
duced, size, as wells as its proteomic cargo largely vary 
according to the growth conditions of the parent cells 
[126, 127]. Additionally, there are problems associated 
with protein contamination and low yield. Therefore, 
methods such as density cushions ultracentrifugation 
have been proposed to reduce contamination by lipopro-
teins and plasma proteins when separating EVs [128] but 
effective methods such as immune isolation and microfil-
tration are currently preferred [117].

Drug or cargo loading
Various loading methods have been developed for tar-
geted drug delivery through the VVS; however, their effi-
ciency remains low. Chen et  al. devised Sonication and 
Extrusion-assisted Active Loading (SEAL) as a means to 
increase the drug loading and improv the transport effi-
ciency of anticancer drugs [129]. A hybrid form of VVS 
using macrophages treated with DOX and iron oxide 
nanoparticles allowed DOX to be regulated by mag-
netic force when delivered to cancer cells. Additionally, 
attempts have been made to overcome the low solubil-
ity and absorption of curcumin by applying it to VVS. 
EV loading to improve the side effects and intracellu-
lar absorption of paclitaxel is an example of VVS [130]. 
Exosomes have been proposed as replacements for cell-
based therapies, as the capabilities of the exosome cargo 
are becoming increasingly known. Exosomes act as carri-
ers of RNA, lipids, and protein cargoes to alter the state 
of recipient cells [131]. Utilizing natural selective enrich-
ment of the desired RNA into EVs is the primary objec-
tive of endogenous RNA loading [132]. Either a passive 
loading method or an active loading process can achieve 
this. The use of a design to overexpress the desired RNA 
that is subsequently loaded into EVs by the mechanism 
of the cell is known as passive endogenous loading [13]. 
This method eliminates the requirement for additional 
vectors that modify RNA loading through molecular 
interactions by using an overexpression vector to stoichi-
ometrically increase RNA loading [133]. Preloading tech-
niques can take some time to set up, but they offer simple 
and continuous production of drug-containing EVs. The 
integrity of the EV membrane is also preserved, as post-
loading techniques that typically damage the membrane 
are avoided. However, as the amount of medicine loaded 
into EVs depends upon several variables, including trans-
fection effectiveness and cell survival, their management 

can be challenging [134]. The lack of complete knowledge 
of the’ full metabolic profile of EVs is one of the primary 
issues regarding their therapeutic applications. Addition-
ally, there are no efficient drug-loading mechanisms for 
clinical-grade production, and there are no standardized 
isolation and purification techniques. Alternatives that 
are repeatable, inexpensive, simple, and can be modified 
for mass production are still required [135].

Bioavailability
Bioavailability refers to the fraction of a drug that 
enters systemic circulation and is known to exert its 
pharmacological effect [136]. Lipid-based nanocar-
riers such as VVS can enhance the bioavailability of 
poorly soluble drugs by improving their solubility, per-
meability, and stability. VVS also protects drugs from 
enzymatic degradation, provides sustained release, and 
targets specific tissues and cells. However, the bioavail-
ability of drugs delivered via VVS is limited by several 
factors. For example, the size, surface charge, and com-
position of a nanocarrier can influence its interaction 
with biological barriers such as the mucus layer, epithe-
lial cells, and endothelial cells. VVS that are too large or 
positively charged may be trapped in the mucus layer or 
taken up by macrophages, thus leading to a decrease in 
bioavailability [137]. In contrast, VVS that are too small 
or negatively charged may be rapidly eliminated by the 
kidneys or reticuloendothelial system (RES), ultimately 
resulting in a short circulation time and low bioavail-
ability [138].

Moreover, the choice of lipid and surfactant compo-
nents can affect the stability and integrity of the VVS 
during storage, transportation, and administration [139]. 
Lipid and surfactant molecules can undergo oxidation, 
hydrolysis, or aggregation, ultimately leading to changes 
in the physical and chemical properties of the nanocar-
rier and the contained drug [140]. These changes can 
affect the release profile, biodistribution, and efficacy of 
the drug, thus limiting its bioavailability [141].

Although VVS offers promising benefits for targeted 
drug delivery, its bioavailability is still limited by sev-
eral factors related to physical, chemical, and biological 
properties. Therefore, careful selection and optimiza-
tion of the VVS components and parameters are crucial 
for achieving high drug bioavailability and therapeutic 
efficacy.

Storage and stability
In recent years, several studies have investigated the stor-
age stability of EVs and liposomes, often focusing on 
specific parameters such as storage temperature/time, 
freezing protocol, vesicle sources, or specific features 
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[142]. The physical instability of VVS can be attributed 
to several factors, including membrane bilayers, aggre-
gation, and poor retention of encapsulated contents 
[143]. EVs are a promising cell-free treatment; however, 
they cannot be stored for extended periods. There-
fore, research focused on EV preservation technolo-
gies is required to safeguard their biological activity and 
make them practical for clinical applications and transit. 
Negative 80  °C frozen storage is now the most effective 
all-around storage method [144]. However, the choice 
of temperature for long-term storage stability of EVs 
is influenced by a variety of sources and experimental 
methods [17]. In recent years, a small number of studies 
have investigated the impact of EV sources [145] and the 
choice of isolation methods [146].

It is worth noting that research in the field of VVS-
based drug delivery is rapidly evolving, and ongoing 
efforts aim to address these limitations to harness the full 
potential of VVSs as effective and stable drug delivery 
nanocarriers.

Immunogenicity
For successful delivery, VVS must pass through multiple 
barriers such as the physical, immune, and (in certain 
cases) the blood–brain barrier before reaching the target 
site. Low immunogenicity allows VVS to pass through 
these barriers without triggering an alarm in the host 
immune system, thus enabling successful delivery.

Immunogenicity also significantly contributes to in vivo 
blood circulation time of VVS and subsequently, its bio-
availability. Nanoparticles with high blood circulation 
time will have optimized chances of delivering its cargo 
into the intended target site. However, recent research 
in intravenous NPs has revealed that only 1% is able to 
reach their target sites due to immune system clearance 
and short blood circulation time in vivo [147, 148]. The 
most widely practiced technique of incorporating long-
circulating and low immunogenic qualities is the addition 
of PEG. PEG evades the mononuclear phagocyte system 
by encapsulating the vesicles with a hydration layer, thus 
giving the VVS a “stealth” property [149, 150]. However, 
upon continued administration, hosts can develop accel-
erated blood clearance (ABC phenomenon) wherein the 
nanoparticle-carrying drugs are rapidly removed from 
the blood and delivered to the liver and spleen causing 
toxicity in the liver and spleen [151]. Recently, a new 
approach in the development of VVS has been developed 
by Fang et. al. They demonstrated the use of RBC-derived 
membrane materials to disguise drug nanocarriers as 
‘self ’, resulting in significantly prolonged blood circula-
tion time that is even greater compared to its PEGylated 
counterparts [152].

Immunogenicity of VVS as drug delivery nanocarri-
ers is a complex and multifactorial issue, and further 
research is needed to fully understand and address these 
limitations.

Clinical applications
VVS has exhibited effective targeted drug delivery abili-
ties both in  vitro and in  vivo. However, the transition 
from these promising results to practical clinical applica-
tions poses a significant challenge. Up to this point, VVS 
in the form of PEGylated liposomes, notably demon-
strated by Doxil® and Onivyde® in the context of cancer 
treatment, have been the only treatments to achieve sub-
stantial success in clinical trials, ultimately receiving FDA 
approval [153]. Nevertheless, their clinical utility remains 
constrained by a lack of precise targeting. Moreover, 
repeated administrations of PEGylated VVS resulted in 
the emergence of the accelerated blood clearance (ABC) 
phenomenon [154].

