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Abstract 

Malignancy is a major public health problem and among the leading lethal diseases worldwide. Although the current 
tumor treatment methods have therapeutic effect to a certain extent, they still have some shortcomings such as poor 
water solubility, short half-life, local and systemic toxicity. Therefore, how to deliver therapeutic agent so as to realize 
safe and effective anti-tumor therapy become a problem urgently to be solved in this field. As a medium of informa-
tion exchange and material transport between cells, exosomes are considered to be a promising drug delivery carrier 
due to their nano-size, good biocompatibility, natural targeting, and easy modification. In this review, we summarize 
recent advances in the isolation, identification, drug loading, and modification of exosomes as drug carriers for tumor 
therapy alongside their application in tumor therapy. Basic knowledge of exosomes, such as their biogenesis, sources, 
and characterization methods, is also introduced herein. In addition, challenges related to the use of exosomes 
as drug delivery vehicles are discussed, along with future trends. This review provides a scientific basis for the applica-
tion of exosome delivery systems in oncological therapy.
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Graphical Abstract

Introduction
Malignancy is a major public health problem and among 
the leading lethal diseases worldwide. With the continu-
ous development of preventive measures in recent years, 
alongside early diagnosis and treatment methods related 
to tumors, the mortality rate of malignant tumors has 
shown a certain degree of reduction [1]. The current 
primary methods used to treat tumors include surgery, 
chemotherapy, radiotherapy, immunotherapy, targeted 
therapy, and optical therapy. Despite the effectiveness of 
various drugs in tumor treatment, shortcomings such as 
poor water solubility, short half-life, and local and sys-
temic toxicity remain [2]. Unfortunately, normal cells and 
tissues usually suffer inevitable damage from therapies 
targeting tumor cells. Therefore, the delivery of thera-
peutic agents for achieving safe and efficient antitumor 
therapy is an urgent challenge in this field.

In recent years, the emergence of liposomes and nan-
oparticles has offered new possibilities for the delivery 
of antitumor drugs by allowing additional targeting and 
controlled release. Liposomes are spherical or spheroi-
dal structures composed of lipid bilayers that encap-
sulate drugs and protect them from degradation, while 
also increasing their concentration at the tumor site. 
Nanoparticles are nanoscale drug carriers with high 
drug loading and stability capacities that are made of 
polymers, proteins, or other biocompatible materials. In 
addition, surface modification of nanoparticles can result 
in specialized targeting and controlled release of drugs, 

therefore increasing drug selectivity for tumor tissues 
while reducing the damage to normal tissues and cells. 
Compared with free drugs, both liposomes and nano-
particles have shown superior antitumor effects with 
less side effects both in  vitro and in  vivo. In addition, 
due to the high permeability of tumor vasculature and 
poor lymphatic drainage, nanoparticles can extravasate 
into the tumor site, promoting the enhanced accumula-
tion of nanoparticles in the tumor [3]. In addition to the 
delivery of chemotherapeutic agents, the combination of 
immunotherapy, photodynamic therapy and other thera-
pies can further enhance the efficacy or reduce the side 
effects of these therapies [4]. It also shows great thera-
peutic potential in the delivery of drugs for the treatment 
of non-tumor diseases [5]. However, their widespread use 
remains limited by disadvantages such as inherent toxic-
ity, complex fabrication processes, and inadequate bio-
compatibility and safety [6]. As nanoparticles can often 
be recognized by the immune system in  vivo, they can 
potentially cause strong adverse reactions. Despite the 
potential harm of generating anti-PEG antibodies, the US 
Food and Drug Administration (FDA) approved the use 
of polyethylene glycol (PEG)-conjugated liposomal doxo-
rubicin for cancer treatment [7]. In addition, biological 
barriers such as the blood–brain barrier are also difficult 
barriers for nanoparticles to overcome, preventing them 
from effectively targeting certain tissues [8].

In recent years, exosomes, emerging nanoscale bio-
logical carriers, have attracted increased attention in the 
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field of tumor therapy. Exosomes are extracellular vesi-
cles (EVs) that can arise in normal or abnormal cells and 
mediate intercellular communication by translocating 
biologically active cargo such as nucleic acids, proteins, 
lipids, and metabolites to target cells, thereby regulating 
target cell and tissue functions [9]. Such lipid membrane-
enclosed vesicles of approximately 30–150  nm in diam-
eter, are commonly found in body fluids such as blood, 
urine, saliva, cerebrospinal fluid, and breast milk [10]. 
The detection of exosomes in body fluids for the early 
screening of diseases has become an emerging diag-
nostic field [11]. Almost all cell types can produce and 
release exosomes. Exosomes were initially recognized as 
a cellular waste disposal mechanism; however, in sub-
sequent studies, they were found to play a mediating 
role in intercellular information exchange and material 
transport [12]. Due to their tiny size at the nanometer 
scale, exosomes are able to effectively evade macrophage 
phagocytosis while easily crossing the vessel wall and 
extracellular matrix. When exosomes are used as drug 
carriers, the drug is encapsulated within the exosome and 
subsequently transported through body fluids to the dis-
ease site, avoiding an immune response, and thus being 
rapidly cleared. Furthermore, it is considered a promising 
drug delivery vehicle because of its biocompatibility, nat-
ural targeting, and ease of modification [13]. In addition, 
exosomes can also serve as biomarkers for tumor diagno-
sis and prognosis evaluation. In this review, we summa-
rize recent advances in the isolation, identification, drug 
loading, and modification of exosomes as drug carriers 
for tumor therapy alongside their application in tumor 
therapy. Basic knowledge of exosomes, such as their bio-
genesis, sources, and characterization methods, is also 
introduced herein. In addition, challenges related to the 
use of exosomes as drug delivery vehicles are discussed, 
along with future trends. This review provides a scientific 
basis for the application of exosome delivery systems in 
oncological therapy.

Biogenesis and source
Biogenesis
Exosome formation is believed to involve two plasma 
membrane invagination processes. Initially, the cyto-
plasmic membrane undergoes invagination to form an 
early endosome [14]. During this process, components 
of the cell membrane are captured and become part 
of the endosomal membrane. Subsequently, the early 
endosomes gradually mature into late endosomes. Sub-
sequently, late endosomal membranes reverse outgrowth 
by forming multivesicular bodies (MVBs) with intralumi-
nal vesicles (ILVs) [12]. After MVB formation, there are 
several possible destinations: (1) fusion with the plasma 
membrane where ILVs are released as exosomes outside 

of the cell.; (2) fusion with lysosomes, whose contents 
are degraded by hydrolytic enzymes capable of digest-
ing complex macromolecules; (3) retention within the 
cell to become organelles of specific cell types (e.g., mela-
nosomes in melanocytes); and (4) recirculation through 
the trans-Golgi network (TGN) (Fig.  1A) [15–17]. The 
factors determining the fate of MVBs remain unknown, 
whilst Rab GTPase is thought to be a determinant in the 
regulation of vesicular transport [14].

The tetraspanin family of proteins (e.g., CD9, CD63, 
CD81,and CD82), major histocompatibility complex 
(MHC), heat shock proteins (Hsp), transcription fac-
tors, cytoskeletal components, nucleic acids (genomic 
and mitochondrial DNA and RNA), and lipids are com-
mon loaders for exosomes (Fig. 1B) [7]. Among them, the 
family of four transmembrane proteins and heat shock 
proteins are often used as a marker of exosomes for 
extraction, isolation, and analytical identification. During 
exosome formation, the contents are selectively loaded 
through endocytic pathways of the cell membrane and 
cytoplasmic lysates. There are two primary pathways for 
the selective loading of proteins: the pathway involving 
the endosomal sorting complex required for transport 
(ESCRT) and the pathway that does not rely on ESCRT 
[18]. In the ESCRT-dependent pathway, four complex 
proteins (ESCRT-0, -I, -II, and -III) regulate exosome 
formation and transport, with ESCRT-0 mediating the 
recognition and sorting of ubiquitin-dependent loaders. 
Meanwhile, ESCRT-I and ESCRT-II mediate the inward 
budding of endosomal membranes, with ESCRT-III 
being responsible for endosomal vesicle excision, leading 
to its shedding into the endosomal lumen to form MVB 
[19–21]. Three main pathways have been proposed for 
non-dependent ESCRT in human embryonic kidney 293 
cells: Ceramide-dependent, CD63-dependent, and non-
dependent mechanisms [22]. The non-ESCRT-dependent 
pathway mediates vesicle outgrowth, movement, and 
fusion, primarily through the four transmembrane pro-
teins, CD63, CD81, CD82, and CD9, alongside neutral 
sphingomyelinase 2 (nSMase2) [23]. Exosome biogenesis 
and cargo sorting can be regulated by oncoprotein—a 
transmembrane glycoprotein [24]. Depending on the 
type of exosome biogenesis process involved in ESCRT-
dependent processes select ubiquitinated cytoplasmic 
proteins as cargo, whereas four-transmembrane protein-
mediated ESCRT-independent selection does not require 
ubiquitination and instead selects a wide range of target 
proteins, including MHC receptors, metalloproteases, 
and β-linked proteins. Exosomal proteins primarily par-
ticipate in antigen presentation, cell adhesion, mainte-
nance of cell structure and motility, stress regulation,tran
scription,protein synthesis and transport, and membrane 
fusion. RNAs are also abundant in exosomes, including 
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mRNA, miRNA, and non-coding RNAs such as piwi-
interacting RNA (piRNA), small nucleolar RNAs (snoR-
NAs), long non-coding RNA (lncRNAs), tRNA, and Y 
RNA, among others [25]. The amount and proportion of 

RNAs in exosomes are different from those in the paren-
tal cells, suggesting that there may be a sorting mecha-
nism used to select specific RNAs for exosomes [26]. In 
addition to RNA content,exosomes have been found 

Fig. 1 A Biogenesis of exosomes. Reproduced with permission. [17] Copyright 2022, Frontiers. B The intracellular fate of exosomes. Reproduced 
with permission. [12] Copyright 2020, American Association for the Advancement of Science
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containing genomic DNA and mitochondrial DNA that 
covers entire genome. Exosomes carry cell-free DNA 
from the fetus, whilst cell-free DNA may contribute to 
pregnancy complications by activating the inflammatory 
response; thus, it has been hypothesized that the blood 
of pregnant women could serve as a biomarker for preg-
nancy complications [27]. An in-depth understanding of 
the molecular mechanisms underlying the exosome for-
mation process would facilitate the artificial regulation of 
its yield, protein composition, and envelope; however, the 
specific molecular mechanisms have not yet been fully 
elucidated.

Source
Most cell types, such as dendritic cells (DCs), mac-
rophages, reticulocytes, mast cells, platelets, B cells, T 
cells, oligodendrocytes, and tumor cells, are capable of 
releasing exosomes (Fig. 2) [12]. Exosomes are composed 
of lipids (such as cholesterol, diglycerides, and sphin-
golipids), proteins (such as transmembrane transport-
associated proteins, heat shock proteins, and TSPAN 
protein superfamily), and nucleic acids (such as DNA, 
miRNA, lncRNA, mRNA, and tRNA) from parental 
cells and also vary in the proportions of various com-
ponents and surface markers, depending on the cellular 
origin [28]. This is because the composition of exosomes 
depends, to a large extent, on their cellular origin, and 
exosomes inherit specific biomolecules from parent cells 
which contributes to their heterogeneity. Moreover, dif-
ferent sources yield varying amounts, content, func-
tion, and drug loading capacity for exosomes leading to 
potential differences in therapeutic effects. Therefore, 
the selection of exosomes from the right source can help 
avoid side effects during drug delivery to a large extent 
[29].

Mesenchymal stem cells (MSCs)
Mesenchymal stem cells (MSCs) possess the typical 
attributes of stem cells, including self-renewal and the 
capacity for diverse differentiation in various directions. 
Additionally, they can undergo clonal expansion when 
exposed to specific in  vitro stimuli, and the ability to 
differentiate into bone cells, adipocytes, and chondro-
cytes [30]. The most commonly used types of MSCs are 
bone marrow-derived MSCs (BMSC), adipose-derived 
MSCs (ADSC), and human umbilical cord-derived 
MSCs, which can be easily isolated from various tis-
sues and then expanded in  vitro. They possess the abil-
ity to adapt to the tumor microenvironment and secrete 
a large number of exosomes with strong paracrine activ-
ity. Compared with the other two sources of MSCs, 
adipose-derived MSCs have been studied the most in-
depth. They can be obtained through subcutaneous fat 

aspiration, thus reducing issues surrounding collection 
such as pain and ethics [31]. Previous studies have shown 
that MSC-derived exosomes have immunomodulatory, 
bone regeneration-promoting, anti-inflammatory, anti-
aging, and wound healing-promoting effects, alongside 
varying degrees of application in diseases such as myo-
cardial infarction, acute kidney injury, and optic nerve 
injury [32]. Although both BMSC- and ADSC-derived 
exosomes exhibit potential therapeutic effects on wound 
healing and tissue regeneration, they play different 
roles as they primarily promote proliferation, whereas 
ADSC- EVs are highly associated with angiogenesis [33]. 
In addition, MSCs-derived exosomes have potential as 
delivery vehicles for antitumor drugs due to their tumor-
targeting properties [34]. In a previous study by Li et al. 
[35], ADSC-EVs reduced tumor cell proliferation and 
migration by mediating enhanced tumor cell apoptosis, 
ultimately leading to tumor control in tumor-bearing 
mice. Additionally, the antitumor activity was further 
enhanced after ADSC-EVs were loaded with anti-onco-
genic miRNA-16-5p. MSC-derived exosomes also pro-
tect encapsulated cargo from degradation when modified 
for cell type-specific targeting, these exosomes have the 
potential to become prospective tools for cell-free-based 
therapeutic approaches [31].

Macrophages
Macrophages, which are present in various parts of 
the body, perform crucial functions by regulating the 
immune system, inflammatory responses, antigen pres-
entation, angiogenesis, and remodeling [36]. The tumor 
microenvironment (TME) is enriched with tumor-associ-
ated macrophages (TAM), which are key drivers of tumor 
progression, metastasis, and therapeutic resistance [37]. 
TAM can be categorized into two subtypes: Antitumor 
M1 and pro-tumor M2. M1-type macrophages, which 
have pro-inflammatory effects, are involved in the posi-
tive immune response and inhibit tumor growth. The 
primary mechanism underlying their ability to combat 
tumors lies in the presence of specific surface markers, 
namely major histocompatibility complex II (MHC-II), 
CD80, and CD86. Conversely, M2 type macrophages 
exhibit immunosuppressive properties by dampening 
immune responses and facilitating tumor growth while 
also exerting anti-inflammatory effects. Exosomes pos-
sess almost all properties of their origin cells; therefore, 
the functions of M1 and M2 macrophage exosomes dif-
fer [38]. M1 macrophage-derived exosomes are modified 
with aCD47 and aSIRPα on their membrane surface by 
click chemistry, which can specifically recognize CD47 
on the membrane surface of tumor cells and SIRPα on the 
membrane surface of macrophages in  vivo, thus block-
ing the "don’t eat me" signaling between tumor cells and 



Page 6 of 41Yang et al. Journal of Nanobiotechnology           (2024) 22:41 

Fig. 2 The donor cell of exosome mainly includes B cells, dendritic cells, mesenchymal stem cells, and tumor cells. Reproduced with permission. 
[12] Copyright 2020, American Association for the Advancement of Science
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macrophages and allowing the active targeting of tumors. 
Simultaneously, antibody-coupled M1 exosomes were 
phenotypically shown to reprogram tumor-promoting 
M2 macrophages into antitumor M1 exosomes, which 
synergize with antibodies to exert antitumor effects [39]. 
Therefore, fully utilizing the characteristics of different 
subtypes of macrophage-derived exosomes is key for 
developing exosomal antitumor therapeutic strategies.