In contrast to liposomes, EVs inherent qualities—role 
in cell-to-cell communication, biocompatibility, low 
immunogenicity, stability, and the ability to cross biologi-
cal barriers—make them excellent candidates for clini-
cal applications as diagnostic biomarkers and as targeted 
drug delivery vectors for the treatment of cancer and 
other immunological diseases [155]. However, recent 
clinical trials using VVS for drug delivery have mainly 
used unmodified EVs, which has raised concerns related 
to lack of target specificity, low EV half-life, heterogene-
ity, dependence on parent cell condition, and the cost 
associated with large-scale cell culture [156, 157]. None-
theless, a few emerging pharmaceutical companies are 
pushing efforts to bring the use EV-based VVS into clini-
cal applications [158]. In particular, Codiak Biosciences 
made a VVS called ExoIL-12™ for the targeted delivery 
of drugs in cancer treatment [159]. They have engineered 
exosomes to display interleukin-12 (IL-12) by using Pros-
taglandin F2 Receptor Negative Regulator (PTGFRN), a 
type I membrane protein abundantly expressed on the 
exosome surface, serving as an anchor to display IL-12 on 
the surface of exosome membrane [159]. Phase I of clini-
cal trials has demonstrated a promising safety and toler-
ability profile in repeated dosing, along with observed 
antitumor activity in both locally injected and distant 
lesions [160]. Consequently, the recommendation for 
phase 2 trials is based on these positive outcomes, with 
optimistic expectations for continued success.

In conclusion, the promising potential of VVS for tar-
geted delivery in clinical trials emphasizes the need for 
continued investigation and research, paving the way for 
advancements in this field.
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VVS Applications, insights, and future perspectives
VVS can be modified and applied in a variety of fields in 
biotechnology and medicine in addition to their use in 
targeted drug delivery.

VVS is a favorable platform for vaccine and gene deliv-
ery. State-of-the-art vaccine delivery systems involve the 
encapsulation mRNA-based vaccines with lipid-based 
nanovesicles [139]. The same concept has also been used 
for gene delivery. Numerous papers have demonstrated 
the successful application of EVs as vehicles for nucleic 
acids due to their easy cargo loading (via electropora-
tion) and transfer of nucleic acid cargo into mammalian 
host cells [161, 162]. However, stronger pulses may cause 
harm to both the EVs and their cargo, and electropora-
tion is linked to nucleic acid species aggregation and EV 
membrane integrity loss. However, it has been demon-
strated that altering the electroporation settings might 
lessen these undesirable consequences [163]. Further 
modification of liposomes and EVs into VVS will improve 
the target specificity and increase the overall efficacy. 
In addition to encapsulation, the surface decoration of 
antigens provides another promising approach for vac-
cine delivery. VVS vaccines can be produced using sur-
face-decorating EVs with specific antigens that trigger 
an immune response. Surface-attached antigens exhibit 
an advantage in inducing a T-cell response due to their 
availability for B-cell recognition as opposed to encapsu-
lated antigens that require vesicle disruption to be acces-
sible [164]. A promising approach to VVS-based vaccines 
would be to impede viral infection via surface decoration 
of VVS with virus-host interaction-inhibiting molecule, 
such as Cyclophilin A [165].

Therefore, the therapeutic potential of VVS requires 
further exploration. EVs participate in maintaining tissue 
homeostasis, repair, and regeneration [166, 167]. Spe-
cifically, exosomes promote cartilage regeneration [168]. 
This ability can be further exploited using exosome-
derived VVS and can be applied in the fields of artificial 
cell culture and tissue regeneration. Related to tissue 
regeneration, exosomes (derived from bovine milk) were 
also reported to help reduce scars or keloids, caused by 
abrasion, skin tissue damage, skin incision by surgery, 
and acne extrusion in vitro [19]. VVS based on exosomes 
can be further explored for scar-free healing treatments 
and applications. Additionally, EVs play diverse roles in 
the regulation of the immune system, including antigen 
transport and suppression and activation of immune cells 
[169]. Similarly, EV-based VVS can be used in immune 
regulation applications such as the treatment of autoim-
mune diseases.

According to recent research, EVs are crucial in the 
transfer of autoantigenic peptides from β cells that 

produce insulin during the onset of type 1 diabetes 
(T1DM). T1DM patients’ plasma had higher levels 
of expression of miRNAs in EVs, such as miR-16-5p, 
miR-574-5p, and miR-302d-3p, than did the plasma of 
healthy controls [170]. Research has demonstrated that 
administering pure srIκB-loaded exosomes (Exo-srIκBs) 
intraperitoneally reduces mortality and systemic inflam-
mation in a mouse model of sepsis [171]. Additionally, 
in  vitro and in  vivo studies have shown that the inclu-
sion of phytochemicals into EVs as part of nanomedicine 
for anticancer therapy is effective. The chemical stability, 
bioavailability, and site activity of the integrated phy-
tochemicals are improved by EV delivery of anticancer 
phytochemicals [172]. Discovered tumor growth sup-
pression in an orthotopic mouse model of breast cancer 
by encapsulating miRNA-379 into mesenchymal stem 
cell (MSC)-derived extracellular vesicles (EVs) through 
the transfection of MSCs with miRNA-379 [173]. A study 
used exosomes produced from IFN-γ-modified RM-1 
prostate cancer cells in C57BL with lung metastases to 
provide a vaccination schedule consisting of four injec-
tions (days 0, 4, 8, and 12). In male mice, it decreased 
the quantity of Tregs and the tumor metastatic rate 
[174]. These technologies provide a potential and feasi-
ble personalized exosome-based cancer vaccine approach 
produced from tumors and dendritic cells [175]. EV 
applications can also extend to addressing bacterial infec-
tions in the context of hospital settings. For example, 
exosomes derived from honey were discovered to con-
tain antimicrobial peptides effective against oral Strepto-
cocci. It showed antibacterial and antibiofilm capabilities 
which were notably more pronounced on S. mutans in 
comparison to S. sanguinis [176]. Likewise, bovine colos-
trum-derived exosomes (BC-Exo) also showed biofilm 
eradication and anti-hemolysis effects against Staphylo-
coccus aureus. A decrease in ATP production and modi-
fication of the cell surface due to BC-Exo treatment were 
observed. The antibacterial activity of BC-Exo against 
S.aureus was confirmed, and this can be a base for the 
development of antibiotics [177].

Despite its obvious merits, VVS remains a competitive 
drug delivery platform. Inorganic nanoparticles (INP) 
such as AgNPs, AuNPs, ZnONPs, and magnetic NP have 
been explored and applied in the fields of biotechnology 
and medicine as drug delivery vehicles since the 1960s 
due to their low toxicity, small size, biocompatibility, ease 
of surface modification, and potential in the facilitation 
of controlled drug release [178]. Another consideration 
regards its use (CNT). CNTs exhibit similar advantages 
to INPs; however, due to their distinctive needle-like 
structure, they can easily penetrate cell membranes [179]. 
Robotic nanomaterials are an emerging technology that 
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can be used as drug delivery vectors. Nanorobots can be 
designed to perform any task, including effective delivery 
of drugs to body tissues. In addition to targeted delivery, 
they are also predicted to perform other micro/nanoscale 
tasks such as cell tissue engineering, assisted fertilization, 
and microsurgery [180].

However, future research directions for VVS are limit-
less. It must be further explored for applications not only 
in targeted delivery but also in all other areas where it 
may serve a significant purpose.

Conclusion
Targeted delivery using well-constructed nanocarriers 
such as the vesicle-vector systems (VVS) can be used 
to treat numerous illnesses with enhanced efficacy and 
reduced adverse effects. In this review, we introduced 
VVS as a flexible carrier for targeted drug delivery with 
great potential to also be applied in the areas of vaccine 
delivery, gene therapy, and tissue regeneration. We speci-
fied three different approaches for the development of 
VVS—vesicle-probe, vesicle-vesicle, and genetically engi-
neered vesicles—and showed evidence of the improved 
target-specificity for the delivery of diverse therapeutic 
materials. However, the recently developed VVS is still 
far from achieving the ultimate goal of the “magic bullet”. 
Investigations examining the pharmacokinetic profile of 
loaded drugs and their biodistribution on vesicles upon 
loading and release in vivo and in actual clinical settings 
remain to be a major concern. Hence, studies involving 
in vivo testing and clinical trials should be given consid-
eration. By highlighting the vesicle vector system (VVS) 
and its potential applications in targeted drug delivery, 
we hope to encourage and inspire the readers to explore 
new methods to overcome its limitations and create new 
approaches in developing cost-effective, safe, and effec-
tive targeted drug delivery systems hereinafter.

Abbreviations
VVS  Vesicle‑vector system
DDS  Drug delivery system
NP  Nanoparticle
OMV  Outer membrane vesicle
EV  Extracellular vesicle
PEG  Polyethylene glycol
CS  Chitosan
RES  Reticuloendothelial system
HUVEC  Human umbilical vein endothelial cells
MSC  Murine mesenchymal stem cell line C3H
MDCK (free GFP expressing)  Mardin−Darby canine kidney cells
LPS  Lipopolysaccharides
BsAbs  Bispecific Antibodies
INP  Ice nucleation proteins
DOPE  1,2‑Dioleoyl‑sn‑glycero‑3‑phosphoethanola‑

mine
DOTAP  1,2‑Dioleoyl‑3‑trimethylammonium‑propane 

(chloride salt)
HSPC  L‑a‑phosphatidylcholine

DOPC  1,2‑Dioleoyl‑sn‑Glycero‑3‑Phosphocholine
POPC  1‑Palmitoyl‑2‑oleoyl‑sn‑glycero‑3‑phospho‑

choline
DMPC  1,2‑Dimyristoyl‑sn‑glycero‑3‑phosphocholine
DSPE  1,2‑Distearoyl‑sn‑glycero‑3‑phosphorylethan‑

olamine
DSPA  1,2‑Distearoyl‑sn‑Glycero‑3‑Phosphatidic acid 

Na salt
DSPG  1,2‑Distearoyl‑sn‑glycero‑3‑phosphorylglycerol 

sodium salt
DSPC  1,2‑Distearoyl‑sn‑glycero‑3‑phosphocholine
DPPE  1,2‑Dipalmitoyl‑sn‑glycero‑3‑phosphoryletha‑

nolamine
DPPA  1,2‑Dipalmitoyl‑sn‑glycero‑3‑phosphatidic acid 

sodium salt
DPPG  1,2‑Dipalmitoyl‑sn‑glycero‑3‑phosphorylglyc‑

erol sodium salt
DPPC  1,2‑Dipalmitoyl‑sn‑glycero‑3‑phosphocholine 

(DPPC)
OMP  Outer Membrane Proteins
SLP  Surface Lipoproteins

Author contributions
CAM: Conceptualization; Investigation; Writing—original draft; Writing—origi‑
nal draft. C‑IO: Conceptualization; Investigation; Writing—original draft. GA: 
Investigation; Methodology; Validation; Writing—original draft. W‑RS: Method‑
ology; Validation; Visualization;Writing—original draft. Y‑HK: Conceptualization; 
Investigation; Methodology; Project administration; Writing—review & editing. 
J‑YA: Conceptualization; Investigation; Methodology; Project administration; 
Supervision; Validation; Visualization; Writing—original draft; Writing—review 
& editing.

Funding
This research was supported by the Basic Science Research Program through 
the National Research Foundation of Korea (NRF) funded by the Ministry of 
Education (2020R1A6A1A06046235). This work was supported by the Com‑
mercialization Promotion Agency for R&D Outcomes (COMPA) grant funded 
by the Korean government (MSIT) (No. 1711173792).

Data availability statement
Data availability is not applicable to this article as no new data were created 
in this study.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
We declare that we have no financial, personal relationships or academic com‑
petition with other people or organizations that can inappropriately influence 
our work. There are no possible.

Received: 28 July 2023   Accepted: 14 December 2023

References
 1. Senapati S, Mahanta AK, Kumar S, Maiti P. Controlled drug delivery vehi‑

cles for cancer treatment and their performance. Sig Transduct Target 
Ther. 2018;3:7.



Page 22 of 25Marquez et al. Journal of Nanobiotechnology            (2024) 22:6 

 2. Sabu C, Rejo C, Kotta S, Pramod K. Bioinspired and biomimetic 
systems for advanced drug and gene delivery. J Control Release. 
2018;287:142–55.

 3. Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA, Langer 
R. Engineering precision nanoparticles for drug delivery. Nat Rev Drug 
Discov. 2021;20:101–24.

 4. Wang K, Shang F, Chen D, Cao T, Wang X, Jiao J, et al. Protein liposomes‑
mediated targeted acetylcholinesterase gene delivery for effective liver 
cancer therapy. J Nanobiotechnol. 2021;19:31.

 5. Akbarzadeh A, Rezaei‑Sadabady R, Davaran S, Joo SW, Zarghami N, 
Hanifehpour Y, et al. Liposome: classification, preparation, and applica‑
tions. Nanoscale Res Lett. 2013;8:102.

 6. Riaz M, Riaz M, Zhang X, Lin C, Wong K, Chen X, et al. Surface function‑
alization and targeting strategies of liposomes in solid tumor therapy: a 
review. IJMS. 2018;19:195.

 7. Mougenot MF, Pereira VS, Costa ALR, Lancellotti M, Porcionatto MA, da 
Silveira JC, et al. Biomimetic nanovesicles—sources, design, production 
methods, and applications. Pharmaceutics. 2022;14:2008.

 8. Sonju JJ, Dahal A, Singh SS, Jois SD. Peptide‑functionalized liposomes 
as therapeutic and diagnostic tools for cancer treatment. J Control 
Release. 2021;329:624–44.

 9. Dang XTT, Kavishka JM, Zhang DX, Pirisinu M, Le MTN. Extracellular 
vesicles as an efficient and versatile system for drug delivery. Cells. 
2020;9:2191.

 10. Herrmann IK, Wood MJA, Fuhrmann G. Extracellular vesicles as a next‑
generation drug delivery platform. Nat Nanotechnol. 2021;16:748–59.

 11. Doyle L, Wang M. Overview of extracellular vesicles, their origin, 
composition, purpose, and methods for exosome isolation and analysis. 
Cells. 2019;8:727.

 12. Heinrich E, Hartwig O, Walt C, Kardani A, Koch M, Jahromi LP, et al. Cell‑
derived vesicles for antibiotic delivery—understanding the challenges 
of a biogenic carrier system. Small. 2023;19:2207479.

 13. O’Brien K, Breyne K, Ughetto S, Laurent LC, Breakefield XO. RNA delivery 
by extracellular vesicles in mammalian cells and its applications. Nat 
Rev Mol Cell Biol. 2020;21:585–606.

 14. Manca S, Upadhyaya B, Mutai E, Desaulniers AT, Cederberg RA, White 
BR, et al. Milk exosomes are bioavailable and distinct microRNA cargos 
have unique tissue distribution patterns. Sci Rep. 2018;8:11321.

 15. Antimisiaris S, Mourtas S, Marazioti A. Exosomes and exosome‑inspired 
vesicles for targeted drug delivery. Pharmaceutics. 2018;10:218.

 16. Kong H, Kim SB. Exosomal communication between the tumor micro‑
environment and innate immunity and its therapeutic application. 
Immune Netw. 2022;22:e38.

 17. Zhang Y, Bi J, Huang J, Tang Y, Du S, Li P. Exosome: a review of its classifi‑
cation, isolation techniques, storage. Diagnostic Targeted Therapy Appl 
IJN. 2020;15:6917–34.

 18. Munir J, Lee M, Ryu S. Exosomes in food: health benefits and clinical 
relevance in diseases. Adv Nutr. 2020;11:687–96.

 19. Ahn G, Kim Y‑H, Ahn J‑Y. Multifaceted effects of milk‑exosomes 
(Mi‑Exo) as a modulator of scar‑free wound healing. Nanoscale Adv. 
2021;3:528–37.

 20. Salim M, Eason T, Boyd BJ. Opportunities for milk and milk‑related 
systems as ‘new’ low‑cost excipient drug delivery materials. Adv Drug 
Deliv Rev. 2022;183: 114139.

 21. Trinchese G, Cavaliere G, De Filippo C, Aceto S, Prisco M, Chun JT, et al. 
Human milk and donkey milk, compared to cow milk, reduce inflam‑
matory mediators and modulate glucose and lipid metabolism, acting 
on mitochondrial function and oleylethanolamide levels in rat skeletal 
muscle. Front Physiol. 2018;9:32.

 22. Nemati M, Singh B, Mir RA, Nemati M, Babaei A, Ahmadi M, et al. Plant‑
derived extracellular vesicles: a novel nanomedicine approach with 
advantages and challenges. Cell Commun Signal. 2022;20:69.