Dendritic cells (DCs)
Dendritic cells (DCs) are antigen-presenting cells that 
can activate T cells by recognizing tumor cell-associated 
antigens, resulting in an endogenous immune response 
from the host immune system against tumor cells [40]. 
Similarly to DCs, dendritic cell-derived exosomes (DEX) 
express major histocompatibility complex class I (MHC-
I) and MHC-II, co-stimulatory molecules (CD86 and 
CD80), heat shock proteins, and adhesion molecules on 
the membrane surface that participate in antigen pres-
entation and trigger CD4 + and CD8 + T cell activation 
[41]. DEX activation of CD4 + and CD8 + T cells after 
activation of DEX induces more effective antitumor 
immune responses in vivo through exosomal CD80 and 
endogenous IL-2 [42], which can then be used for the 
development of therapeutic vaccines for tumor immu-
notherapy. In addition, when used as a drug carrier, DEX 
has been shown to stimulate cytotoxic T cells in cancer 
therapy and inhibit tumor growth in animal models. Lu 
et al. [43] treated a mouse model of hepatocellular carci-
noma (HCC) with exosomes derived from DCs express-
ing α-fetoprotein (AFP) (DEXAFP) and subsequently 
elicited a strong antigen-specific immune response and 
significant tumor growth inhibition, whilst the tumor 
microenvironment was also improved to some extent. 
In addition, DEX can overcome biological barriers such 
as the blood–brain barrier (BBB), making them more 
attractive for future drug delivery.

Tumor cells
Tumor cells can secrete tumor-derived exosomes (TEX) 
that contribute to various aspects of tumorigenesis 
including angiogenesis, proliferation inhibition, apop-
tosis promotion, growth and metastasis promotion, 
dormancy and chemoresistance induction, and immu-
nosuppression [44], whilst playing an important role in 
tumorigenesis and development. Thus, TEX could be 
used as a target for tumor therapy. TEX carry tumor-
related specific antigens alongside MHC-I-like mol-
ecules and can also deliver antigens to DCs to induce T 
cell-mediated immune responses against tumor cells 
[45]. Tetraspanin is specifically expressed on the surface 
of TEX, meaning that TEX is always preferentially hom-
ing and targeting its parental cells and being efficiently 

captured by parental cells [46], an advantage of using 
TEX as a drug carrier. Hepatocellular carcinoma cell-
derived exosomes specifically express miR-103 and tar-
get the BBB connexin with enhanced BBB permeability, 
making it a potentially powerful tool for drug delivery 
in brain diseases [47]. In addition, many exosomes have 
been found in malignant effusions, and these ascite-
derived exosomes could be used in cancer therapy. In 
phase I clinical trial for colorectal cancer immunotherapy 
using ascite-derived exosomes combined with granu-
locyte–macrophage colony-stimulating factor induced 
beneficial tumor-specific anti-tumor cytotoxic T lym-
phocyte responses [48]. Moreover, the distinctive surface 
antigens of TEX have the potential to mirror the charac-
teristics of the cells from which they originate, allowing 
TEX to be used for monitoring disease progression and 
as a diagnostic marker. Notably, specific antigens on the 
surface of TEX derived from parental cancer cells have 
the potential to either accelerate tumor progression or 
cause immunosuppression, such as Tetraspanins, Uroki-
nase plasminogen activator, Cathepsin D, and Vimentin, 
among others [49].

Plant‑derived nanoparticles
In recent years, plant-derived nanoparticles (PDNPs) 
have been found to have a structure similar to that of 
mammalian exosomes, allowing interspecies communi-
cation between plants and animal cells and plant patho-
gens [50, 51], of which exosomes are one type. PDNPs 
contain various molecules, including bioactive metabo-
lites, proteins, lipids, and nucleic acids [52]. PDNPs have 
also been shown to act as carriers to deliver bioactive and 
therapeutic molecules and can even cross mammalian 
biological barriers [53, 54]. Their high gastrointestinal 
stability and low production cost compared to mamma-
lian cellular/humoral-derived exosomes give PDNPs a 
unique advantage in oral drug delivery [55, 56].

Isolation, characterization, and storage
Isolation and purification
The first step in applying exosomes as drug carri-
ers, whether in body fluids or generated in cell culture, 
involves isolation and purification. Assessing the bio-
logical functions of exosomes is facilitated by achieving 
reproducible isolation and enrichment. Different isola-
tion methods have been previously selected for differ-
ent applications. Currently, the most commonly used 
methods include ultracentrifugation, size-based separa-
tion, polymer precipitation, and immunoaffinity chro-
matography (Fig.  3A) [57, 58]. However, the variability 
of exosomes in terms of their size, content, function, 
and origin complicates their separation. Most current 
techniques struggle to completely separate them from 
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Fig. 3 The main method of exosome isolation. A A common method for the isolation of exosomes from the source cells. Reproduced 
with permission. [58] Copyright 2022, Elsevier Ltd. B Flowchart of rapid isolation of exosomes based on magnetic colloid antibodies (MCA). (i) 
Preparation of MCA. (ii) Rapid isolation and analysis of MCA exosomes. Reproduced with permission. [90] Copyright 2021, American Chemical 
Society
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lipoproteins or extracellular vesicles with similar proper-
ties, resulting in low exosome purity. However, efficient 
enrichment of exosomes is essential for the downstream 
analysis of exosomes. Meanwhile, in recent years, combi-
nations of two or more isolation and purification meth-
ods have provided reliable methods for efficient exosome 
isolation [59].

Ultracentrifugation
Ultracentrifugation (UC) is widely used and is the gold 
standard for exosome extraction and isolation [14]. UC is 
a method for separating exosomes from a sample using a 
high-speed centrifugal force. This method utilizes gradi-
ent centrifugation to isolate the desired fractions primar-
ily by exploiting variances in size and density between the 
constituents of the initial solution, making it well-suited 
for separating substantial sample portions with nota-
ble disparities in sedimentation coefficients. UC is usu-
ally divided into three stages: (1) low-speed (~ 3 ×  102g) 
centrifugation to remove cells and apoptotic debris; (2) 
gradient increase in speed (centrifugal force of 2 ×  102g) 
to remove large extracellular vesicles; (2) ultracentrifuga-
tion (centrifugal force greater than 1 ×  105 g) to precipi-
tate exosomes and wash them with phosphate-buffered 
salt solution to remove impurities. The yield and purity of 
the target exosomes can be influenced by various factors 
such as the duration of centrifugation, strength of cen-
trifugal force, type of rotor used, and other parameters 
[17]. This technique is well-established, uncomplicated, 
cost-effective, does not necessitate labeled exosomes, 
and is suitable for handling substantial sample volumes. 
However, UC is also time-consuming (> 4 h) and has low 
extraction efficiency (which may cause losses of more 
than 40%), whilst some variability in purity may exist. In 
addition, high centrifugation forces may lead to exosome 
aggregation. Moreover, multiple centrifugations may 
damage the exosome structure, which is detrimental to 
downstream analyses [60].

Density gradient ultracentrifugation
The density gradient centrifugation method is derived 
from the ultracentrifugation method and further 
improves upon the efficiency of exosome separation. 
The principle of density gradient centrifugation is based 
on the fact that different extracellular components have 
different densities, whilst objects of a specific density are 
suspended in media of similar density [61]. This method 
usually involves the following steps: (1) Biocompatible 
media of different densities (e.g., sucrose or iodixanol) are 
placed in test tubes in a regular order of increasing densi-
ties from top to bottom. Notably, the choice of medium 
needs to cover the range of densities in the sample to 
be separated. (2) The sample to be separated is added to 

the test tube, and centrifuged for a prolonged period of 
time. (3) Finally, the exosomes, cell debris, and hetero-
proteins are suspended in a medium of equal density, and 
the separation of exosomes is completed [62]. Compared 
to ultracentrifugation, density gradient centrifugation 
provides exosomes with higher purity for downstream 
applications. Exosomes collected by UC are often con-
taminated with large amounts of lipoproteins and other 
biomolecules that co-precipitate with exosomes, whilst 
density gradient centrifugation can be used to further 
purify the resulting exosomes [63]. However, the applica-
tion of density gradient centrifugation remains limited to 
some extent, owing to the very high equipment require-
ments of this method. Moreover, the density gradient 
centrifugation method, similar to the ultracentrifugation 
method, faces challenges in terms of varying degrees of 
damage to exosomes after ultra-high centrifugal forces 
[64].

Size exclusion chromatography
Size exclusion chromatography (SEC) is a size-based sep-
aration technique focused on differences in the hydro-
dynamic volumes among components in a sample. SEC 
has been previously used to separate exosomes from both 
prokaryotic and eukaryotic samples [57]. As the sam-
ple flows through the SEC column, smaller particles will 
enter the smaller gel pores within the column, increas-
ing the passage distance and thus their outflow time. 
Conversely, larger particles cannot enter the gel pores 
and can only pass through the gaps between the porous 
gels, therefore allowing them to be eluted first. The main 
advantages of SEC are its improved separation efficiency 
and reproducibility, ability to maintain the structural 
integrity and uniform size of exosomes at lower pres-
sures, lack of significant adverse effects on their bio-
logical properties, and ability to handle a wide range of 
sample types [65]. Currently, purification methods based 
on SEC principles, such as IZON ® qEV columns [66], 
Sepharose ® CL-2B columns [67], and Sephacryl ® S-400 
columns [68], have been commercialized considering 
the rapid, simple, and low-cost application of SEC. How-
ever, limitations such as additional concentration steps, 
long separation times, need to equilibrate the column 
for each use, and small sample volumes that can be pro-
cessed have limited the widespread use of SEC [69]. Fur-
thermore, separated exosomes may also be contaminated 
with particles of similar size using SEC [70].

Ultrafiltration
Similar to SEC, ultrafiltration is a size-based separation 
technique. Ultrafiltration membranes with different pore 
sizes or molecular weight cut-off (MWCO) are used in 
the ultrafiltration method to selectively separate samples, 
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often serving as an auxiliary separation method in exo-
some studies [71]. Generally, the size of the exosomes 
obtained by ultrafiltration depends on the pore sizes of 
the first and last membranes [72]. One previous study 
demonstrated that the highest separation efficiency was 
achieved when the pore size of the filtered membrane 
was 10  kDa [73]. Ultrafiltration is generally combined 
with different driving forces, such as charge, centrifuga-
tion [74], and pressure [75], to achieve the most efficient 
separation of exosomes. Ultrafiltration is simple to per-
form, does not require expensive specialist equipment, 
can be combined with other separation methods, and 
can be used for both small and large amounts of samples. 
However, problems such as nonspecific binding to the 
membrane, resulting in reduced recovery and potential 
destruction of exosomes by shear stress have limited the 
use of ultrafiltration [69].

Immunoaffinity capture
Immunoaffinity capture (IC) uses antibodies and ligands 
that specifically bind to form immune recognition 
sites and isolate exosomes. Considering the surface of 
exosomes is rich in specific membrane proteins such as 
CD9, CD63, CD81, CD82, and CD151, they can be tar-
geted by specific antibodies as specific antigens [76]. By 
modifying the target proteins of these targets on the sur-
face of magnetic beads, microfluidics, and chromatogra-
phy matrices, the desired exosomes can be successfully 
obtained by capturing them using specific immunocon-
jugation between antibodies and antigens before wash-
ing them in the stationary phase. IC has high selectivity 
compared to other exosome separation methods, and 
can isolate exosomes containing specific membrane pro-
teins whilst increasing the yield and enrichment rate by 
10–15 times [77, 78]. IC can be used to isolate exosomes 
expressing a specific membrane protein, with the purity 
of the isolated exosomes being high, which can then be 
used for the detection and diagnosis of related diseases, 
such as CD326 + exosomes as a specific epithelial cancer-
related biomarker [79]. On the contrary, affinity capture 
can make the isolated exosomes "biased" when there is 
no need to isolate specific exosomes, failing to cover both 
exosomes expressing/not expressing a certain membrane 
protein [80]. Although the specificity of this method is 
high, the separation efficiency is highly dependent on the 
specificity and accessibility of the antibodies, whilst most 
antibodies currently used for immunoaffinity capture are 
non-specific [81]. Additionally, the choice of eluent used 
to elute exosomes from the solid phase is also particularly 
important here. Non-neutral pH or non-physiological 
elution buffer conditions can have irreversible effects on 
exosomes, which can then interfere with downstream 
analyses [82]. In addition, IC is not suitable for the 

large-scale isolation of exosomes, as it requires higher-
cost antibodies to process the samples [80].

Precipitation
Polymer precipitation is a size- and density-based sepa-
ration method that uses polyethylene glycol (PEG) as a 
medium to harvest exosomes under centrifugal condi-
tions by reducing their solubility. Precipitation was ini-
tially employed to isolate viruses but later showed good 
separation efficiency when purifying exosomes [83]. 
This method is relatively simple to perform, requires a 
short analysis time, can be integrated with existing clini-
cal techniques, and is suitable for large sample volumes. 
However, exosomes isolated using this method are sus-
ceptible to polymer contamination, resulting in low 
purity and recovery, whilst this technique has limitations 
as it is difficult to remove polymers that may interfere 
with subsequent functional experimental analysis [84]. 
The Invitrogen kit was developed based on precipitation-
isolated exosomes contaminated with PEG, although a 
negative effect on cell proliferation was observed when 
tumor cells were treated with the exosomes. The pres-
ence of PEG may be a possible reason for the toxicity 
of exosomes isolated using the Invitrogen kit. Precipi-
tation may require an additional washing step during 
application, but this may increase its time cost, as well 
as reduce the yield [70]. Alternatively, Protein–Organic 
Solvent Precipitation (PROSPR) [85] and charge-based 
precipitation [86] are available options. PROSPR mainly 
uses organic solvents to precipitate soluble proteins such 
that exosomes are retained in the supernatant and fur-
ther concentrated to obtain exosomes [85]. Meanwhile, 
charge-based precipitation relies on the combination of 
negatively charged exosomes with positively charged par-
ticles (e.g., fish sperm proteins) as a method of isolating 
exosomes [86].