 23. Zhang M, Xiao B, Wang H, Han MK, Zhang Z, Viennois E, et al. Edible 
ginger‑derived nano‑lipids loaded with doxorubicin as a novel drug‑
delivery approach for colon cancer therapy. Mol Ther. 2016;24:1783–96.

 24. Karamanidou T, Tsouknidas A. Plant‑derived extracellular vesicles as 
therapeutic nanocarriers. IJMS. 2021;23:191.

 25. Avila‑Calderón ED, Ruiz‑Palma MD, Aguilera‑Arreola MG, Velázquez‑
Guadarrama N, Ruiz EA, Gomez‑Lunar Z, et al. Outer membrane vesicles 
of gram‑negative bacteria: an outlook on biogenesis. Front Microbiol. 
2021;12:557902.

 26. Cecil JD, Sirisaengtaksin N, O’Brien‑Simpson NM, Krachler AM. Outer 
membrane vesicle‑host cell interactions. Microbiol Spectr. 2019. https:// 
doi. org/ 10. 1128/ micro biols pec. PSIB‑ 0001‑ 2018.

 27. Gerritzen MJH, Salverda MLM, Martens DE, Wijffels RH, Stork M. 
Spontaneously released Neisseria meningitidis outer membrane 
vesicles as vaccine platform: production and purification. Vaccine. 
2019;37:6978–86.

 28. Lee E, Choi D, Kim K, Gho YS. Proteomics in gram‑negative bacterial 
outer membrane vesicles. Mass Spectrom Rev. 2008;27:535–55.

 29. Bielaszewska M, Rüter C, Bauwens A, Greune L, Jarosch K‑A, Steil D, 
et al. Host cell interactions of outer membrane vesicle‑associated 
virulence factors of enterohemorrhagic Escherichia coli O157: intracel‑
lular delivery, trafficking and mechanisms of cell injury. PLoS Pathog. 
2017;13:e1006159.

 30. McMahon KJ, Castelli ME, Vescovi EG, Feldman MF. Biogenesis of Outer 
membrane vesicles in Serratia marcescens Is thermoregulated and can 
be induced by activation of the Rcs phosphorelay system. J Bacteriol. 
2012;194:3241–9.

 31. Tsuji T, Fujimoto T. Lipids and lipid domains of the yeast vacuole. Bio‑
chem Soc Trans. 2018;46:1047–54.

 32. Gujrati V, Lee M, Ko Y‑J, Lee S, Kim D, Kim H, et al. Bioengineered yeast‑
derived vacuoles with enhanced tissue‑penetrating ability for targeted 
cancer therapy. Proc Natl Acad Sci USA. 2016;113:710–5.

 33. Cheng R, Liu L, Xiang Y, Lu Y, Deng L, Zhang H, et al. Advanced 
liposome‑loaded scaffolds for therapeutic and tissue engineering 
applications. Biomaterials. 2020;232:119706.

 34. Skotland T, Sagini K, Sandvig K, Llorente A. An emerging focus on lipids 
in extracellular vesicles. Adv Drug Deliv Rev. 2020;159:308–21.

 35. Bellefroid C, Reusch C, Lechanteur A, Evrard B, Debacq‑Chainiaux F, 
Mottet D, et al. Systematic study of liposomes composition towards 
efficient delivery of plasmid DNA as potential application of dermal 
fibroblasts targeting. Int J Pharm. 2021;593:120122.

 36. Naradasu D, Miran W, Sharma S, Takenawa S, Soma T, Nomura N, et al. 
Biogenesis of outer membrane vesicles concentrates the unsaturated 
fatty acid of phosphatidylinositol in capnocytophaga ochracea. Front 
Microbiol. 2021;12:682685.

 37. Benne N, Leboux RJT, Glandrup M, Van Duijn J, Lozano Vigario F, 
Neustrup MA, et al. Atomic force microscopy measurements of anionic 
liposomes reveal the effect of liposomal rigidity on antigen‑specific 
regulatory T cell responses. J Control Release. 2020;318:246–55.

 38. Heidarli E, Dadashzadeh S, Haeri A. State of the art of stimuli‑responsive 
liposomes for cancer therapy. Iran J Pharm Res. 2017;16:1273–304.

 39. Kim J, Li S, Zhang S, Wang J. Plant‑derived exosome‑like nanoparticles 
and their therapeutic activities. Asian J Pharm Sci. 2022;17:53–69.

 40. Shin H‑S, Gedi V, Kim J‑K, Lee D. Detection of Gram‑negative bacterial 
outer membrane vesicles using DNA aptamers. Sci Rep. 2019;9:13167.

 41. Liu G, Kang G, Wang S, Huang Y, Cai Q. Extracellular vesicles: emerg‑
ing players in plant defense against pathogens. Front Plant Sci. 
2021;12:757925.

 42. Manandhar SP, Gharakhanian E. ENV7 and YCK3, which encode vacuolar 
membrane protein kinases, genetically interact to impact cell fitness 
and vacuole morphology. FEMS Yeast Res. 2014;14:472–80.

 43. De Leo V, Milano F, Agostiano A, Catucci L. Recent advancements in 
polymer/liposome assembly for drug delivery: from surface modifica‑
tions to hybrid vesicles. Polymers. 2021;13:1027.

 44. Dissanayake T, Sun X, Abbey L, Bandara N. Recent advances in lipid‑
protein conjugate‑based delivery systems in nutraceutical, drug, and 
gene delivery. Food Hydrocolloids for Health. 2022;2:100054.

 45. Aronson MR, Medina SH, Mitchell MJ. Peptide functionalized 
liposomes for receptor targeted cancer therapy. APL Bioengineering. 
2021;5:011501.

 46. Muguruma K, Osawa R, Fukuda A, Ishikawa N, Fujita K, Taguchi A, et al. 
Development of a high‑affinity antibody‑binding peptide for site‑
specific modification. ChemMedChem. 2021;16:1814–21.

 47. Tang J, Wang Q, Yu Q, Qiu Y, Mei L, Wan D, et al. A stabilized retro‑inverso 
peptide ligand of transferrin receptor for enhanced liposome‑based 
hepatocellular carcinoma‑targeted drug delivery. Acta Biomater. 
2019;83:379–89.

 48. Kang C, Han P, Lee JS, Lee D, Kim D. Anchor, spacer, and ligand‑modified 
engineered exosomes for trackable targeted therapy. Bioconjugate 
Chem. 2020;31:2541–52.

https://doi.org/10.1128/microbiolspec.PSIB-0001-2018
https://doi.org/10.1128/microbiolspec.PSIB-0001-2018


Page 23 of 25Marquez et al. Journal of Nanobiotechnology            (2024) 22:6  

 49. Fan X, Xu H, Song J, Jin Y, Wink M, Wu G. Using a membrane‑penetrat‑
ing‑peptide to anchor ligands in the liposome membrane facilitates 
targeted drug delivery. Bioconjugate Chem. 2020;31:113–22.

 50. Xu W, Yan X, Liu N, Wu G. P1c peptide decorated liposome tar‑
geting αvβ3‑expressing tumor cells in vitro and in vivo. RSC Adv. 
2018;8:25575–83.

 51. Wen X, Li J, Cai D, Yue L, Wang Q, Zhou L, et al. Anticancer efficacy of 
targeted shikonin liposomes modified with RGD in breast cancer cells. 
Molecules. 2018;23:268.

 52. Akbar MJ, Lukasewicz Ferreira PC, Giorgetti M, Stokes L, Morris CJ. 
Bombesin receptor‑targeted liposomes for enhanced delivery to lung 
cancer cells. Beilstein J Nanotechnol. 2019;10:2553–62.

 53. Liang G, Zhu Y, Ali DJ, Tian T, Xu H, Si K, et al. Engineered exosomes for 
targeted co‑delivery of miR‑21 inhibitor and chemotherapeutics to 
reverse drug resistance in colon cancer. J Nanobiotechnol. 2020;18:10.

 54. Suga T, Watanabe M, Sugimoto Y, Masuda T, Kuroda N, Hagimori M, 
et al. Synthesis of a high functionality and quality lipid with gp130 
binding hydrophobic peptide for the preparation of human glioma 
cell‑targeted PEGylated liposomes. J Drug Delivery Sci Technol. 
2019;49:668–73.

 55. Casella G, Colombo F, Finardi A, Descamps H, Ill‑Raga G, Spinelli A, et al. 
Extracellular vesicles containing IL‑4 modulate neuroinflammation in a 
mouse model of multiple sclerosis. Mol Ther. 2018;26:2107–18.

 56. Chen R, Yuan W, Zheng Y, Zhu X, Jin B, Yang T, et al. Delivery of engi‑
neered extracellular vesicles with miR‑29b editing system for muscle 
atrophy therapy. J Nanobiotechnol. 2022;20:304.

 57. Sasikumar PG, Ramachandra M. Small‑molecule immune checkpoint 
inhibitors targeting PD‑1/PD‑L1 and other emerging checkpoint path‑
ways. BioDrugs. 2018;32:481–97.

 58. Ganesan A, Ahmed M, Okoye I, Arutyunova E, Babu D, Turnbull WL, 
et al. Comprehensive in vitro characterization of PD‑L1 small molecule 
inhibitors. Sci Rep. 2019;9:12392.

 59. Di J, Xie F, Xu Y. When liposomes met antibodies: drug delivery and 
beyond. Adv Drug Deliv Rev. 2020;154–155:151–62.

 60. Yu J, Hu F, Zhu Q, Li X, Ren H, Fan S, et al. PD‑L1 monoclonal antibody‑
decorated nanoliposomes loaded with Paclitaxel and P‑gp transport 
inhibitor for the synergistic chemotherapy against multidrug resistant 
gastric cancers. Nanoscale Res Lett. 2020;15:59.

 61. Kooijmans SAA, Fliervoet LAL, van der Meel R, Fens MHAM, Heijnen 
HFG, van Bergen en Henegouwen PMP, et al. PEGylated and targeted 
extracellular vesicles display enhanced cell specificity and circulation 
time. J Controll Release. 2016;224:77–85.

 62. Guo P, Yang J, Jia D, Moses MA, Auguste DT. ICAM‑1‑targeted, Lcn2 
siRNA‑encapsulating liposomes are potent anti‑angiogenic agents for 
triple negative breast cancer. Theranostics. 2016;6:1–13.

 63. Brindisi M, Kessler SM, Kumar V, Zwergel C. Editorial: multi‑
target directed ligands for the treatment of cancer. Front Oncol. 
2022;12:980141.

 64. Sekhon SS, Ahn G, Sekhon SS, Ahn J‑Y, Kim Y‑H. Bioengineered aptamer‑
nanoconjugates for cancer theragnosis. Mol Cell Toxicol. 2018;14:361–8.

 65. Shin W‑R, Park D‑Y, Kim JH, Lee J‑P, Thai NQ, Oh I‑H, et al. Structure 
based innovative approach to analyze aptaprobe–GPC3 complexes in 
hepatocellular carcinoma. J Nanobiotechnol. 2022;20:204.

 66. Khan AA, Allemailem KS, Almatroodi SA, Almatroudi A, Rahmani AH. 
Recent strategies towards the surface modification of liposomes: 
an innovative approach for different clinical applications. Biotech. 
2020;10:163.

 67. Moosavian SA, Sahebkar A. Aptamer‑functionalized liposomes for 
targeted cancer therapy. Cancer Lett. 2019;448:144–54.

 68. Almeida B, Nag OK, Rogers KE, Delehanty JB. Recent progress in bio‑
conjugation strategies for liposome‑mediated drug delivery. Molecules. 
2020;25:5672.

 69. Viglasky V, Hianik T. Potential uses of G‑quadruplex‑forming aptamers. 
GPB. 2013;32:149–72.

 70. O. Tucker W, T. Shum K, A. Tanner J. G‑quadruplex DNA Aptam‑
ers and their Ligands: Structure, Function and Application. CPD. 
2012;18:2014–26

 71. Sekhon SS, Ahn G, Park G‑Y, Park D‑Y, Lee S‑H, Ahn J‑Y, et al. The role 
of aptamer loaded exosome complexes in the neurodegenerative 
diseases. Toxicol Environ Health Sci. 2019;11:85–93.

 72. Torchilin V. Antibody‑modified liposomes for cancer chemotherapy. 
Expert Opin Drug Deliv. 2008;5:1003–25.

 73. Bertrand N, Wu J, Xu X, Kamaly N, Farokhzad OC. Cancer nanotechnol‑
ogy: The impact of passive and active targeting in the era of modern 
cancer biology. Adv Drug Deliv Rev. 2014;66:2–25.

 74. Nag O, Awasthi V. Surface Engineering of Liposomes for Stealth Behav‑
ior. Pharmaceutics. 2013;5:542–69.

 75. Li F, Mei H, Xie X, Zhang H, Liu J, Lv T, et al. Aptamer‑conjugated chi‑
tosan‑anchored liposomal complexes for targeted delivery of erlotinib 
to EGFR‑mutated lung cancer cells. AAPS J. 2017;19:814–26.

 76. Baek SE, Lee KH, Park YS, Oh D‑K, Oh S, Kim K‑S, et al. RNA aptamer‑
conjugated liposome as an efficient anticancer drug delivery vehicle 
targeting cancer cells in vivo. J Control Release. 2014;196:234–42.

 77. Yang H, Liu H, Kang H, Tan W. Engineering target‑responsive 
hydrogels based on aptamer−target interactions. J Am Chem Soc. 
2008;130:6320–1.

 78. Famulok M, Hartig JS, Mayer G. Functional aptamers and aptazymes in 
biotechnology, diagnostics, and therapy. Chem Rev. 2007;107:3715–43.

 79. Wang T, Luo Y, Lv H, Wang J, Zhang Y, Pei R. Aptamer‑based erythrocyte‑
derived mimic vesicles loaded with siRNA and doxorubicin for the 
targeted treatment of multidrug‑resistant tumors. ACS Appl Mater 
Interfaces. 2019;11:45455–66.

 80. Karim R, Somani S, Al Robaian M, Mullin M, Amor R, McConnell G, 
et al. Tumor regression after intravenous administration of targeted 
vesicles entrapping the vitamin E α‑tocotrienol. J Control Release. 
2017;246:79–87.

 81. Shi X, Cheng Q, Hou T, Han M, Smbatyan G, Lang JE, et al. Genetically 
engineered cell‑derived nanoparticles for targeted breast cancer 
immunotherapy. Mol Ther. 2020;28:536–47.

 82. Cheng Q, Shi X, Han M, Smbatyan G, Lenz H‑J, Zhang Y. Reprogramming 
exosomes as nanoscale controllers of cellular immunity. J Am Chem 
Soc. 2018;140:16413–7.

 83. Nie W, Wu G, Zhang J, Huang L, Ding J, Jiang A, et al. responsive exo‑
some nano‑bioconjugates for synergistic cancer therapy. Angew Chem. 
2020;132:2034–8.

 84. Li B, Wei J, Di C, Lu Z, Qi F, Zhang Y, et al. Molecularly engineered 
truncated tissue factor with therapeutic aptamers for tumor‑targeted 
delivery and vascular infarction. Acta Pharmaceutica Sinica B. 
2021;11:2059–69.

 85. Hosseini NF, Amini R, Ramezani M, Saidijam M, Hashemi SM, Najafi R. 
AS1411 aptamer‑functionalized exosomes in the targeted delivery 
of doxorubicin in fighting colorectal cancer. Biomed Pharmacother. 
2022;155: 113690.

 86. Zou J, Shi M, Liu X, Jin C, Xing X, Qiu L, et al. Aptamer‑functionalized 
exosomes: elucidating the cellular uptake mechanism and the poten‑
tial for cancer‑targeted chemotherapy. Anal Chem. 2019;91:2425–30.

 87. Sato YT, Umezaki K, Sawada S, Mukai S, Sasaki Y, Harada N, et al. Engi‑
neering hybrid exosomes by membrane fusion with liposomes. Sci Rep. 
2016;6:21933.

 88. Lv Q, Cheng L, Lu Y, Zhang X, Wang Y, Deng J, et al. Thermosensitive 
exosome‑liposome hybrid nanoparticle‑mediated chemoimmuno‑
therapy for improved treatment of metastatic peritoneal cancer. Adv 
Sci. 2020;7:2000515.

 89. Piffoux M, Silva AKA, Wilhelm C, Gazeau F, Tareste D. Modification of 
extracellular vesicles by fusion with liposomes for the design of person‑
alized biogenic drug delivery systems. ACS Nano. 2018;12:6830–42.