Microfluidics‑based methods for exosome purification
Microfluidics is a high-throughput, sensitive, and con-
trollable exosome separation method that can be inte-
grated alongside other methods to improve the efficiency 
and purity of exosome separation [87]. It divides the 
sample into tiny streams through channels on a chip 
with dimensions of tens to hundreds of microns, before 
combining size (hydrodynamic focusing, viscoelastic 
separation, deterministic lateral displacement, etc.) [88], 
immunoaffinity [89], and kinetics (e.g., magnetic (Fig. 3B) 
[90], electric [91], and acoustic [92] field) to separate 
exosomes from the microfluidic streams. In addition, 
sample pre-treatment, exosome separation, and in  situ 
detection and analysis can all be integrated into a sin-
gle microfluidic chip to simplify and automate the steps 
from exosome separation to analysis [93]. Furthermore, 
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two or more combinations of different principles will give 
more functionality to the microfluidic device. Wang et al. 
[94] modified CD63 aptamer onto the surface of mag-
netic beads via a light-responsive group-nitrobenzyl, and 
the modified beads selectively bound CD63 + exosomes, 
which were then isolated under the action of an external 
magnetic field. The isolated exosomes must be further 
separated from the magnetic beads, whilst the captured 
exosomes are exposed to UV light at approximately 
365  nm, where the photoresponsive group -nitroben-
zyl is effectively cleaved; the purification of exosomes is 
achieved by removing these magnetic beads. The use of 
this photoresponsive group allows spatial and temporal 
control during exosome isolation whilst avoiding irre-
versible damage to exosomes from non-physiological 
eluates. Compared with conventional isolation methods, 
microfluidics allows for the more efficient acquisition of 
exosomes using smaller sample volumes and less time, 
while also enabling the isolation of specific subtypes of 
exosomes.

Characterization
Extracted and purified exosomes require further valida-
tion, with characterization presenting an important tool 
for verifying the effectiveness of their extraction and 
providing a material basis for their application. Exo-
some characterization should include protein blot valida-
tion of specific markers alongside at least two methods 
to characterize individual exosomes [95]. Currently, 
quantitative methods for exosomes need to be used in 
combination and only indirectly reflect the number of 
exosomes. The commonly used methods for this are the 
total protein amount and total particle number. Addi-
tionally, qualitative characterization requires imaging 
techniques and biophysical characterization. To dem-
onstrate that exosomes are closed vesicles with a lipid 
bilayer structure, at least one transmembrane/lipid-
binding protein and one cytoplasmic protein need to be 
characterized. Furthermore, proteins that are most likely 
to contaminate exosomes during isolation must be char-
acterized and used to control their purity. The physical 
and biological properties of exosomes and their practi-
cal applications can be characterized using appropriate 
methods (Fig.  4A) [75]. For example, electron micros-
copy (scanning electron microscopy, projection electron 
microscopy, and atomic force microscopy) can be used 
to demonstrate surface morphology information, whilst 
also using dynamic light scattering to measure exosome 
size and zeta potential distribution, and nanoparticle 
tracking analysis to determine particle concentration 
and size distribution. For exosomal proteins, enzyme-
linked immunosorbent assays, protein blotting, flow 
cytometry, chromatography, and mass spectrometry 

can be used. Meanwhile, for exosomal RNA and DNA, 
real-time fluorescence quantitative PCR, digital PCR, 
and NGS sequencing can be used, whilst mass spec-
trometry techniques are often employed for exosomal 
lipids (Fig. 4B) [14, 96, 97]. In recent years, new protein 
detection methods (such as olorimetric detection, fluo-
rescence detection, electrochemical detection, surface 
plasmon resonance detection, surface-enhanced Raman 
scattering, and CRISPR/Cas system-assisted detection) 
and nucleic acid detection methods (such as single vesi-
cle analysis, thermophoretic detection, and CRISPR/
Cas-assisted detection) have emerged, whilst the rapid 
development of exosome detection technologies has 
facilitated their use in diagnosis [11]. Notably, exosomes 
may also change their physical or biological properties 
during characterization. In conclusion, comprehensive 
characterization of exosomes helps determine their prop-
erties from multiple perspectives whilst providing strong 
support for their subsequent application.

Storage
Exosomes that are not used immediately after isolation 
must be properly stored to protect their biological activ-
ity and facilitate transport and clinical applications. Cryo-
preservation, freeze-drying, and spray-drying serve as the 
primary storage techniques employed for exosomes. Cryo-
preservation is a storage method that involves lowering the 
temperature below the threshold required for biochemi-
cal reactions to ensure the functional stability of biologi-
cal particles. Typically, this technique is implemented at 
temperatures of 4 °C, − 20 °C, and − 80 °C. Compared to 
freshly isolated exosomes, different storage temperatures 
and times have different degrees of impact on the num-
ber, size, stability, in vivo distribution, and other properties 
of exosomes. Considering subsequent functional stud-
ies, storage at 4  °C or − 20  °C is generally recommended 
for short-term storage with − 80  °C used for long-term 
[98]. Notably, direct cryopreservation is prone to irre-
versible damaging exosomes, which is mainly related to 
an imbalance in osmotic interactions during freezing and 
the occurrence of frozen crystals within organic parti-
cles. Therefore, exosomes are selectively cryopreserved 
by the addition of one or more appropriate concentra-
tions of cryopreservative agents. Cryopreservatives are 
classified as osmotic (e.g., dimethyl sulfoxide and ethyl-
ene glycol) or non-osmotic (e.g., alginate and sucrose). 
In addition, exosomes should avoid undergoing repeated 
freeze–thaw cycles [99]. Freeze-drying and spray-drying, 
on the other hand, are based on the principle that water 
in exosomal solutions is evaporated by freezing in a vac-
uum through direct sublimation of ice or by atomization 
followed by evaporation in high temperatures. Similar to 
cryopreservation, freeze-drying requires the addition of 
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Fig. 4 The main concerned properties and common methods in the characterization of exosomes. A Different performance of different separation 
methods under the same representation method. (i) MSC-derived exosomes were isolated by UC and TFF; (ii) Nanoparticle Tracking Analysis 
was used to measure particle size and number. (iii) Western bolt testing surface markers; (iv) Exosomes under transmission electron microscopy 
(left: UC, right: TFF, scale bar: 100 nm). Reproduced with permission. [75] Copyright 2021, SAGE Publications Ltd. B Characterization of mouse bone 
marrow-derived exosomes. (i) Flow chart of exosome isolation; (ii) Particle size and particle number were determined by dynamic light scattering 
(DLS) and nano-tracking analysis (NTA), respectively; (iii) Exosomes under transmission electron microscopy; (iv) Flow cytometry was used to detect 
surface markers. Reproduced with permission. [97] Copyright 2017, Springer Nature Ltd.
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cryoprotectants to maximize the preservation of the mor-
phology and pharmacokinetics of exosomes from being 
altered. Furthermore, the protein content of freeze-dried 
exosomes stored at room temperature is similar to that of 
exosomes kept at − 80  °C [100]. Unlike cryopreservation 
and freeze-drying, the key factors impacting exosome sta-
bility during spray-drying are the pressure used for atomi-
zation and the temperature at which they exit. Although 
both freeze- and spray-drying yield exosome powders, 
spray-drying is a continuous process that allows for adjust-
ment of powder particle size [101].

Loading strategy
Nucleic acids (e.g., short interfering RNAs and antisense 
oligonucleotides), proteins, and drugs (e.g., chemothera-
peutic agents and immunomodulators) can be loaded 
into exosomes as cores. Loading these substances into 
exosomes is a key aspect in the development of exoso-
mal drug delivery systems. Additionally, the following 
factors must be considered here: (1) achieving better 
encapsulation or loading efficiency, (2) maintaining the 
structural integrity of the exosome, and (3) maintain-
ing drug activity. The main therapeutic agent loading 
strategies for exosomes include pre and post-secretory 
loading (Fig.  5A, B) [10, 58, 102]. Pre-secretory drug 
loading involves loading therapeutic agents directly into 
parental cells or modifying parental cell genes to secrete 
engineered exosomes. Furthermore, presecretory drug 
delivery consists of two main methods: coincubation 
and genetic modification. Coincubation usually involves 
the co-culture of parental cells with a therapeutic agent 
(e.g., paclitaxel [103], gemcitabine [104], or adriamy-
cin [105]), allowing the therapeutic agent to cross the 
cell membrane and enter the cytoplasm. In contrast, 
genetic modification is performed by transfection and 
genetic modification of parental cells to overexpress the 
desired therapeutic agent (e.g., RNA or protein) [106]. 
The therapeutic substance within the cytoplasm is seg-
regated into exosomes through either active or passive 
mechanisms, subsequently released from the cell along-
side these exosomes. The extraction technique employed 
ensures the acquisition of suitable exosomes [107]. This 
method involves only the treatment and modification of 
parental cells, whereas the extracted exosomes are rela-
tively untreated. The primary advantage is that the integ-
rity and functionality of exosomes are better preserved, 
although drug-loading efficiency is difficult to control 
and is often low.

Post-secretory loading is the most common method of 
exosome loading and can be further divided into active 
and passive loading. The general procedure for this 
first isolating and purifying the exosomes, before prop-
erly loading the therapeutic agent. Electroporation and 

sonication are the most commonly used active loading 
methods, whereas the other methods involve repeated 
freeze-thawing and extrusion [2]. The advantages of this 
method are the relative simplicity and relatively high 
loading efficiency. Nonetheless, the loading procedure 
could potentially undermine the exosomes’ soundness, 
necessitating further refinement measures to eliminate 
any unloaded freight [108]. Incubation, which is a pas-
sive loading method, has also been widely used in can-
cer research. This method relies mainly on the principle 
of passive diffusion, in which hydrophobic drugs pass 
through the exosomal membrane down a concentration 
gradient without harming the integrity of the exoso-
mal membrane. However, the limitations of incubation 
are also obvious, namely, the low drug-loading rate. The 
drug loading efficiency of exosomes may be influenced by 
the drug’s hydrophobicity, method of drug loading, and 
lipid composition of exosomes [2]. Therefore, in practi-
cal applications, a suitable drug-loading method must be 
selected based on the physicochemical properties of the 
drug. The principles, advantages, and limitations of the 
exosome loading methods are summarized in Table 1.

Surface functionalization strategy
Natural exosomes, when used in tumor therapy, act as 
drug carriers to increase the effective concentration of 
drugs, although sometimes suffer from short half-lives 
and poor targeting, which limits their usefulness and 
application [113]. Modification of the exosome surface 
can reduce these limitations to some extent. Generally, 
exosome surface proteins serve as anchoring mecha-
nisms or affinity markers, enabling the attachment of 
desired protein or peptide components through vari-
ous techniques such as chemical modification, physical 
manipulation, or gene editing [99]. Currently, modi-
fication strategies for exosomes can be divided into 
two main types: pre-secretory cellular-level modifica-
tions (e.g., genetic engineering, metabolic engineering, 
and direct parent cell membrane labeling) and post-
secretory exosome-level modifications. Post-secretory 
exosome-level modifications include click chemistry, 
multivalent electrostatic interactions, ligand-recep-
tor interactions, hydrophobic interaction/membrane 
engineering, aptamer-based surface modification, and 
modification by anchoring the CP05 peptide [114]. 
Exosome-level modifications are usually performed 
after the isolation and extraction of exosomes. Modi-
fied exosomes exhibit improved passive/active target-
ing, cellular uptake, and immune evasion capabilities 
in terms of function compared to natural exosomes. In 
addition, specifically modified exosomes can respond to 
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exogenous stimuli to allow the slow release of a loaded 
drug.

Gene engineering
The principle of genetic engineering is to geneti-
cally modify parental cells with an exosomal secretory 

capacity to express the target protein on the surface of 
their cell membranes, which in turn is stably displayed 
on the surface of exosomes secreted by the cell. This 
method takes advantage of the inherent protein expres-
sion mechanism of the cell and the natural biogenesis 
of exosomes, thereby facilitating the preservation of the 

Fig. 5 The main strategy for cargo loading into exosomes. A Loading methods are mainly divided into presecretory loading (left, intracellular 
loading) and postsecretory loading (right, extracellular loading). Reproduced with permission. [58] Copyright 2022, Elsevier Ltd. B Therapeutic 
agents such as proteins, small-molecule drugs and RNA species can be loaded onto the surface or inside of exosomes before or after secretion, 
or donor cells can be engineered to express molecules of interest and then secrete exosomes loaded with such molecules. Reproduced 
with permission. [10] Copyright 2019, Association for the Advancement of Science
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Fig. 6 Strategies for surface functionalization of exosomes. A Exosome-producing cells are genetically modified to secrete exosomes expressing 
targeted proteins for therapeutic or targeted effects. Reproduced with permission. [115] Copyright 2021, Springer Nature. B Flow chart of c(RGDyK) 
and Cy5.5 coupled to the surface of exosomes. Reproduced with permission. [120] Copyright 2017, Elsevier Ltd. C Hybrid exosomes were obtained 
by co-extrusion of exosomes isolated from J774A.1 and liposomes. Reproduced with permission. [129] Copyright 2019, Elsevier Ltd.
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natural conformation and function of the expressed tar-
get protein or peptide (Fig. 6A) [115]. This strategy gen-
erally utilizes the highly expressed membrane proteins 
of exosomes as anchor sites for target proteins. Cur-
rently, the most commonly used anchor sites of exosomes 
include tetraspanins, lysosome-associated membrane 
glycoprotein 2b (Lamp2b), lactamycin (LA), and glyco-
sylphosphatidylinositol (GPI), among others [116]. The 
cellular level-based modification strategy can effectively 
modify the targeted ligands on exosomes; however, it is 
relatively time-consuming as it involves transfection of 
the parent cell and is less suitable for the modification of 
exosomes from patient body fluids. Longatti et  al. [117] 
genetically engineered HEK293 cells to express a single-
stranded variable fragment (scFv) structural domain on 
their surface, which was then fused to the C1C2 struc-
tural domain of lactamycin. The scFv structural domain 
has an affinity for the cell surface receptor ERBB2 (Her2). 
The experimental results demonstrated that HEK293 
cells secreted exosomes that not only expressed the scFv 
structural domain on their surface but also targeted Her2. 
Compared to natural exosomes, exosomes expressing a 
high affinity for Her2 showed selective uptake in tumor 
cells at high Her2 expression levels, with uptake rates 
approximately 2–3 times higher than those of natural 
exosomes. In addition, exosomes can be constructed as 
multifunctional delivery vectors using genetic engineer-
ing. Wang et al. [118] transfected Lamp1b, tyrosine, and 
iRGD peptide genes into HEK293 cells using a lentivirus 
and obtained exosomes expressing Lamp1b, tyrosine, and 
iRGD. These exosomes were then loaded with DOX, with 
 I131 being modified at the tyrosine site on the exosome 
surface. The drug-loaded exosomes obtained through this 
series of steps exhibited excellent tumor-targeting ability 
and tumor growth inhibition, both in  vitro and in  vivo. 
The combination of chemotherapy and radiotherapy, as 
well as their combined antitumor effects, also showed 
good biosafety.

Chemical modification
Chemical modification involves the attachment of target 
proteins to the exosome surface via chemical reactions 
using lipid-binding proteins, membrane-bound proteins, 
or lipid–lipid interactions. The chemical modification 
strategy is mild, efficient, and time-consuming, although 
the modification conditions need to be strictly con-
trolled to prevent exosomes from being exposed to too 
many reagents, too high a temperature or pressure, etc., 
which may then damage the exosomal membrane and the 
structural and functional integrity of the protein [116]. 
Currently, this modification strategy can be divided into 
categories of covalent and noncovalent bonds.