 90. Lin Y, Wu J, Gu W, Huang Y, Tong Z, Huang L, et al. Exosome‑liposome 
hybrid nanoparticles deliver CRISPR/Cas9 system in MSCs. Adv Sci. 
2018;5:1700611.

 91. Li L, He D, Guo Q, Zhang Z, Ru D, Wang L, et al. Exosome‑liposome 
hybrid nanoparticle codelivery of TP and miR497 conspicuously over‑
comes chemoresistant ovarian cancer. J Nanobiotechnol. 2022;20:50.

 92. Sun L, Fan M, Huang D, Li B, Xu R, Gao F, et al. Clodronate‑loaded liposo‑
mal and fibroblast‑derived exosomal hybrid system for enhanced drug 
delivery to pulmonary fibrosis. Biomaterials. 2021;271:120761.

 93. Cheng L, Zhang X, Tang J, Lv Q, Liu J. Gene‑engineered exosomes‑ther‑
mosensitive liposomes hybrid nanovesicles by the blockade of CD47 
signal for combined photothermal therapy and cancer immunother‑
apy. Biomaterials. 2021;275:120964.



Page 24 of 25Marquez et al. Journal of Nanobiotechnology            (2024) 22:6 

 94. Buschmann D, Mussack V, Byrd JB. Separation, characterization, and 
standardization of extracellular vesicles for drug delivery applications. 
Adv Drug Deliv Rev. 2021;174:348–68.

 95. Son K, Ueda M, Taguchi K, Maruyama T, Takeoka S, Ito Y. Evasion of the 
accelerated blood clearance phenomenon by polysarcosine coating of 
liposomes. J Control Release. 2020;322:209–16.

 96. Thorsteinsson K, Olsén E, Schmidt E, Pace H, Bally M. FRET‑based assay 
for the quantification of extracellular vesicles and other vesicles of 
complex composition. Anal Chem. 2020;92:15336–43.

 97. Tang T‑T, Lv L‑L, Lan H‑Y, Liu B‑C. Extracellular vesicles: opportuni‑
ties and challenges for the treatment of renal diseases. Front Physiol. 
2019;10:226.

 98. Orefice NS. Development of new strategies using extracellular vesicles 
loaded with exogenous nucleic acid. Pharmaceutics. 2020;12:705.

 99. Wang C, Yan A, Wang H, Su Y, Li D. DNA‐mediated membrane fusion 
and its biological applications: sensing, reaction control and drug deliv‑
ery. Analysis & Sensing. 2022. https:// doi. org/ 10. 1002/ anse. 20220 0024

 100. Mora NL, Boyle AL, van Kolck BJ, Rossen A, Pokorná Š, Koukalová A, 
et al. Controlled peptide‑mediated vesicle fusion assessed by simul‑
taneous dual‑colour time‑lapsed fluorescence microscopy. Sci Rep. 
2020;10:3087.

 101. Jing K, Guo Y, Ng I‑S. Antigen‑43‑mediated surface display revealed 
in Escherichia coli by different fusion sites and proteins. Bioresour 
Bioprocess. 2019;6:14.

 102. Han M‑J, Lee SH. An efficient bacterial surface display system based on 
a novel outer membrane anchoring element from the Escherichia coli 
protein YiaT. FEMS Microbiol Lett. 2015;362:1–7.

 103. Green ER, Mecsas J. Bacterial secretion systems: an overview. Microbiol 
Spectr. 2016;4:10.

 104. Vo JL, Martínez Ortiz GC, Subedi P, Keerthikumar S, Mathivanan S, Pax‑
man JJ, et al. Autotransporter adhesins in Escherichia coli pathogenesis. 
Proteomics. 2017;17:1600431.

 105. Hörnström D, Larsson G, van Maris AJA, Gustavsson M. Molecular opti‑
mization of autotransporter‑based tyrosinase surface display. Biochim 
Biophys Acta Biomembr. 2019;1861:486–94.

 106. van den Berg van Saparoea HB, Houben D, de Jonge MI, Jong WSP, 
Luirink J. Display of Recombinant Proteins on Bacterial Outer Mem‑
brane Vesicles by Using Protein Ligation. Drake HL, editor. Appl Environ 
Microbiol. 2018;84: e02567–17.

 107. Lång H. Outer membrane proteins as surface display systems. Int J Med 
Microbiol. 2000;290:579–85.

 108. Hui C, Guo Y, Zhang W, Gao C, Yang X, Chen Y, et al. Surface display of 
PbrR on Escherichia coli and evaluation of the bioavailability of lead 
associated with engineered cells in mice. Sci Rep. 2018;8:5685.

 109. Cole GB, Bateman TJ, Moraes TF. The surface lipoproteins of gram‑
negative bacteria: Protectors and foragers in harsh environments. J Biol 
Chem. 2021;296:100147.

 110. Huynh MS, Hooda Y, Li YR, Jagielnicki M, Lai CC‑L, Moraes TF. Reconstitu‑
tion of surface lipoprotein translocation through the Slam translocon. 
Life. 2022;11:e72822.

 111. Cheng K, Zhao R, Li Y, Qi Y, Wang Y, Zhang Y, et al. Bioengineered 
bacteria‑derived outer membrane vesicles as a versatile antigen display 
platform for tumor vaccination via Plug‑and‑Display technology. Nat 
Commun. 2021;12:2041.

 112. Sepahdar Z, Miroliaei M, Bouzari S, Khalaj V, Salimi M. Surface engineer‑
ing of escherichia coli–derived omvs as promising nano‑carriers to 
target EGFR‑overexpressing breast cancer cells. Front Pharmacol. 
2021;12:719289.

 113. Hatlem D, Trunk T, Linke D, Leo JC. Catching a SPY: using the Spy‑
Catcher‑SpyTag and related systems for labeling and localizing bacterial 
proteins. IJMS. 2019;20:2129.

 114. Jiang L, Driedonks TAP, Jong WSP, Dhakal S, Bart van den Berg van 
Saparoea H, Sitaras I, et al. A bacterial extracellular vesicle‐based intra‑
nasal vaccine against SARS‐CoV‐2 protects against disease and elicits 
neutralizing antibodies to wild‐type and Delta variants. J of Extracellular 
Vesicle. 2022. https:// doi. org/ 10. 1002/ jev2. 12192

 115. Weyant KB, Oloyede A, Pal S, Liao J, Jesus MR‑D, Jaroentomeechai T, 
et al. A modular vaccine platform enabled by decoration of bacterial 
outer membrane vesicles with biotinylated antigens. Nat Commun. 
2023;14:464.

 116. García‑Manrique P, Matos M, Gutiérrez G, Pazos C, Blanco‑López MC. 
Therapeutic biomaterials based on extracellular vesicles: classification 
of bio‑engineering and mimetic preparation routes. Journal of Extracel‑
lular Vesicles. 2018;7:1422676.

 117. Syromiatnikova V, Prokopeva A, Gomzikova M. Methods of the large‑
scale production of extracellular vesicles. IJMS. 2022;23:10522.

 118. Sun L, Wang H, Zhu X, Wu P, Chen W, Zou P, et al. Serum deprivation 
elevates the levels of microvesicles with different size distributions and 
selectively enriched proteins in human myeloma cells in vitro. Acta 
Pharmacol Sin. 2014;35:381–93.

 119. Gong C, Zhang X, Shi M, Li F, Wang S, Wang Y, et al. Tumor exosomes 
reprogrammed by low ph are efficient targeting vehicles for smart drug 
delivery and personalized therapy against their homologous tumor. 
Adv Sci. 2021;8:2002787.

 120. Kurbangaleeva SV, Syromiatnikova VY, Prokopeva AE, Rogov AM, Khan‑
nanov AA, Rizvanov AA, et al. Increased yield of extracellular vesicles 
after cytochalasin B treatment and vortexing. CIMB. 2023;45:2431–43.

 121. Nair A, Bu J, Rawding PA, Do SC, Li H, Hong S. Cytochalasin B treatment 
and osmotic pressure enhance the production of extracellular vesicles 
(EVs) with improved drug loading capacity. Nanomaterials. 2021;12:3.

 122. Taylor J, Azimi I, Monteith G, Bebawy M. Ca 2+ mediates extracellular 
vesicle biogenesis through alternate pathways in malignancy. J Extra‑
cell Vesicle. 2020;9:1734326.

 123. Kang H, Bae Y, Kwon Y, Kim S, Park J. Extracellular vesicles generated 
using bioreactors and their therapeutic effect on the acute kidney 
injury model. Adv Healthcare Materials. 2022;11:2101606.

 124. Grangier A, Branchu J, Volatron J, Piffoux M, Gazeau F, Wilhelm C, et al. 
Technological advances towards extracellular vesicles mass production. 
Adv Drug Deliv Rev. 2021;176:113843.

 125. Clos‑Sansalvador M, Monguió‑Tortajada M, Roura S, Franquesa M, Bor‑
ràs FE. Commonly used methods for extracellular vesicles’ enrichment: 
Implications in downstream analyses and use. Eur J Cell Biol. 2022;101: 
151227.

 126. Paganini C, Capasso Palmiero U, Pocsfalvi G, Touzet N, Bongiovanni 
A, Arosio P. Scalable production and isolation of extracellular vesicles: 
available sources and lessons from current industrial bioprocesses. 
Biotechnol J. 2019;14:1800528.

 127. Luo L, Wu Z, Wang Y, Li H. Regulating the production and biological 
function of small extracellular vesicles: current strategies, applications 
and prospects. J Nanobiotechnol. 2021;19:422.

 128. Tian Y, Gong M, Hu Y, Liu H, Zhang W, Zhang M, et al. Quality and 
efficiency assessment of six extracellular vesicle isolation methods by 
nano‑flow cytometry. J Extracell Vesicles. 2020;9:1697028.

 129. Chen C, Sun M, Wang J, Su L, Lin J, Yan X. Active cargo loading into 
extracellular vesicles: Highlights the heterogeneous encapsulation 
behaviour. J Extracell Vesicles. 2021. https:// doi. org/ 10. 1002/ jev2. 12163.

 130. Jang Y, Chung HJ, Hong JW, Yun C‑W, Chung H. Absorption mechanism 
of DHP107, an oral paclitaxel formulation that forms a hydrated lipidic 
sponge phase. Acta Pharmacol Sin. 2017;38:133–45.

 131. Li S, Lin Z, Jiang X, Yu X. Exosomal cargo‑loading and synthetic 
exosome‑mimics as potential therapeutic tools. Acta Pharmacol Sin. 
2018;39:542–51.

 132. Golubovic A, Tsai S, Li B. Bioinspired lipid nanocarriers for RNA delivery. 
ACS Bio Med Chem Au. 2023;3:114–36.

 133. Bost JP, Barriga H, Holme MN, Gallud A, Maugeri M, Gupta D, et al. Deliv‑
ery of oligonucleotide therapeutics: chemical modifications, lipid nano‑
particles, and extracellular vesicles. ACS Nano. 2021;15:13993–4021.

 134. Walker S, Busatto S, Pham A, Tian M, Suh A, Carson K, et al. Extracellular 
vesicle‑based drug delivery systems for cancer treatment. Theranostics. 
2019;9:8001–17.

 135. Liu S, Wu X, Chandra S, Lyon C, Ning B, Jiang L, et al. Extracellular vesi‑
cles: Emerging tools as therapeutic agent carriers. Acta Pharmaceutica 
Sinica B. 2022;12:3822–42.

 136. Ashkar A, Sosnik A, Davidovich‑Pinhas M. Structured edible lipid‑based 
particle systems for oral drug‑delivery. Biotechnol Adv. 2022;54:107789.

 137. Song H, Chen X, Hao Y, Wang J, Xie Q, Wang X. Nanoengineering 
facilitating the target mission: targeted extracellular vesicles delivery 
systems design. J Nanobiotechnol. 2022;20:431.

 138. Luan X, Sansanaphongpricha K, Myers I, Chen H, Yuan H, Sun D. 
Engineering exosomes as refined biological nanoplatforms for drug 
delivery. Acta Pharmacol Sin. 2017;38:754–63.

https://doi.org/10.1002/anse.202200024
https://doi.org/10.1002/jev2.12192
https://doi.org/10.1002/jev2.12163


Page 25 of 25Marquez et al. Journal of Nanobiotechnology            (2024) 22:6  

 139. Tenchov R, Bird R, Curtze AE, Zhou Q. Lipid nanoparticles─from 
liposomes to mrna vaccine delivery, a landscape of research diversity 
and advancement. ACS Nano. 2021;15:16982–7015.

 140. Nazarova A, Yakimova L, Filimonova D, Stoikov I. Surfactant effect on the 
physicochemical characteristics of solid lipid nanoparticles based on 
pillar[5]arenes. IJMS. 2022;23:779.

 141. Baldim I, Rosa DM, Souza CRF, Da Ana R, Durazzo A, Lucarini M, et al. 
Factors affecting the retention efficiency and physicochemical proper‑
ties of spray dried lipid nanoparticles loaded with lippia sidoides 
essential oil. Biomolecules. 2020;10:693.

 142. Gelibter S, Marostica G, Mandelli A, Siciliani S, Podini P, Finardi A, et al. 
The impact of storage on extracellular vesicles: a systematic study. J 
Extracell Vesicle. 2022;11:e12162.

 143. Nakhaei P, Margiana R, Bokov DO, Abdelbasset WK, Jadidi Kouhbanani 
MA, Varma RS, et al. Liposomes: structure, biomedical applications, 
and stability parameters with emphasis on cholesterol. Front Bioeng 
Biotechnol. 2021;9:705886.

 144. Görgens A, Corso G, Hagey DW, Jawad Wiklander R, Gustafsson MO, 
Felldin U, et al. Identification of storage conditions stabilizing extracel‑
lular vesicles preparations. J Extracell Vesicle. 2022. https:// doi. org/ 10. 
1002/ jev2. 12238.

 145. Nordin JZ, Lee Y, Vader P, Mäger I, Johansson HJ, Heusermann W, et al. 
Ultrafiltration with size‑exclusion liquid chromatography for high yield 
isolation of extracellular vesicles preserving intact biophysical and 
functional properties. Nanomedicine. 2015;11:879–83.

 146. van de Wakker SI, van Oudheusden J, Mol EA, Roefs MT, Zheng W, Gör‑
gens A, et al. Influence of short term storage conditions, concentration 
methods and excipients on extracellular vesicle recovery and function. 
Eur J Pharm Biopharm. 2022;170:59–69.

 147. Mitragotri S, Lammers T, Bae YH, Schwendeman S, De Smedt S, Leroux 
J‑C, et al. Drug delivery research for the future: expanding the nano 
horizons and beyond. J Control Release. 2017;246:183–4.

 148. Waheed S, Li Z, Zhang F, Chiarini A, Armato U, Wu J. Engineering nano‑
drug biointerface to overcome biological barriers toward precision 
drug delivery. J Nanobiotechnol. 2022;20:395.

 149. Veronese FM, Pasut G. PEGylation, successful approach to drug delivery. 
Drug Discovery Today. 2005;10:1451–8.

 150. Mohamed M, Abu Lila AS, Shimizu T, Alaaeldin E, Hussein A, Sarhan HA, 
et al. PEGylated liposomes: immunological responses. Sci Technol Adv 
Mater. 2019;20:710–24.

 151. Liu M, Chu Y, Liu H, Su Y, Zhang Q, Jiao J, et al. Accelerated blood 
clearance of nanoemulsions modified with PEG‑cholesterol and PEG‑
phospholipid derivatives in rats: the effect of PEG‑lipid linkages and 
PEG molecular weights. Mol Pharmaceutics. 2020;17:1059–70.

 152. Fang RH, Hu C‑MJ, Zhang L. Nanoparticles disguised as red blood cells 
to evade the immune system. Expert Opin Biol Ther. 2012;12:385–9.

 153. Pisano C, Cecere SC, Di Napoli M, Cavaliere C, Tambaro R, Facchini G, 
et al. Clinical trials with pegylated liposomal doxorubicin in the treat‑
ment of ovarian cancer. J Drug Delivery. 2013;2013:1–12.