The most commonly used covalent binding method is 
click chemistry, a class of chemical coupling reactions that 
occur under aqueous, buffered, and physiological condi-
tions that produce irreversible bonds. To modify exoso-
mal membranes using click chemistry, the conversion of 
exosomal amine groups to alkynes must be ensured; that 
is, the targeting ligands must be coupled to the exoso-
mal membranes using covalent bonds formed between 
azides and alkynes [119]. Based on this strategy, orthogo-
nal chemistry (click chemistry)-targeted exosomes have 
been developed. Tian et  al. [120] first combined a reac-
tive dibenzylcyclootyne (DBCO) group with amine-
containing molecules on exosomes from MSCs (Fig. 6B). 
The cyclo(Arg-Gly-Asp-D-Tyr-Lys) peptide [c(RGDyK)] 
was modified with the azide group to lysine and the azide 
group on c(RGDyK) was then bonded to the amine group 
by click chemistry, thus modifying c(RGDyK) to the 
exosome surface. The c(RGDyK)-conjugated exosomes 
(cRGD-Exo) then targeted ischemic brain lesion regions 
in a mouse model of ischemia–reperfusion. Subse-
quently, curcumin-loaded cRGD-Exos inhibited inflam-
matory responses and apoptosis in the lesioned region 
more effectively than curcumin or exosomes alone in a 
similar mouse model. In contrast, click chemistry could 
be used to enhance the immune response of tumor cells 
to exosomes. In most tumors, signal regulatory protein 
α (SIRPα) on the surface of macrophages often inter-
acts with CD47 (a "don’t eat me" signal) on the surface of 
tumor cells, limiting the ability of macrophages to phago-
cytose tumor cells. Koh et al. [121] modified the SIRP-α 
variant on the exosome surface using click chemistry to 
form SIRP-α-exosomes. By interfering with CD47-SIRP-α 
interaction, SIRP-α-exosomes enhance macrophage 
phagocytosis whilst increasing the number of tumor cells 
phagocytosis. In a homologous mouse cancer model, 
SIRPα-exosomes inhibited tumor growth whilst enhanc-
ing T-cell infiltration in mice. In addition, metabolic gly-
can engineering allows the direct modification of living 
cells with substrates under laboratory conditions, which 
can be used for in vitro or in vivo click chemistry [122]. 
Compared with traditional covalent binding methods, 
click chemistry is simple, efficient, and does not require 
toxic catalysts. Therefore, advances in "click chemistry" 
technology are important for the rapid mass production 
of engineered exosomes [123]. However, the modifica-
tion of click chemistry may affect the functioning of other 
membrane proteins in the exosome membrane, such 
as cell-binding proteins, proteins that mediate immune 
escape, and intracellular transport pathways. Therefore, 
this strategy also requires precise control of reaction con-
ditions, such as the ratio of targeting ligands to exosomes. 
Additionally, this approach is not usually applicable to 
specific exosomal amine groups [2].
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Noncovalent binding involves the modification of tar-
geting ligands to exosome membranes through non-
covalent bonds, including charge and hydrophobic 
interactions. Compared to the covalent coupling strat-
egy, the modification conditions of this strategy are rela-
tively mild, although the binding strength is weaker. Qi 
et  al. [124] first bound transferrin to the corresponding 
receptor on the surface of serum exosomes before bind-
ing the superparamagnetic nanoparticle to transferrin, 
thus obtaining superparamagnetic behavior-exhibiting 
exosomes that were more responsive to external magnetic 
fields than free superparamagnetic nanoparticles. In vivo, 
modified exosomes target tumor cells and inhibit their 
growth in response to an external magnetic field. Ami-
noethyl ethanolamine (AA) binds to sigma receptors that 
are highly expressed on the surface of tumor cells. In a 
previous study, aminoethyl anilamide-polyethylene glycol 
(AA-PEG) was integrated into the exosome membrane 
using sonication before being loaded with paclitaxel. The 
resulting exosomes could target sigma receptor-express-
ing tumor cells and inhibit their growth. Compared to 
exosomes loaded with paclitaxel alone, this new exo-
some had a stronger therapeutic effect on lung metasta-
ses [125]. In addition, polyethylene-glycolized exosomes 
showed enhanced cell specificity and circulation time 
[126]. Thus, it is evident that membrane integration of 
targeting ligands on exosomes could be achieved through 
lipidation or hydrophobic modification; however, the effi-
ciency of targeting ligand introduction and binding sta-
bility still require further optimization.

Chemically modified exosomes can acquire new func-
tions or enhance their existing ones, such as targeting cell 
adhesion molecules (iRGD, CRGDKGPDC; LFA1, lym-
phocyte function-associated antigen-1), cell receptors 
(AA-PEG, aminoethylamide polyethylene glycol; GE11, 
amino acid sequence YHWYGYTPQNVI; RVG, rabies 
virus glycoprotein), antigen presentation (GALA, a pH-
sensitive fusion peptide), and T cells (major histocom-
patibility complex). For example, surface modifications 
based on the CP05 peptide provide a tool for enhanc-
ing exosome targeting and therapeutic functions, which 
can be used for in  vivo detection and drug delivery in 
cancer therapy. The combination of CP05 with the exo-
some surface protein CD63 enhances exosome targeting 
in enriched target organs/target tissues, such as muscle, 
the brain, and subcutaneous tumors. Moreover, modifi-
cation of CP05 did not cause significant changes in the 
physiological properties, structure, or surface molecules 
of exosomes [127].

Hybrid membrane engineering
Instead of directly modifying the exosome mem-
branes, hybrid membrane engineering fuses liposomes 

containing membrane-functionalized molecules (ligands, 
antibodies, and PEGs) with exosomes or parental cells 
to form hybrid exosomes, thereby functionalizing the 
exosome membranes (Fig.  6C) [128, 129]. Macrophage-
derived exosomes have been fused with cationic, ani-
onic, fluorescently labeled, and polyethylene glycolized 
liposomes by repeated freeze-thawing to form hybrid 
exosomes, whose interaction with cells in vivo was then 
altered, likely due to the altered lipid composition of 
the hybrid exosomes [130]. Li et  al. [131] co-incubated 
liposomes containing fluorescence and azide with paren-
tal cells and subsequently isolated exosomes, including 
fluorophores, lipids, azides, and targeted peptides, were 
coupled by copper-free click chemistry. In addition, 
hybrid membrane engineering can add smart response 
functions to exosomes in combination with other modi-
fication methods. Lv et  al. [132] fused genetically engi-
neered exosomes expressing CD47 with heat-sensitive 
liposomes to treat metastatic peritoneal carcinomas (120 
mPC). Under hypothermic conditions of hyperthermic 
intraperitoneal chemotherapy (HIPEC), transvenously 
injected hybrid exosomes accumulated in tumors of 
mice in vivo, showing significant antitumor effects when 
loaded with GM-CSF or doxorubicin (DTX). Compared 
to drug-loaded hybrid exosomes alone, drug-loaded 
hybrid exosomes in combination with HIPEC have 
stronger antitumor effects and can achieve temporal and 
spatial targeting of therapeutic agents to tumors in vivo. 
In addition, hybrid exosomes can be used to deliver the 
CRISPR/Cas9 system to MSCs, which cannot be trans-
fected with liposomes alone [133].

In vivo characteristics
Mechanisms of uptake
Exosomes are released into the extracellular environment 
by the cytosol and rely on surface proteins that bind to 
membrane receptors for attachment to specific target 
cells. Exosome contents are released into the cytoplasm 
of target cells via integrins, tetraspanins, and intercellu-
lar adhesion molecules [134]. The pathways of exosome 
internalization by target cells include Clathrin/caveolin-
mediated endocytosis, lipid raft-mediated uptake via 
lipid rafts, macropinocytosis, direct fusion with the cell 
membrane, and phagocytosis [135]. Exosome surface 
proteins help detect the process of exosome internaliza-
tion by target cells [136]. Exosomal contents can trigger 
genomic, proteomic, and epigenetic alterations in cells 
whilst playing regulatory roles in intercellular signaling, 
organ development, and physiological functions. Notably, 
the uptake of exosomes does not equate to their function 
in cells, and there remains a possibility of degradation by 
lysosomes [13].
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Biodistribution and pharmacokinetics
Similar to other nanovesicles, factors like particle size, 
surface charge, protein profile, lipid bilayer composition, 
and dosage can affect the tissue distribution of exosomes. 
Previous studies using radiotracers have demonstrated 
that unmodified tumor-derived exosomes administered 
intravenously have a short half-life of approximately 
2 min in circulation [137]. Within an hour after injection, 
accumulation occurs primarily in the liver and spleen due 
to rapid uptake by these organs. After 24  h, significant 
accumulation is observed in the liver and spleen along 
with some presence in the lungs and kidneys [113]. The 
mononuclear phagocytic system (MPS) plays a major 
role in clearing exosomes from circulation. Although 
exosomes possess a slightly negative surface charge 
which may reduce MPS-mediated clearance compared 
to positively charged nanoparticles (NPs) [138], their cir-
culation time could be adversely affected by phosphati-
dylserine (PS), a negatively charged lipid present on their 
surface [139]. Appropriate surface modifications could 
improve the rapid clearance of exosomes from somatic 
circulation.

The route of administration also affects the tissue dis-
tribution of exosomes to some extent (Fig. 7A–C) [140]. 
The routes of exosome administration can be divided 
into systemic and local. Systemic routes of administra-
tion include intravenous, oral, intraperitoneal, and nasal 
routes, with intravenous injection being the most com-
mon. Meanwhile, local routes of administration are rela-
tively less frequently used and are mainly intracranial, 
subcutaneous, aerosol, and intratumoral injections [141]. 
Local administration of exosomes can increase their 
selective distribution to target organs or tissues whilst 
reducing systemic distribution and side effects [142]. 
Compared to healthy controls, transnasally administered 
MSC-Exos have exhibited significant accumulation in the 
brain under conditions of neurodegenerative changes and 
neurodevelopmental disorders, suggesting that in  vivo 
pathological states may also influence the tissue distribu-
tion of exosomes [143].

Regarding tumor distribution specifically, exosomes 
tend to exhibit stronger enrichment at tumor sites while 
taking advantage of enhanced permeability and retention 

(EPR) (Fig. 7D) [144, 145]. The slightly acidic pH within 
the tumor microenvironment (TME) facilitates uptake. 
Compared to tumor cell-derived exosomes under normal 
culture conditions, tumor cell-derived exosomes treated 
with low pH and hypoxic conditions, similar to those in 
the TME, have stronger tumor-targeting specificity both 
in vivo and in vitro [146]. Exosomes from different cellu-
lar origins also show unique tissue selectivity in vivo. For 
example, B cell-derived exosomes are taken up by liver 
and spleen macrophages with high CD169 (sialic acid 
receptor) expression via surface-carried sialic acid [77], 
whilst tumor-derived exosomes exhibit homing phenom-
ena, reflecting the targeted nature of exosome-delivered 
drugs [147].

Exosomes in tumor therapy
Delivering anti‑cancer treatments
Exosomes are vesicles enclosed by a lipid membrane, 
with a size in the nanometer range. They possess the abil-
ity to evade phagocytosis by mononuclear macrophages, 
extend their presence in circulation, and have the capa-
bility to traverse through vascular walls and extracellular 
matrix. Additionally, they can even function as biologi-
cal barriers. Low immunogenicity and high biocompat-
ibility allow exosomes to be stable and widely distributed 
in  vivo [12]. Owing to the rich biological properties of 
exosomes, the use of natural or engineered exosomes as 
drug delivery vehicles provides unique advantages and is 
expected to be a target delivery vehicle for nucleic acids, 
proteins, and chemical drugs. An ideal exosome carrier 
should have advantages such as a long circulation time, 
tumor site enrichment, deep tumor penetration, efficient 
intracellularization, and controlled drug release [148]. 
The application and in  vivo characteristics of exosome 
vectors in different studies have been summarized in 
Table 2.

Delivering small molecules
The targets of many antitumor chemotherapeutic drugs 
are intracellular; therefore, chemotherapeutic drugs must 
cross cell membranes before they can act. Chemothera-
peutic drugs have difficulty in achieving the desired effect 
owing to their poor water solubility or short half-life. The 

Fig. 7 Distribution characteristics and pharmacokinetics of exosomes in vivo. A DiR/DiI-labeled exosomes were injected intraperitoneally 
or intravenously into mice to monitor the distribution of exosomes in vivo. B Ex vivo fluorescence images (i) and quantification plots (ii) of vital 
organs and tumor sites in mice after intraperitoneal or intravenous injection of DiR/DiI-labeled exosomes. (iii) Distribution of DiR/DiI-labeled 
exosomes at tumor sites. Scale bar = 100 μm. C After the exosomes loaded with cel-miR54 were injected intraperitoneally or intravenously 
into mice, (i) the distribution of exosomes in vivo and (ii) the expression of cel-miR54 in important organs and tumor sites in mice. Reproduced 
with permission. [140] Copyright 2022, Informa UK Limited. D Distribution of DiR-labeled exosomes in vital organs of tumor-bearing 
and non-tumor-bearing mice (i) and (ii) accumulation of exosomes at tumor sites 24 or 48 h after intraperitoneal injection. Reproduced 
with permission. [145] Copyright 2020, Wiley

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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lipid bilayer of exosomes protects the exosomally-loaded 
drug, which easily enters cells through the interaction of 
membrane proteins with the recipient cells. The great-
est advantage of exosomes over synthetic drug carriers is 
their low immunogenicity and toxicity, which can reduce 
their clearance by the immune system and organ or tissue 
toxicity to a large extent [149].

The most serious adverse effects of Doxorubicin (DOX) 
are caused by its cardiotoxicity. Therefore, improv-
ing the target specificity of DOX to tumor tissues and 
reducing its concentration in cardiomyocytes are critical 
issues. Wei et  al. [150] prepared BM-MSC-derived exo-
some-loaded Dox (Exo-Dox) by co-incubating Dox with 
BM-MSC-exosomes derived from bone marrow MSCs 
(BM-MSCs). Compared to free Dox, Exo-Dox exhib-
ited significantly greater cellular uptake efficiency and 
antitumor effects in human osteosarcoma cells MG63, 
alongside decreased uptake efficiency and toxic effects 
in cardiomyocytes. This may have been related to the 
interaction between BM-MSC-derived exosomes and the 
surface membrane protein phase of human osteosarcoma 
cells. Further, in  vivo results suggested that Exo-Dox 
could be used to target tumor sites and improve drug sta-
bility and tumor site accumulation. The number of Ki67-
positive cells and cardiotoxicity were both significantly 
lower in the Exo-Dox group compared to the free Dox 
group [151].

Another factor limiting the therapeutic efficacy of 
chemotherapeutic agents is multi-drug resistance (MDR), 
which may originate from congenital or acquired acquisi-
tion. The presence of MDR reduces the tumor response 
rate to treatment and leads to the death of over 90% of 
patients with cancer receiving conventional chemother-
apeutic agents or novel targeted agents [152]. Kim et al. 
[149] investigated different methods (room tempera-
ture incubation, electroporation, and mild sonication) 
to paclitaxel (PTX) loaded into macrophage exosomes 
and evaluated the feasibility of PTX-loaded exosomes 
(exoPTX) for the treatment of multi-drug resistant can-
cers. Of the three methods, sonication-treated exosomes 
showed high loading and sustained drug release, which 
may have been related to the incorporation of PTX dur-
ing exosome membrane reconstitution. Compared to 
liposomes and polystyrene nanoparticles, exoPTX accu-
mulated heavily in tumor cells in vitro and was more than 
onefold more cytotoxic to drug-resistant tumor cells. 
Similarly, in a mouse Lewis lung carcinoma pulmonary 
metastasis model, exoPTX showed near-complete co-
localization and significant tumor growth inhibition out 
of tumor cells. Thus, exosomes as delivery vehicles facili-
tated in vivo targeting whilst also enhancing the antitu-
mor effects of paclitaxel, suggesting that exosomes have 

great potential for delivering therapeutic agents in the 
treatment of drug-resistant cancers.

The induction of apoptosis specifically in cancerous 
cells is one key function exhibited by Tumor necrosis 
factor (TNF)-related apoptosis-inducing ligand(TRAIL), 
which belongs to the TNF superfamily [153]. Specific 
highly expressed antigens such as death receptor 5 (DR5) 
are present on the surface of tumor cell membranes. 
Meanwhile, TRAIL is a high-affinity ligand for DR5 that 
transduces apoptotic signals by binding to DR5 [154]. 
However, TRAIL-based drugs such as recombinant 
human soluble TRAIL (rhTRAIL) have not yet achieved 
satisfactory therapeutic effects in clinical settings. This 
is because of the short half-life and insufficient targeting 
of rhTRAIL in vivo, which is limiting its clinical applica-
tion [155]. Several recent preclinical studies have shown 
that TRAIL-bearing exosomes induce apoptosis whilst 
inhibiting cancer progression in  vitro [156–158]. Jiang 
et al. [156] loaded exosomes secreted from TRAIL-over-
expressing macrophages Raw264.7 to load triptolide (TP) 
with antitumor effects and subsequently obtained TP-
loaded TP-based TRAIL-engineered exosomes (TRAIL-
Exo/TP) (Fig. 8A). During in vitro assays, TRAIL-Exo/TP 
exhibited more significant melanoma growth inhibition 
and apoptosis promotion than free TP and TP-loaded 
exosomes alone. Notably, the exosomes themselves were 
virtually non-cytotoxic; however, the presence of TRAIL 
may have resulted in TRAIL-bearing exosomes display-
ing concentration-dependent cytotoxicity. In vivo experi-
ments also showed that TRAIL-Exo/TP significantly 
inhibited tumor progression whilst reducing the toxic-
ity of TPL in a melanoma nude mouse model, with good 
antitumor effects. The antitumor ability of TRAIL-Exo/
TP was superior to that of TRAIL exosomes carrying 
TRAIL alone and loaded TP exosomes, suggesting a syn-
ergistic therapeutic effect of the drug combination deliv-
ery strategy (Fig. 8B–D). Furthermore, free TP exhibited 
hepatotoxicity, nephrotoxicity, and myelosuppression, 
whereas TRAIL-Exo/TP was biosafe and did not cause 
systemic toxicity or myelosuppression. In another study 
on the targeted delivery of TP, Gu et al. [159] successfully 
suppressed tumor growth in mice with tumors through 
loading TP onto arginine-glycine-aspartate (cRGD)-
modified exosomes derived from human umbilical cord 
mesenchymal stromal cells(cRGD-Exo/TP), showing sig-
nificant tumor targeting and a prolonged half-life of TP, 
thus ameliorating the short half-life and systemic toxicity 
of free TP.

Delivery of biomacromolecules
Unlike small-molecule drugs, proteins, peptides, and 
nucleic acid biomolecules are easily degraded and inac-
tivated in  vivo, whilst also facing a series of biological 
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Fig. 8 In vivo therapeutic effects of TRAIL-Exo/TPL. A Preparation of TRAIL—exobiology/TPL flow chart. B Flow chart of TRAIL-Exo/TPL in vivo 
experiments. C In vitro images of (i) tumors, (ii) tumor growth curves, (iii) tumor weights, and (iv) tumor inhibition rates of different treatment groups 
of mice after 16 days of intervention. D H&E, TUNEL and Ki67 staining of tumor sections from mice in different treatment groups after 16 days 
of intervention. (scale = 50 μm). Reproduced with permission. [156] Copyright 2021, American Chemical Society
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barriers such as cell membranes and endosomes in vivo, 
which limit the application of biomolecules in antitumor 
therapy. As carriers of intercellular information transfer, 
exosomes are naturally responsible for the delivery of bio-
informatics molecules, have the inherent ability to cross 
biological barriers, and offer outstanding advantages for 
the delivery of biomolecular drugs. In addition, the co-
delivery of small-molecule drugs with biomolecules using 
exosomes provides a new strategy for difficult-to-treat 
tumors [160].

The inhibitor of apoptosis (IAP) survivin may be 
involved in the development of drug resistance whilst 
also serving as a potential prognostic marker for patients 
with pancreatic cancer. Inhibition of this protein expres-
sion significantly improves the sensitivity of tumor 
cells to chemotherapy or radiotherapy [161, 162]. Aspe 
et  al. [163] previously inoculated engineered exosomes 
loaded with Survivin-T34A, which blocks survivin, into 
pancreatic adenocarcinoma cell lines and treated pan-
creatic cancer cells in combination with gemcitabine. 
Engineered exosomes loaded with Survivin-T34A were 
found to have significantly increased tumor cell apop-
tosis compared with free gemcitabine. In addition, the 
utilization of exosomes for protein loading via optically 
reversible protein–protein interactions (EXPLORs) has 
enhanced the effectiveness of exosome-mediated protein 
delivery and expedited their application as vehicles for 
delivering proteins in both tumor therapy research and 
oncology therapeutic investigations (Fig. 9A) [164].

Exosomes have shown great advantages in the deliv-
ery of nucleic acid drugs (Fig.  9B) [165]. Antisense 
oligonucleotides (ASOs) are an important type of 
deoxyribonucleic acid (DNA) that complement target 
mRNA and regulate RNA functioning through a vari-
ety of mechanisms. They are also highly selective thera-
peutic strategies for a variety of diseases associated with 
gene expression disorders [166]. Kamerkar et  al. [167] 
showed that engineered exosomes loaded with the ASO 
of STAT6 or C/EBPβ (exoASO) reduced the expression 
of the corresponding target gene in primary human M2 
macrophages in a dose-dependent manner. Through the 
reduced expression of target genes, exoASO leads to the 
reprogramming of M2 macrophages to M1 macrophages. 

In animal models, exoASO significantly inhibited tumor 
growth, whereas free ASO showed no significant effects 
on tumor growth. This suggested that exoASOs could tar-
get genes, induce effective reprogramming, and produce 
potent antitumor activity. Recently, CRISPR/Cas9-medi-
ated genome editing has flourished, although common 
viral vectors (e.g., adenovirus) have limitations such as 
potential immunogenicity and insertional mutagenesis, 
whereas non-viral vectors (e.g., liposomes, polymers, and 
metal nanoparticles) have potential hazards such as low 
biocompatibility and organ toxicity [168]. These issues 
have limited the widespread use of CRISPR/Cas9 gene 
therapy. McAndrews et al. [169] previously showed that 
exosomes loaded with CRISPR/Cas9 plasmid DNA could 
target mutated KRAS G12D in pancreatic cancer cells 
as well as induce target gene deletion, thereby inhibiting 
tumor growth in pancreatic cancer homologous subcu-
taneous and in situ models. This suggests that exosomes 
are promising alternative delivery vehicles for CRISPR/
Cas9 gene therapy.

In addition to DNA, exosomes can deliver ribonucleic 
acids (RNA). MicroRNA (miRNA) is non-coding RNA 
that regulates gene expression by binding to mRNA 
[170]. The regulation of tumor-associated gene expres-
sion by therapeutic miRNAs is emerging as a promising 
strategy for tumor therapy [171]. Yan et  al. [172] found 
that cisplatin promoted the accumulation of miR-29a-3p-
loaded lung tumor cell-derived exosomes in tumor cells 
and induced an approximately 30-fold upregulation of 
circulating exosomal miR-29a-3p in  vivo. Furthermore, 
exosomal miR-29a-3p exhibited the ability to target and 
downregulate collagen in the lung, which could provide 
a pro-metastatic microenvironment for tumor cells, sug-
gesting that exosomal miR-29a-3p has the potential for 
treating lung tumors (Fig. 9C). They also used liposomes 
to mimic exosomes for loading miR-29a-3p and observed 
similar in  vivo effects as exosomal miR-29a-3p. Alter-
natively, miRNA-based therapies can interfere with the 
expression of target miRNAs in tumor cells by delivering 
inhibitors of specific miRNAs or anti-miRNA oligonucle-
otides (AMOs) [173]. siRNAs are short-sequence double-
stranded RNAs that complement target mRNAs, leading 
to gene silencing [174]. When siRNA is used in tumor 

Fig. 9 The application of exosomes delivering biological macromolecules in cancer therapy. A Schematic diagram of the synthesis 
and cell-targeted delivery of Exosomes for protein loading via optically reversible protein–protein interactions (EXPLORs). Reproduced 
with permission. [164] Copyright 2016, Springer Nature. B Synthesis and characterization of exosomes loaded with nucleic acid nanoparticles 
(NANPs). Reproduced with permission. [165] Copyright 2020, Elsevier Inc. C Schematic representation of cisplatin elicited exosomes loaded 
with miR-29a-3p inhibiting metastasis of Lewis lung carcinoma cells in mouse lungs (i) and HE staining image of the lung (ii), scale bar = 2 mm. (iii) 
By Masson staining showed two groups of mice lung tumors and the tumor area of total collagen protein expression level (scale = 100 microns). 
(iv) Collagen I expression levels (scale bar = 100 μm) at the tumor edge and tumor core in the lung of the two groups of mice by IHC staining 
(scale = 100 μm). Reproduced with permission. [172] Copyright 2022, Elsevier B.V

(See figure on next page.)
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Fig. 9 (See legend on previous page.)
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therapy, it is unstable and highly susceptible to degrada-
tion [175]; therefore, using exosomes to deliver siRNA 
could present a promising approach. Lin et al. [176] used 
iRGD-modified exosomes loaded with a carnitine palmi-
toyltransferase 1A (CPT1A) siRNA (siCPT1A). CPT1A is 
a key enzyme for fatty acid oxidation (FAO), which may 
play an important role in oxaliplatin resistance in colon 
cancer. Compared to natural exosomes, iRGD-modified 
exosomes showed efficient targeting of colon cancer cells 
in  vivo. Furthermore, loading with siCPT1A also allows 
for targeted delivery of siCPT1A to tumors to inhibit 
FAO, thus effectively overcoming the resistance to oxali-
platin and suppressing the proliferation of tumors. Fur-
thermore, exosomes have the capability to transport 
circRNAs, long noncoding RNA (lncRNA), short hair-
pin RNA (shRNA), and aptamers, thus providing pow-
erful vectors and tools for gene therapy and therapeutic 
nucleic acid delivery [166].

Application of immunotherapy
Tumor immunotherapy exerts an effective antitumor 
response by reactivating the patient’s immune system, in 
particular, CD8 + T cells. Exosomes are used for immu-
notherapy in two ways: The activation of the immune 
response mediated by exosomes to stimulate antigen 
presentation and the killing activity of autoimmune cells 
in the intrinsic and adaptive immune systems to inhibit 
tumor growth, that is, cancer vaccines. Cancer vaccines 
primarily include peptide, cellular, viral, and genetic vac-
cines (Fig. 10A) [177, 178].

Releasing exosomes from antigen-presenting cells (such 
as B cells or DC) has the potential to initiate and main-
tain a robust immune response against tumors and thus 
are mostly cellular vaccines belonging to DCs [179]. DEX 
performs better than DCs as a delivery vehicle for tumor 
antigens since it is more stable and targeted, in addition 
to its immunostimulatory function [180, 181]. Wang 
et al. [182] developed an ovalbumin (OVA)-specific, DC 
(DCOVA)-DC-released, exosome (EXO)-targeted, T 
cell-based (OVA-Texo) system. OVA-Texo activated mT 
cells by directly stimulating antigen-specific CD8 + cyto-
toxic T lymphocytes (CTL) and activating the mTORC4 
pathway to convert depleted T cells into CTL to stimu-
late a larger CTL antitumor response. Additionally, both 

tumor- and normal cell-derived exosomes have the ability 
to stimulate antitumor immune responses by functioning 
as vesicles that present tumor-associated antigens (TAA) 
to DCs. These TAA-carrying TEX are efficiently taken up 
by DCs, enabling the effective presentation of antigens 
on MHC molecules to corresponding T cells [183, 184]. 
Considering that TEX originate from a tumor cell, it has 
characteristics similar to those of tumor cells. Although 
TEX exhibits tumor-immunostimulatory effects, it also 
has immunosuppressive and tumor-promoting potential 
[185]. For example, pancreatic ductal adenocarcinoma-
derived (PDAC)-derived exosomes inhibit comple-
ment-mediated cytotoxicity against tumor cells [186]. 
Therefore, the potential of TEX to promote immunosup-
pression and immune evasion must be considered before 
it can be used in cancer vaccines.

Chimeric antigen receptor (CAR)-T cells represent 
an innovative and promising approach to tumor immu-
notherapy, particularly for the treatment of B-cell lym-
phoma and acute lymphoblastic leukemia. The principle 
of this approach is the recognition of specific antigens 
on the surface of tumor cell membranes by the extracel-
lular structural domains of genetically engineered T cells 
expressing recombinant receptors. This in turn triggers 
the activation of T cell receptor (TCR) signaling by intra-
cellular structural domains, leading to antigen-targeted 
cytotoxicity as well as target cell death [187]. However, 
Cytokine release syndrome (CRS), immune effector 
cell-associated neurotoxicity syndrome (ICANS), and 
hematotoxicity (including cytopenia, immune reconsti-
tution dysfunction, and hypogammaglobulinemia) and 
“on-target, off-tumor” response, as well as barriers to the 
immunosuppressive tumor microenvironment. The neg-
ative effects on CAR-T cell activity and persistence pose 
a challenge for CAR-T cell therapy. For these reasons, 
CAR-T cell therapy has limited therapeutic efficacy in the 
clinical application of solid tumors compared to hemato-
logic malignancies [188, 189]. Recent studies have shown 
that CAR-T cell-derived exosomes as a cell-free therapy 
not only retain most of the functions of CAR-T cells but 
also have greater therapeutic efficiency, higher control-
lability, lower toxicity, and safety, and could even replace 
CAR-T cells as a powerful tool for solid tumor treat-
ment. In addition, since CAR-T cell-derived exosomes 

(See figure on next page.)
Fig. 10 Strategies and applications of exosome-enhanced immunotherapy. A Engineered exosomes for cancer immunotherapy. Reproduced 
with permission. [178] Copyright 2020, Wiley. B HEK293-derived exosomes loaded with R848 (immunoadjuvant) and Ce6 (sonosensitizer) promoted 
DC2.4 maturation. (I) ExoR848 + Ce6 intervention DC2.4 schematic diagram. (ii) Western blot analysis of Hsp70 in DC2.4 from different treatment 
groups. (iii) The production of ROS in the different treatment group DC2.4 (scale = 100 microns) and statistical analysis. (iv) Flow cytometry 
and statistical analysis of CD80 and CD86 expression in DC2.4 of different treatment groups. Reproduced with permission. [140] Copyright 2022, 
Informa UK Limited
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Fig. 10 (See legend on previous page.)



Page 30 of 41Yang et al. Journal of Nanobiotechnology           (2024) 22:41 

do not express programmed cell death protein 1 (PD1) 
on their surface, PD-L1 on the surface of tumor cells can-
not inhibit exosomes in the same way as the antitumor 
immunity of CAR-T cells [190].