 154. Miao G, He Y, Lai K, Zhao Y, He P, Tan G, et al. Accelerated blood clear‑
ance of PEGylated nanoparticles induced by PEG‑based pharmaceuti‑
cal excipients. J Control Release. 2023;363:12–26.

 155. Elsharkasy OM, Nordin JZ, Hagey DW, De Jong OG, Schiffelers RM, 
Andaloussi SE, et al. Extracellular vesicles as drug delivery systems: why 
and how? Adv Drug Deliv Rev. 2020;159:332–43.

 156. Takahashi Y, Nishikawa M, Shinotsuka H, Matsui Y, Ohara S, Imai T, et al. 
Visualization and in vivo tracking of the exosomes of murine mela‑
noma B16‑BL6 cells in mice after intravenous injection. J Biotechnol. 
2013;165:77–84.

 157. Smith ZJ, Lee C, Rojalin T, Carney RP, Hazari S, Knudson A, et al. Single 
exosome study reveals subpopulations distributed among cell lines 
with variability related to membrane content. J Extracellular Vesicle. 
2015;4:28533.

 158. Cully M. Exosome‑based candidates move into the clinic. Nat Rev Drug 
Discov. 2021;20:6–7.

 159. Lewis ND, Sia CL, Kirwin K, Haupt S, Mahimkar G, Zi T, et al. Exosome 
surface display of IL12 results in tumor‑retained pharmacology with 
superior potency and limited systemic exposure compared with 
recombinant IL12. Mol Cancer Ther. 2021;20:523–34.

 160. Mitchell J, Scarisbrick J, De Francesco I, Cowan R, McKay P, Osborne W, 
et al. Abstract CT114: Randomized placebo‑controlled Phase 1 trial in 

healthy volunteers investigating safety, PK and PD of exoIL‑12 ‑ a novel 
engineered exosome therapeutic candidate. Cancer Res. 2021. https:// 
doi. org/ 10. 1158/ 1538‑ 7445. AM2021‑ CT114.

 161. Osteikoetxea X, Silva A, Lázaro‑Ibáñez E, Salmond N, Shatnyeva O, Stein 
J, et al. Engineered Cas9 extracellular vesicles as a novel gene editing 
tool. J Extracell Vesicle. 2022;11:e12225.

 162. Saari H, Turunen T, Lõhmus A, Turunen M, Jalasvuori M, Butcher SJ, et al. 
Extracellular vesicles provide a capsid‑free vector for oncolytic adenovi‑
ral DNA delivery. J Extracell Vesicle. 2020;9:1747206.

 163. Lennaárd AJ, Mamand DR, Wiklander RJ, El Andaloussi S, Wiklander OPB. 
Optimised electroporation for loading of extracellular vesicles with 
doxorubicin. Pharmaceutics. 2021;14:38.

 164. Schwendener RA. Liposomes as vaccine delivery systems: a review of 
the recent advances. Therapeutic Adv Vaccines. 2014;2:159–82.

 165. Sekhon SS, Shin W, Kim SY, Jeong D, Choi W, Choi B, et al. Cyclophilin 
A‑mediated mitigation of coronavirus SARS‑CoV ‑2. Bioeng Transla Med. 
2023. https:// doi. org/ 10. 1002/ btm2. 10436.

 166. Berumen Sánchez G, Bunn KE, Pua HH, Rafat M. Extracellular vesicles: 
mediators of intercellular communication in tissue injury and disease. 
Cell Commun Signal. 2021;19:104.

 167. Nagelkerke A, Ojansivu M, van der Koog L, Whittaker TE, Cunnane EM, 
Silva AM, et al. Extracellular vesicles for tissue repair and regeneration: 
evidence, challenges and opportunities. Adv Drug Deliv Rev. 2021;175: 
113775.

 168. Tan SSH, Tjio CKE, Wong JRY, Wong KL, Chew JRJ, Hui JHP, et al. Mes‑
enchymal stem cell exosomes for cartilage regeneration: a systematic 
review of preclinical In Vivo studies. Tissue Eng Part B Rev. 2021;27:1–13.

 169. Grieco GE, Fignani D, Formichi C, Nigi L, Licata G, Maccora C, et al. 
Extracellular vesicles in immune system regulation and type 1 diabetes: 
cell‑to‑cell communication mediators, disease biomarkers, and promis‑
ing therapeutic tools. Front Immunol. 2021;12:682948.

 170. Garcia‑Contreras M, Shah SH, Tamayo A, Robbins PD, Golberg RB, 
Mendez AJ, et al. Plasma‑derived exosome characterization reveals a 
distinct microRNA signature in long duration Type 1 diabetes. Sci Rep. 
2017;7:5998.

 171. Xu S, Cheuk YC, Jia Y, Chen T, Chen J, Luo Y, et al. Bone marrow mes‑
enchymal stem cell‑derived exosomal miR‑21a‑5p alleviates renal 
fibrosis by attenuating glycolysis by targeting PFKM. Cell Death Dis. 
2022;13:876.

 172. Chavda VP, Vihol D, Mehta B, Shah D, Patel M, Vora LK, et al. Phyto‑
chemical‑loaded liposomes for anticancer therapy: an updated review. 
Nanomedicine. 2022;17:547–68.

 173. O’Brien KP, Khan S, Gilligan KE, Zafar H, Lalor P, Glynn C, et al. Employ‑
ing mesenchymal stem cells to support tumor‑targeted delivery of 
extracellular vesicle (EV)‑encapsulated microRNA‑379. Oncogene. 
2018;37:2137–49.

 174. Shi X, Sun J, Li H, Lin H, Xie W, Li J, et al. Antitumor efficacy of 
interferon‑γ‑modified exosomal vaccine in prostate cancer. Prostate. 
2020;80:811–23.

 175. Santos P, Almeida F. Exosome‑based vaccines: history, current state, and 
clinical trials. Front Immunol. 2021;12:711565.

 176. Leiva‑Sabadini C, Alvarez S, Barrera NP, Schuh CM, Aguayo S. Anti‑
bacterial effect of honey‑derived exosomes containing antimicrobial 
peptides against oral streptococci. IJN. 2021;16:4891–900.

 177. Ahn G, Shin W‑R, Lee S, Yoon H‑W, Choi J‑W, Kim Y‑H, et al. Bovine colos‑
trum exosomes are a promising natural bacteriostatic agent against 
Staphylococcus aureus. ACS Infect Dis. 2023;9:993–1003.

 178. Sao R, Vaish R, Sinha N. Multifunctional drug delivery systems 
using inorganic nanomaterials: a review. J Nanosci Nanotechnol. 
2015;15:1960–72.

 179. Zare H, Ahmadi S, Ghasemi A, Ghanbari M, Rabiee N, Bagherzadeh 
M, et al. Carbon nanotubes: smart drug/gene delivery carriers. IJN. 
2021;16:1681–706.

 180. Hu M, Ge X, Chen X, Mao W, Qian X, Yuan W‑E. Micro/nanorobot: a 
promising targeted drug delivery system. Pharmaceutics. 2020;12:665.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1002/jev2.12238
https://doi.org/10.1002/jev2.12238
https://doi.org/10.1158/1538-7445.AM2021-CT114
https://doi.org/10.1158/1538-7445.AM2021-CT114
https://doi.org/10.1002/btm2.10436

	Synergistic vesicle-vector systems for targeted delivery
	Abstract 
	Introduction
	Vesicle types
	Liposomes
	Extracellular vesicles
	Mammalian-derived EVs
	Plant-derived EVs
	Bacteria-derived OMVs
	Others


	Vesicle-probe vector system
	Bioactive probes for targeted delivery
	Proteins and peptides
	Antibodies
	Aptamers


	Vesicle-vesicle hybrid vector system
	EV-liposome hybrids
	Conjugation methods
	Freeze–thaw method
	Membrane extrusion method
	Incubation
	PEG-mediated fusion
	Sonication
	Ligand-based incubation


	Genetically engineered vesicle vector system
	Genetic engineering of EV parent cells
	Direct surface display
	Autotransporter platform
	Outer membrane proteins

	Indirect surface display
	ClyA fusion
	Spy catcher-Spy tag system


	Challenges and limitations
	Scale up production
	Drug or cargo loading
	Bioavailability
	Storage and stability
	Immunogenicity
	Clinical applications
	VVS Applications, insights, and future perspectives

	Conclusion
	References