The other is the delivery of immunotherapeutic agents 
such as immune checkpoint inhibitors (Fig.  10B) [140], 
where monoclonal antibodies targeting specific mol-
ecules can be expressed on the surface of exosomes. 
Immune checkpoint blockade (ICB) activates antitu-
mor cytotoxic T-cell responses and improves the effi-
ciency of cancer therapy by blocking regulatory receptors 
expressed on immune or tumor cells, with PD-1/PD-L1 
and CTLA-4 being the key targets for immune check-
point blockade therapy [191]. Despite the commer-
cialization of anti-CTLA-4 and anti-PD-L1 monoclonal 
antibodies, they still have drawbacks such as high off-
target effects, low objective response rates, and poten-
tial immune-related side effects [192]. To address these 
issues, Fan et al. [193] engineered exosomes by modify-
ing anti-PD-L1 and anti-CD40 on the surface of human 
umbilical vein endothelial cells (HUVECs) before load-
ing them with cGAMP, a dual-targeting exosome-loaded 
drug (cGAMP@dual-anti-Exos). cGAMP@dual-anti-
Exos accumulates at the tumor site, with anti-PD-L1 then 
binding to PD-L1 on the tumor cell surface and block-
ing immune checkpoint molecules. The engineered 
exosomes were then used to stimulate DCs twice with 
anti-CD40 and cGAMP. By combining immunotherapy 
with two antibodies and one drug, both tumor suppres-
sion and the immune response were enhanced, whereas 
immune escape was inhibited, providing a relatively safe 
tool for combination immunotherapy.

Penetration of biological barrier
The blood–brain barrier (BBB) is the interface between 
blood flow and brain parenchyma and acts as an ana-
tomical and physiological barrier to prevent harmful 
substances from entering the brain or gastrointestinal 
tract. It also serves as an existing barrier to antitumor 
drugs, thus limiting the effective delivery of most thera-
peutic agents to the tumor. This restricted passage of 
antitumor drugs through the BBB is mainly attributed 
to active efflux transporters (AETs) [194]. P-glycopro-
tein (P-gp) and breast cancer resistance protein (BCRP) 

are the two most common AETs that are associated 
with drug resistance in multiple tumors and limit the 
brain penetration of antineoplastic drugs [195]. More 
than half of the commercially available antitumor drugs 
are recognized by P-gp, which prevents drug entry 
into the brain parenchyma via the transcytosis path-
way. Although a partial blood–brain tumor barrier 
(BBTB) with increased permeability due to abnormal 
blood vessel formation is present in brain tumors, the 
BBTB in most brain tumor areas is closer to the intact 
BBB [196]. To address the issue of poor drug accessi-
bility in brain tumors, in addition to developing new 
therapeutic strategies for overcoming BBB/BBTB, the 
selection of suitable drug delivery vehicles presents a 
promising approach. Exosomes are rich in membrane 
proteins and specific lipids that confer their ability to 
cross biological barriers and have been shown to cross 
the blood–brain barrier and gastrointestinal tract for 
the brain or gastrointestinal delivery of biomolecules 
or drugs (Fig.  11A, B) [197, 198]. The targeting abil-
ity of unmodified exosomes is not strong, however, 
with only approximately 0.5% reaching the brain [29]. 
However, they have been able to significantly improve 
the effective concentration and therapeutic efficacy of 
antitumor drugs at the tumor site [199, 200]. Surface 
modification can also further improve the targeting 
ability of exosomes. Glioblastoma multiforme (GBM) is 
one of the most difficult and aggressive tumors to treat, 
with the difficulty of accessing therapeutic agents in 
the tumor region being one of the primary reasons for 
poor prognosis and inevitable recurrence. Liang et  al. 
[201] also prepared exosomes loaded with angiopep-2 
(An2)-functionalized signal transducers and activators 
of transcription 3 (STAT3)-siRNA to target GBM cells 
and BBB endothelial cells through An2 binding to low-
density lipoprotein receptor-related protein 1 (LRP-1), 
to promote Exo-An2-siRNA penetration into the BBB 
and target GBM. STAT3 is one of the GBM therapeu-
tic targets, whilst Exo-An2-siRNA is taken up by GBM 
cells and releases siRNA to silence STAT3, significantly 
inhibiting downstream target oncogene transcription, 
and ultimately leading to significant apoptosis in GBM 
cells. In  vivo, Exo-An2-siRNA showed the strongest 
inhibition of tumor growth (compared to Exo-An2, 

Fig. 11 Exosomes carry therapeutic agents through biological barriers to exert therapeutic effects. A Schematic diagram of the mechanism 
of exosomes penetrating the blood–brain barrier. Reproduced with permission. [197] Copyright 2021, Ivyspring International Publisher. B 
FUS-BBB opening facilitates exosome delivery to the brain. (i) Schematic diagram of the experimental procedure. (ii) Aβ immunostaining images 
of 10-month-old APP/PS1 mice (scale bar = 100 μm) and percentage area of quantitative positive amyloid β staining. (iii) Thioflavin-S staining (scale 
scale = 100 μm) and quantification of Aβ plaques in brain. (iv) HE staining of vital organs in mice (scale bar = 100 μm). Reproduced with permission. 
[198] Copyright 2021, Elsevier B.V

(See figure on next page.)
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free siRNA, and PBS) alongside outstanding improve-
ment in the median survival time of hormone-treated 
mice, whilst also exhibiting excellent accumulation and 
tumor-homing properties.

Improvement of the tumor microenvironment
The TME is composed of cellular and noncellular compo-
nents. Cellular components include fibroblasts, endothe-
lial cells, and immune cells (e.g., macrophages, T and B 
lymphocytes, and DCs), whilst non-cellular components 
include soluble factors (e.g., cytokines, growth factors, 
and chemokines), extracellular matrix proteins (laminin, 
fibronectin, and collagen), and EV [202]. Macrophages 
have two phenotypes, M1 and M2. M2-type tumor-asso-
ciated macrophages (TAMs) in the tumor microenviron-
ment are usually considered the major subtype of tumor 
immunosuppression and may reduce the effectiveness 
of immunotherapy [203]. Reprogramming TAMs from 
the M2 to the M1 subtype is one feasible approach to 
reversing tumor immunosuppression (Fig.  12B) [140]. 
Controlling the M2 phenotype of TAMs under patho-
logical conditions involves key transcription factors, 
including signal transducer and activator of transcrip-
tion 6 (STAT6) [204]. Engineered exosomes (exoASO-
STAT6) modified with the antisense oligonucleotide 
(ASO) of STAT6 preferentially target M2 macrophages. 
Moreover, exoASO-STAT6 delivered ASO over tenfold 
more efficiently than free ASO. Additionally, exoASO-
STAT6 effectively reprogrammed immunosuppressive 
M2-type macrophages into pro-inflammatory M1-type 
macrophages in  vitro, which may have been dependent 
on the suppression of STAT6 pathway gene expression 
in M2-type macrophages and the expression of M1-type 
macrophage gene markers. Similar to the in vitro results, 
ExoASO-STAT6 also produced effective M1 macrophage 
reprogramming in mouse models of colorectal and hepa-
tocellular carcinoma. This led to TME remodeling and 
a CD8 + T cell-dependent adaptive antitumor immune 
response. Furthermore, ExoASO-STAT6 showed potent 
antitumor activity in both mouse tumor models (> 90% 
inhibition of tumor growth), whereas free ASO at equiv-
alent drug doses did not exhibit any therapeutic effects 
(Fig. 12A) [205].

The effectiveness of exosome-based therapies is lim-
ited by factors such as angiogenesis, fibrotic signaling, 
hypoxia in the TME, which can hinder drug delivery and 
intra-tumor infiltration whilst increasing tumor resist-
ance to drugs [202]. Therefore, methods of exerting 
effective therapeutic efficiency in the tumor microen-
vironment are important to investigate for tumor drug 
therapy. Zhu et  al. [206] previously developed tumor-
derived exosome-hybrid nanovesicles (MMV) loaded 
with the mitochondrial toxicity drug MnCO, which relies 
on the targeting ability of exosomes to exhibit tumor-
selective accumulation in vivo. Tumor cells overproduce 
H2O2, whilst MnCO then reacts with H2O2 to produce 
CO, which subsequently damages the mitochondria, 
thereby killing tumor cells. Considering that normal cells 
do not produce excessive H2O2, tumor cells are selec-
tively killed. This also prevents leakage and has a low CO 
loading rate during delivery. Compared to the neutral 
environment under physiological conditions, the tumor 
microenvironment usually appears acidic, which may be 
related to the high rate of glycolysis alongside increased 
lactate production [207]. This property, which is differ-
ent from that of normal tissues, provides new ideas for 
potential antitumor drug delivery. Gomes et  al. [208] 
fused breast cancer cell-derived exosomes with DOX-
loaded long-circulating and pH-sensitive liposomes 
(SpHL-DOX) to obtain the hybrid exosome ExoSpHL-
DOX. The results subsequently showed that ExoSpHL-
DOX was sensitive to environmental pH and could 
selectively release antitumor drugs in an acidic environ-
ment. ExoSpHL-DOX released 96.6 ± 0.2% of DOX in pH 
5.0 medium compared to 70.1 ± 1.7% in pH 7.4 medium. 
Compared to free DOX, ExoSpHL-DOX also induced 
stronger tumor-killing effects with less acute toxicity 
and tissue/organ damage in the heart and spleen in vivo, 
whilst the blood concentration of DOX was also further 
enhanced. In addition, ExoSpHL-DOX was therapeuti-
cally effective against lung metastases from breast cancer, 
reducing the number of lung metastases [209].

Liquid Biopsy
Liquid biopsies are usually based on circulating tumor 
cells (CTCs), circulating tumor DNA (ctDNA), and 

(See figure on next page.)
Fig. 12 Exosomes act as vectors to regulate the tumor microenvironment. A Exosomes loaded with STAT6-targeted ASO reprogrammed M2 
tumor-associated macrophages (TAMs) from tumor-promoting M2 to anti-tumor M1 by knocking down STAT6. Reproduced with permission. 
[205] Copyright 2022, Kamerkar, Leng, Burenkova, et al. B ExoCe6 + R848 improves the immunosuppressive tumor microenvironment. (i) Flow 
cytometry images and proportions of Treg cells (CD4 + FOXP3 +) in different treatment groups. (ii) Flow cytometry images and proportions of M1 
(CD86) and M2 (CD206) in different treatment groups. (iii) Immunofluorescence staining and statistical results of Foxp3 and CD4 in tumor sections 
of different treatment groups. (iv) Immunofluorescence staining and statistical results of CD86 and F4/80 in tumor sections of different treatment 
groups. (v) Immunofluorescence staining and statistical results of CD206 and F4/80 in tumor sections of different treatment groups. Scale = 50 μm. 
Reproduced with permission. [140] Copyright 2022, Informa UK Limited
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exosomes derived from tumor sites as markers, which 
often show abnormalities in the early stages of tumor 
development before imaging changes and traditional 
tumor markers. They can also be used in healthy and 
high-risk populations for early warning and screening, 
treatment effect monitoring, and prognosis assessment, 
as well as tumor MRD and recurrence monitoring in 
healthy and high-risk populations [210]. Compared to 
traditional tissue biopsies, liquid biopsies have a reduced 
risk, cost, and detection time, whilst also being non-inva-
sive [211].

Tumor-derived exosomes have potential applications 
in tumor diagnosis, prognosis, monitoring, and metasta-
sis since they carry tumor-specific information, mediate 
communication between tumor cells, participate in the 
regulation of the tumor microenvironment, and promote 
tumor growth and metastasis [11]. Li et al. [212] designed 
and implemented a multicenter prospective study in a 
cohort of patients with esophageal squamous cell carci-
noma (ESCC) and healthy volunteers, including a pilot 
cohort for RNA sequencing (three ESCC patients and 
three controls each) and a discovery cohort for further 
validation (33 ESCC patients and controls each). RNA 
sequencing of the salivary exosomes was performed to 
identify tRNA-derived small RNA (tsRNA). It was found 
that a double marker consisting of tRNA-GlyGCC-5 
and a previously unidentified small RNA (named sRESE 
because of its origin in the saliva exosomes of ESCC 
patients) could distinguish ESCC patients from controls 
with high sensitivity (90.50%) and specificity (94.20%). 
These findings further demonstrated the feasibility and 
application of exosomes as biomarkers for tumor diag-
nosis. Furthermore, Nakano et  al. [213] performed a 
microarray analysis of serum exosomes in patients with 
hepatocellular carcinoma (HCC) after living donor liver 
transplantation (LDLT). Microarray analysis was per-
formed and miR-92b was found to have been highly 
expressed in these exosomes. In addition to the high 
expression of miR-92b in the serum exosomes of pre-
LDLT HCC patients, high levels of miR-92b were also 
maintained in patients with recurrent HCC after LDLT. 
Therefore, they evaluated the predictive value of miR-
92b expression for early hepatocellular carcinoma recur-
rence after LDLT. The results showed that the predictive 
accuracy of pre-LDLT miR-92b expression for early HCC 
recurrence after LDLT was high (sensitivity and speci-
ficity: 71.4% and 62.8%, respectively). If a combination 
of alpha-fetoprotein (AFP) and miR-92b was used for 
prediction, the accuracy of early hepatocellular carci-
noma recurrence prediction after LDLT could be further 
improved.

Conclusions and prospects
Current tumor treatment strategies, such as chemother-
apy, gene therapy, and immunotherapy, may have diffi-
culties in achieving the expected efficacy during clinical 
application owing to limitations such as weak targeting, 
low effective concentration, and local or systemic toxic-
ity. Improving the efficiency of drug or gene delivery, 
starting with the selection of appropriate carrier types, is 
one of the main options for improving the effectiveness 
of oncological treatments. Exosomes, as delivery carri-
ers, combine the advantages of cell-based drug delivery 
and nanomaterials, with their superior biocompatibility 
and nanosize enabling effective drug delivery. Compared 
with cell-based drug delivery, exosomes not only inherit 
most of the functions of source cells but are also easier 
to control and store and are safer. In addition, compared 
with nanomaterial-based drug delivery systems, the lipid 
bilayer, surface membrane proteins, and nanosized struc-
ture of exosomes ultimately enable them to overcome 
various biological barriers, low immunogenicity, natural 
targeting, and stability for long-distance delivery in vivo 
[145]. An increasing number of studies have shown that 
exosomes are promising vehicles and tools for delivering 
oncological therapeutics. The comparative advantages 
and disadvantages of exosomes compared with other 
similar carriers are summarized in Table 3.

Although exosomes have achieved outstanding results 
in recent years as drug carriers for the targeted therapy of 
tumors, there are still many shortcomings limiting their 
clinical application. The main issues are as follows: (1) 
The in vivo function and safety of exosomes remain con-
troversial. Owing to their biological activity, the safety of 
exosomes should be considered when used as delivery 
vehicles. For example, tumor cell-derived exosomes con-
tain tumor-supporting components that promote tumor 
growth, invasion, and metastasis, thus there are risks 
associated with inducing immunosuppression or accel-
erating tumor progression. Therefore, more clinical stud-
ies on exosome therapy are needed to focus on the safety 
and toxicological characteristics of human experiments. 
(2) The state of the source cells, modifications upstream 
and downstream, have an impact on the composition and 
characteristics of exosomes, resulting in diverse thera-
peutic outcomes. Therefore, controlling the stability of 
the source cell culture environment and developing gen-
tle and effective exosome processing techniques could 
help reduce variation between batches whilst maintaining 
stable exosome structure and properties [215]. (3) Exist-
ing isolation techniques can only produce small amounts 
of exosomes, which are costly to produce on a large scale 
[216]. Factors such as stimulation of cells to secrete more 
exosomes (e.g., regulation of intracellular calcium lev-
els, external stress, cytoskeletal blockade, drug effects, 
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and gene expression [49]), development of more efficient 
isolation and purification methods (e.g., tangential flow 
filtration [217], asymmetrical flow field-flow fractiona-
tion [218]) or exploring new sources of exosomes (e.g., 
milk [219], bacteria [220], plants [221], etc.) could help to 
address this problem. (4) There is a lack of comprehen-
sive understanding regarding selective cellular uptake 
mechanisms for exosomes along with their intracellular 
distribution patterns leading to possible off-target phe-
nomena. (5) The risk of altering the orientation of mem-
brane proteins when performing membrane-disrupting 
manipulations such as drug delivery to exosomes, which 
may result in recognition by the immune system and 
subsequent adverse reactions. Recently, in situ exosome-
based drug delivery strategies based on organism genera-
tion have provided researchers with a new idea, which 
involves transforming in  vitro isolation, drug loading, 
and modified delivery into in  situ release at the lesion 
site, thus avoiding the risk of altering exosome prop-
erties and characteristics [222]. (6) Criteria for manu-
facturing, loading efficiency, purification, storage, use, 
stability duration, dose, and application are yet to be 
determined [223]. (7) There are significant differences 
between laboratory studies and clinical industrialization 

studies on exosome drug delivery systems, with only 
a few exosome-based therapies entering clinical trials. 
Therefore, research on exosomes as drug carriers should 
focus more on in  vivo safety and toxicological profiles, 
expansion of exosome sources, gentler and more efficient 
isolation, drug delivery, optimization of modification 
techniques, standardization from production to applica-
tion, and detailed mechanisms of selective cellular uptake 
and intracellular distribution. This could help to bridge 
the gap between laboratory studies and clinical transla-
tion. In conclusion, exosome research remains in its early 
stages, although exosome delivery systems have shown 
promising applications in oncology therapy. The design 
of appropriate exosome delivery systems could maxi-
mize therapeutic efficacy whilst effectively facilitating the 
clinical translation of exosomes for oncology therapeutic 
applications.
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Table 3 Comparison of exosomes with other delivery vectors

Reproduced with permission. [214]. Copyright 2023, Xinyu Lin, Ying Wang, Kai Fang, et al

Type of drug delivery vectors Advantage Disadvantage

Exosome Good biocompatibility
Stability
Low immunogenicity and cytotoxicity
Targeting ability
Crossing of biological barriers

Lack of standardized separation and purification methods
Heterogeneity
Low drug loading efficiency
Limited mass production

Liposome Good biocompatibility
Easy surface modification
Wide adaptability to loaded drugs
Long blood circulation time
High bioavailability and safety
Similar to cell membrane structure

Long-term application only for small molecule drug 
delivery
Low drug loading rate
Poor stability, easy oxidation of phospholipids, susceptible 
to metals, radiation, high temperature, PH, and enzymes
Induces a toxic immune response in vivo, mainly 
in the liver

Polymer nanoparticle Good biocompatibility, biodegradability
High therapeutic drug load
Easy absorption, controlled drug release
Ligand or targeted modification of polymer surface can 
achieve multifunctional drug delivery

Easy to bind to negatively charged nonspecific cells 
or proteins
High cytotoxicity
Low gene transfection efficiency

Micelle Enter living cells without the use of transfection agents
Long retention time in vivo
Good tissue permeability、 Biocompatibility, biodegra-
dability
Easy structure modification and special "core–shell" 
structure
Uniformity, small volume

Poor physical stability
Easy to cause drug leakage and sudden release

Inorganic/metallic nanoparticles Small and uniform size
Unique physical and chemical properties, such as opti-
cal, magnetic, electrical, acoustic
Easy to degrade in a short time
Nonimmunogenic

Low biocompatibility
Biotoxicity



Page 36 of 41Yang et al. Journal of Nanobiotechnology           (2024) 22:41 

Funding
This work was supported by the Natural Science Foundation of Hunan Prov-
ince (No. 2021JJ40845) and the National Natural Science Foundation of China 
(No. 81602389).

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Otorhinolaryngology Head and Neck Surgery, The Second 
Xiangya Hospital, Central South University, Changsha 410011, Hunan, China. 
2 Institute of Translational Medicine, Zhejiang Shuren University, Hang-
zhou 310015, Zhejiang, China. 

Received: 23 October 2023   Accepted: 2 January 2024

References
 1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA 

Cancer J Clin. 2022;72:7–33.
 2. Akbari A, Nazari-Khanamiri F, Ahmadi M, Shoaran M, Rezaie J. Engi-

neered exosomes for tumor-targeted drug delivery: a focus on genetic 
and chemical functionalization. Pharmaceutics. 2022;15:78.

 3. Ngoune R, Peters A, von Elverfeldt D, Winkler K, Pütz G. Accumulat-
ing nanoparticles by EPR: A route of no return. J Control Release. 
2016;238:58–70.

 4. Li H, Wu Z, Zhang J, Sun X, Duan F, Yao J, Sun M, Zhang J, Nie L. Instant 
ultrasound-evoked precise nanobubble explosion and deep photo-
dynamic therapy for tumors guided by molecular imaging. ACS Appl 
Mater Interfaces. 2021;13:21097–107.

 5. Chen R, Huang S, Lin T, Ma H, Shan W, Duan F, Lv J, Zhang J, Ren L, Nie 
L. Photoacoustic molecular imaging-escorted adipose photodynamic-
browning synergy for fighting obesity with virus-like complexes. Nat 
Nanotechnol. 2021;16:455–65.

 6. Joseph TM, Kar Mahapatra D, Esmaeili A, Piszczyk Ł, Hasanin MS, Kattali 
M, Haponiuk J, Thomas S. Nanoparticles: taking a unique position in 
medicine. Nanomaterials (Basel). 2023;13:78.

 7. Kim H, Kim EH, Kwak G, Chi SG, Kim SH, Yang Y. Exosomes: cell-derived 
nanoplatforms for the delivery of cancer therapeutics. Int J Mol Sci. 
2020;22:67.

 8. Arrighetti N, Corbo C, Evangelopoulos M, Pastò A, Zuco V, Tasciotti E. 
Exosome-like nanovectors for drug delivery in cancer. Curr Med Chem. 
2019;26:6132–48.

 9. Pathan M, Fonseka P, Chitti SV, Kang T, Sanwlani R, Van Deun J, Hendrix 
A, Mathivanan S. Vesiclepedia 2019: a compendium of RNA, proteins, 
lipids and metabolites in extracellular vesicles. Nucleic Acids Res. 
2019;47:D516-d519.

 10. Wiklander OPB, Brennan M, Lötvall J, Breakefield XO, El Andaloussi S. 
Advances in therapeutic applications of extracellular vesicles. Sci Transl 
Med. 2019;11:54.

 11. Yu D, Li Y, Wang M, Gu J, Xu W, Cai H, Fang X, Zhang X. Exosomes as a 
new frontier of cancer liquid biopsy. Mol Cancer. 2022;21:56.

 12. Kalluri R, LeBleu VS. The biology, function, and biomedical applications 
of exosomes. Science. 2020;367:67.

 13. Ginini L, Billan S, Fridman E, Gil Z. Insight into extracellular vesicle-
cell communication: from cell recognition to intracellular fate. Cells. 
2022;11:78.

 14. Lin S, Yu Z, Chen D, Wang Z, Miao J, Li Q, Zhang D, Song J, Cui D. 
Progress in microfluidics-based exosome separation and detection 
technologies for diagnostic applications. Small. 2020;16: e1903916.

 15. Colombo M, Raposo G, Théry C. Biogenesis, secretion, and intercellular 
interactions of exosomes and other extracellular vesicles. Annu Rev Cell 
Dev Biol. 2014;30:255–89.

 16. Buratta S, Tancini B, Sagini K, Delo F, Chiaradia E, Urbanelli L, Emiliani C. 
Lysosomal Exocytosis, Exosome Release and Secretory Autophagy: The 
Autophagic- and Endo-Lysosomal Systems Go Extracellular. Int J Mol 
Sci. 2020;21:78.

 17. Chen J, Li P, Zhang T, Xu Z, Huang X, Wang R, Du L. Review on strategies 
and technologies for exosome isolation and purification. Front Bioeng 
Biotechnol. 2021;9: 811971.

 18. Dixson AC, Dawson TR, Di Vizio D, Weaver AM. Context-specific regula-
tion of extracellular vesicle biogenesis and cargo selection. Nat Rev Mol 
Cell Biol. 2023;24:454.

 19. Katzmann DJ, Stefan CJ, Babst M, Emr SD. Vps27 recruits ESCRT machin-
ery to endosomes during MVB sorting. J Cell Biol. 2003;162:413–23.

 20. Nickerson DP, Russell MR, Odorizzi G. A concentric circle model of multi-
vesicular body cargo sorting. EMBO Rep. 2007;8:644–50.

 21. Hurley JH, Emr SD. The ESCRT complexes: structure and mechanism 
of a membrane-trafficking network. Annu Rev Biophys Biomol Struct. 
2006;35:277–98.

 22. Tschuschke M, Kocherova I, Bryja A, Mozdziak P, Angelova Volponi A, 
Janowicz K, Sibiak R, Piotrowska-Kempisty H, Iżycki D, Bukowska D, et al. 
Inclusion biogenesis, methods of isolation and clinical application of 
human cellular exosomes. J Clin Med. 2020;9:34.

 23. Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D, Wieland F, Schwille 
P, Brügger B, Simons M. Ceramide triggers budding of exosome vesicles 
into multivesicular endosomes. Science. 2008;319:1244–7.

 24. Wortzel I, Dror S, Kenific CM, Lyden D. Exosome-mediated metastasis: 
communication from a distance. Dev Cell. 2019;49:347–60.

 25. Lässer C, Shelke GV, Yeri A, Kim DK, Crescitelli R, Raimondo S, Sjöstrand 
M, Gho YS, Van Keuren JK, Lötvall J. Two distinct extracellular RNA 
signatures released by a single cell type identified by microarray and 
next-generation sequencing. RNA Biol. 2017;14:58–72.

 26. Rahbarghazi R, Jabbari N, Sani NA, Asghari R, Salimi L, Kalashani SA, 
Feghhi M, Etemadi T, Akbariazar E, Mahmoudi M, Rezaie J. Tumor-
derived extracellular vesicles: reliable tools for Cancer diagnosis and 
clinical applications. Cell Commun Signal. 2019;17:73.

 27. Konečná B, Tóthová Ľ, Repiská G. Exosomes-Associated DNA-New 
Marker in Pregnancy Complications? Int J Mol Sci. 2019;20:2890.

 28. 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.

 29. Terstappen GC, Meyer AH, Bell RD, Zhang W. Strategies for deliver-
ing therapeutics across the blood-brain barrier. Nat Rev Drug Discov. 
2021;20:362–83.

 30. Miceli V, Bulati M, Iannolo G, Zito G, Gallo A, Conaldi PG. Therapeu-
tic properties of mesenchymal stromal/stem cells: the need of cell 
priming for cell-free therapies in regenerative medicine. Int J Mol Sci. 
2021;22:234.

 31. Mendt M, Rezvani K, Shpall E. Mesenchymal stem cell-derived 
exosomes for clinical use. Bone Marrow Transplant. 2019;54:789–92.

 32. Xunian Z, Kalluri R. Biology and therapeutic potential of mesenchymal 
stem cell-derived exosomes. Cancer Sci. 2020;111:3100–10.

 33. Pomatto M, Gai C, Negro F, Cedrino M, Grange C, Ceccotti E, Togliatto G, 
Collino F, Tapparo M, Figliolini F, et al. Differential therapeutic effect of 
extracellular vesicles derived by bone marrow and adipose mesenchy-
mal stem cells on wound healing of diabetic ulcers and correlation to 
their cargoes. Int J Mol Sci. 2021;22:23.

 34. Lou G, Chen L, Xia C, Wang W, Qi J, Li A, Zhao L, Chen Z, Zheng M, Liu Y. 
MiR-199a-modified exosomes from adipose tissue-derived mesenchy-
mal stem cells improve hepatocellular carcinoma chemosensitivity 
through mTOR pathway. J Exp Clin Cancer Res. 2020;39:4.

 35. Li T, Zhou X, Wang J, Liu Z, Han S, Wan L, Sun X, Chen H. Adipose-
derived mesenchymal stem cells and extracellular vesicles confer 
antitumor activity in preclinical treatment of breast cancer. Pharmacol 
Res. 2020;157:104843.



Page 37 of 41Yang et al. Journal of Nanobiotechnology           (2024) 22:41  

 36. Wang S, Sun J, Dastgheyb RM, Li Z. Tumor-derived extracellular vesicles 
modulate innate immune responses to affect tumor progression. Front 
Immunol. 2022;13:1045624.

 37. Christofides A, Strauss L, Yeo A, Cao C, Charest A, Boussiotis VA. The 
complex role of tumor-infiltrating macrophages. Nat Immunol. 
2022;23:1148–56.

 38. Wu K, Lin K, Li X, Yuan X, Xu P, Ni P, Xu D. Redefining tumor-associated 
macrophage subpopulations and functions in the tumor microenviron-
ment. Front Immunol. 2020;11:1731.

 39. Nie W, Wu G, Zhang J, Huang LL, Ding J, Jiang A, Zhang Y, Liu Y, Li J, Pu K, 
Xie HY. Responsive exosome nano-bioconjugates for synergistic cancer 
therapy. Angew Chem Int Ed Engl. 2020;59:2018–22.

 40. Marar C, Starich B, Wirtz D. Extracellular vesicles in immunomodulation 
and tumor progression. Nat Immunol. 2021;22:560–70.

 41. Lindenbergh MFS, Stoorvogel W. Antigen presentation by extracellular 
vesicles from professional antigen-presenting cells. Annu Rev Immunol. 
2018;36:435–59.

 42. Xu Z, Zeng S, Gong Z, Yan Y. Exosome-based immunotherapy: a promis-
ing approach for cancer treatment. Mol Cancer. 2020;19:160.

 43. Lu Z, Zuo B, Jing R, Gao X, Rao Q, Liu Z, Qi H, Guo H, Yin H. Dendritic 
cell-derived exosomes elicit tumor regression in autochthonous hepa-
tocellular carcinoma mouse models. J Hepatol. 2017;67:739–48.

 44. Vergani E, Daveri E, Vallacchi V, Bergamaschi L, Lalli L, Castelli C, Rodolfo 
M, Rivoltini L, Huber V. Extracellular vesicles in anti-tumor immunity. 
Semin Cancer Biol. 2022;86:64–79.

 45. Wolfers J, Lozier A, Raposo G, Regnault A, Théry C, Masurier C, Flament 
C, Pouzieux S, Faure F, Tursz T, et al. Tumor-derived exosomes are a 
source of shared tumor rejection antigens for CTL cross-priming. Nat 
Med. 2001;7:297–303.

 46. Rana S, Yue S, Stadel D, Zöller M. Toward tailored exosomes: the exoso-
mal tetraspanin web contributes to target cell selection. Int J Biochem 
Cell Biol. 2012;44:1574–84.

 47. Fang JH, Zhang ZJ, Shang LR, Luo YW, Lin YF, Yuan Y, Zhuang SM. 
Hepatoma cell-secreted exosomal microRNA-103 increases vascular 
permeability and promotes metastasis by targeting junction proteins. 
Hepatology. 2018;68:1459–75.

 48. Dai S, Wei D, Wu Z, Zhou X, Wei X, Huang H, Li G. Phase I clinical trial 
of autologous ascites-derived exosomes combined with GM-CSF for 
colorectal cancer. Mol Ther. 2008;16:782–90.

 49. Liu C, Su C. Design strategies and application progress of therapeutic 
exosomes. Theranostics. 2019;9:1015–28.

 50. Mu J, Zhuang X, Wang Q, Jiang H, Deng ZB, Wang B, Zhang L, Kakar S, 
Jun Y, Miller D, Zhang HG. Interspecies communication between plant 
and mouse gut host cells through edible plant derived exosome-like 
nanoparticles. Mol Nutr Food Res. 2014;58:1561–73.

 51. Cai Q, Qiao L, Wang M, He B, Lin FM, Palmquist J, Huang SD, Jin H. Plants 
send small RNAs in extracellular vesicles to fungal pathogen to silence 
virulence genes. Science. 2018;360:1126–9.

 52. Tinnirello V, Rabienezhad Ganji N, De Marcos LC, Alessandro R, Rai-
mondo S. Exploiting the opportunity to use plant-derived nanoparti-
cles as delivery vehicles. Plants (Basel). 2023;12:1207.

 53. Dong F, Dong X, Zhou L, Xiao H, Ho PY, Wong MS, Wang Y. Doxoru-
bicin-loaded biodegradable self-assembly zein nanoparticle and its 
anti-cancer effect: Preparation, in vitro evaluation, and cellular uptake. 
Colloids Surf B Biointerfaces. 2016;140:324–31.

 54. Del Pozo-Acebo L. Therapeutic potential of broccoli-derived extracel-
lular vesicles as nanocarriers of exogenous miRNAs. Pharmacol Res. 
2022;185: 106472.

 55. Zhuang X, Deng ZB, Mu J, Zhang L, Yan J, Miller D, Feng W, McClain CJ, 
Zhang HG. Ginger-derived nanoparticles protect against alcohol-
induced liver damage. J Extracell Vesicles. 2015;4:28713.

 56. Rahimi Ghiasi M, Rahimi E, Amirkhani Z, Salehi R. Leucine-rich Repeat-
containing G-protein coupled receptor 5 gene overexpression of the 
rat small intestinal progenitor cells in response to orally administered 
grape exosome-like nanovesicles. Adv Biomed Res. 2018;7:125.

 57. Liangsupree T, Multia E, Riekkola ML. Modern isolation and separa-
tion techniques for extracellular vesicles. J Chromatogr A. 2021;1636: 
461773.

 58. Wang C, Xu M, Fan Q, Li C, Zhou X. Therapeutic potential of exosome-
based personalized delivery platform in chronic inflammatory diseases. 
Asian J Pharm Sci. 2023;18:100772.

 59. Franco C, Ghirardello A, Bertazza L, Gasparotto M, Zanatta E, Iaccarino L, 
Valadi H, Doria A, Gatto M. Size-exclusion chromatography combined 
with ultrafiltration efficiently isolates extracellular vesicles from human 
blood samples in health and disease. Int J Mol Sci. 2023;24:34.

 60. Jeppesen DK, Hvam ML, Primdahl-Bengtson B, Boysen AT, Whitehead B, 
Dyrskjøt L, Orntoft TF, Howard KA, Ostenfeld MS. Comparative analysis 
of discrete exosome fractions obtained by differential centrifugation. J 
Extracell Vesicles. 2014;3:25011.

 61. Yang D, Zhang W, Zhang H, Zhang F, Chen L, Ma L, Larcher LM, Chen S, 
Liu N, Zhao Q, et al. Progress, opportunity, and perspective on exosome 
isolation - efforts for efficient exosome-based theranostics. Theranos-
tics. 2020;10:3684–707.

 62. Tran PHL, Wang T, Yin W, Tran TTD, Nguyen TNG, Lee BJ, Duan W. Aspirin-
loaded nanoexosomes as cancer therapeutics. Int J Pharm. 2019;572: 
118786.

 63. Paolini L, Zendrini A, Di Noto G, Busatto S, Lottini E, Radeghieri A, Dossi 
A, Caneschi A, Ricotta D, Bergese P. Residual matrix from different 
separation techniques impacts exosome biological activity. Sci Rep. 
2016;6:23550.

 64. Liu J, Chen Y, Pei F, Zeng C, Yao Y, Liao W, Zhao Z. Extracellular vesicles 
in liquid biopsies: potential for disease diagnosis. Biomed Res Int. 
2021;2021:6611244.

 65. Yang J, Gao X, Xing X, Huang H, Tang Q, Ma S, Xu X, Liang C, Li M, Liao L, 
Tian W. An isolation system to collect high quality and purity extracel-
lular vesicles from serum. Int J Nanomedicine. 2021;16:6681–92.

 66. Bordas M, Genard G, Ohl S, Nessling M, Richter K, Roider T, Dietrich S, 
Maaß KK, Seiffert M. Optimized protocol for isolation of small extracel-
lular vesicles from human and murine lymphoid tissues. Int J Mol Sci. 
2020;21:78.

 67. Tulkens J, De Wever O, Hendrix A. Analyzing bacterial extracellular 
vesicles in human body fluids by orthogonal biophysical separation 
and biochemical characterization. Nat Protoc. 2020;15:40–67.

 68. Ilahibaks NF, Lei Z, Mol EA, Deshantri AK, Jiang L, Schiffelers RM, Vader 
P, Sluijter JPG. Biofabrication of cell-derived nanovesicles: a potential 
alternative to extracellular vesicles for regenerative medicine. Cells. 
2019;8:34.

 69. Shirejini SZ, Inci F. The Yin and Yang of exosome isolation methods: 
conventional practice, microfluidics, and commercial kits. Biotechnol 
Adv. 2022;54: 107814.

 70. Patel GK, Khan MA, Zubair H, Srivastava SK, Khushman M, Singh S, Singh 
AP. Comparative analysis of exosome isolation methods using culture 
supernatant for optimum yield, purity and downstream applications. 
Sci Rep. 2019;9:5335.

 71. Li P, Kaslan M, Lee SH, Yao J, Gao Z. Progress in exosome isolation tech-
niques. Theranostics. 2017;7:789–804.

 72. Sidhom K, Obi PO, Saleem A. A review of exosomal isolation meth-
ods: is size exclusion chromatography the best option? Int J Mol Sci. 
2020;21:34.

 73. Vergauwen G, Dhondt B, Van Deun J, De Smedt E, Berx G, Timmerman 
E, Gevaert K, Miinalainen I, Cocquyt V, Braems G, et al. Confounding 
factors of ultrafiltration and protein analysis in extracellular vesicle 
research. Sci Rep. 2017;7:2704.

 74. He L, Zhu D, Wang J, Wu X. A highly efficient method for isolating 
urinary exosomes. Int J Mol Med. 2019;43:83–90.

 75. Kim JY, Rhim WK, Yoo YI, Kim DS, Ko KW, Heo Y, Park CG, Han DK. 
Defined MSC exosome with high yield and purity to improve regenera-
tive activity. J Tissue Eng. 2021;12:20417314211008624.

 76. Li A, Zhang T, Zheng M, Liu Y, Chen Z. Exosomal proteins as potential 
markers of tumor diagnosis. J Hematol Oncol. 2017;10:175.

 77. Kooijmans SA, Aleza CG, Roffler SR, van Solinge WW, Vader P, Schiffelers 
RM. Display of GPI-anchored anti-EGFR nanobodies on extracellular ves-
icles promotes tumour cell targeting. J Extracell Vesicles. 2016;5:31053.

 78. Zarovni N, Corrado A, Guazzi P, Zocco D, Lari E, Radano G, Muhhina J, 
Fondelli C, Gavrilova J, Chiesi A. Integrated isolation and quantitative 
analysis of exosome shuttled proteins and nucleic acids using immuno-
capture approaches. Methods. 2015;87:46–58.

 79. Pallares-Rusiñol A, Moura SL, Martí M, Pividori MI. Electrochemical 
genosensing of overexpressed GAPDH transcripts in breast cancer 
exosomes. Anal Chem. 2023;95:2487–95.

 80. Liu WZ, Ma ZJ, Kang XW. Current status and outlook of advances in exo-
some isolation. Anal Bioanal Chem. 2022;414:7123–41.



Page 38 of 41Yang et al. Journal of Nanobiotechnology           (2024) 22:41 

 81. Konoshenko MY, Lekchnov EA, Vlassov AV, Laktionov PP. Isolation of 
extracellular vesicles: general methodologies and latest trends. Biomed 
Res Int. 2018;2018:8545347.

 82. Choi DY, Park JN, Paek SH, Choi SC, Paek SH. Detecting early-stage 
malignant melanoma using a calcium switch-enriched exosome sub-
population containing tumor markers as a sample. Biosens Bioelectron. 
2022;198: 113828.

 83. Biagiotti S, Abbas F, Montanari M, Barattini C, Rossi L, Magnani M, Papa 
S, Canonico B. Extracellular vesicles as new players in drug delivery: a 
focus on red blood cells-derived EVs. Pharmaceutics. 2023;15:34.

 84. Ryu KJ, Lee JY, Park C, Cho D, Kim SJ. Isolation of small extracellular 
vesicles from human serum using a combination of ultracentrifugation 
with polymer-based precipitation. Ann Lab Med. 2020;40:253–8.

 85. Gallart-Palau X, Serra A, Sze SK. Enrichment of extracellular vesicles from 
tissues of the central nervous system by PROSPR. Mol Neurodegener. 
2016;11:41.

 86. Yasui T, Paisrisarn P, Yanagida T, Konakade Y, Nakamura Y, Nagashima 
K, Musa M, Thiodorus IA, Takahashi H, Naganawa T, et al. Molecular 
profiling of extracellular vesicles via charge-based capture using oxide 
nanowire microfluidics. Biosens Bioelectron. 2021;194: 113589.

 87. Lin B, Lei Y, Wang J, Zhu L, Wu Y, Zhang H, Wu L, Zhang P, Yang C. 
Microfluidic-based exosome analysis for liquid biopsy. Small Methods. 
2021;5: e2001131.

 88. Yang Q, Cheng L, Hu L, Lou D, Zhang T, Li J, Zhu Q, Liu F. An integrative 
microfluidic device for isolation and ultrasensitive detection of lung 
cancer-specific exosomes from patient urine. Biosens Bioelectron. 
2020;163: 112290.

 89. Lo TW, Zhu Z, Purcell E, Watza D, Wang J, Kang YT, Jolly S, Nagrath D, 
Nagrath S. Microfluidic device for high-throughput affinity-based isola-
tion of extracellular vesicles. Lab Chip. 2020;20:1762–70.

 90. Yang J, Pan B, Zeng F, He B, Gao Y, Liu X, Song Y. Magnetic colloid anti-
bodies accelerate small extracellular vesicles isolation for point-of-care 
diagnostics. Nano Lett. 2021;21:2001–9.

 91. Chen H, Yamakawa T, Inaba M, Nakano M, Suehiro J. Characterization 
of extra-cellular vesicle dielectrophoresis and estimation of its electric 
properties. Sensors (Basel). 2022;22:34.

 92. Broman A, Lenshof A, Evander M, Happonen L, Ku A, Malmström J, 
Laurell T. Multinodal acoustic trapping enables high capacity and high 
throughput enrichment of extracellular vesicles and microparticles in 
miRNA and MS proteomics studies. Anal Chem. 2021;93:3929–37.

 93. Culbertson CT, Mickleburgh TG, Stewart-James SA, Sellens KA, Pressnall 
M. Micro total analysis systems: fundamental advances and biological 
applications. Anal Chem. 2014;86:95–118.

 94. Wang C, Zhang D, Yang H, Shi L, Li L, Yu C, Wei J, Ding Q. A light-acti-
vated magnetic bead strategy utilized in spatio-temporal controllable 
exosomes isolation. Front Bioeng Biotechnol. 2022;10:1006374.

 95. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsito-
haina R, Antoniou A, Arab T, Archer F, Atkin-Smith GK, et al. Minimal 
information for studies of extracellular vesicles 2018 (MISEV2018): 
a position statement of the International Society for Extracellular 
Vesicles and update of the MISEV2014 guidelines. J Extracell Vesicles. 
2018;7:1535750.

 96. Yu Y, Li YT, Jin D, Yang F, Wu D, Xiao MM, Zhang H, Zhang ZY, Zhang 
GJ. Electrical and label-free quantification of exosomes with a 
reduced graphene oxide field effect transistor biosensor. Anal Chem. 
2019;91:10679–86.

 97. Cosenza S, Ruiz M, Toupet K, Jorgensen C, Noël D. Mesenchymal stem 
cells derived exosomes and microparticles protect cartilage and bone 
from degradation in osteoarthritis. Sci Rep. 2017;7:16214.

 98. Wu JY, Li YJ, Hu XB, Huang S, Xiang DX. Preservation of small extracellu-
lar vesicles for functional analysis and therapeutic applications: a com-
parative evaluation of storage conditions. Drug Deliv. 2021;28:162–70.

 99. Zhang Y, Bi J, Huang J, Tang Y, Du S, Li P. Exosome: a review of its classi-
fication, isolation techniques, storage, diagnostic and targeted therapy 
applications. Int J Nanomedicine. 2020;15:6917–34.

 100. Charoenviriyakul C, Takahashi Y, Nishikawa M, Takakura Y. Preservation 
of exosomes at room temperature using lyophilization. Int J Pharm. 
2018;553:1–7.

 101. Kusuma GD, Barabadi M, Tan JL, Morton DAV, Frith JE, Lim R. To protect 
and to preserve: novel preservation strategies for extracellular vesicles. 
Front Pharmacol. 2018;9:1199.

 102. Xu M, Yang Q, Sun X, Wang Y. Recent advancements in the loading and 
modification of therapeutic exosomes. Front Bioeng Biotechnol. 2020;8: 
586130.

 103. Pascucci L, Coccè V, Bonomi A, Ami D, Ceccarelli P, Ciusani E, Viganò L, 
Locatelli A, Sisto F, Doglia SM, et al. Paclitaxel is incorporated by mes-
enchymal stromal cells and released in exosomes that inhibit in vitro 
tumor growth: a new approach for drug delivery. J Control Release. 
2014;192:262–70.

 104. Bonomi A, Sordi V, Dugnani E, Ceserani V, Dossena M, Coccè V, 
Cavicchini L, Ciusani E, Bondiolotti G, Piovani G, et al. Gemcitabine-
releasing mesenchymal stromal cells inhibit in vitro proliferation of 
human pancreatic carcinoma cells. Cytotherapy. 2015;17:1687–95.

 105. Toffoli G, Hadla M, Corona G, Caligiuri I, Palazzolo S, Semeraro S, Gam-
ini A, Canzonieri V, Rizzolio F. Exosomal doxorubicin reduces the car-
diac toxicity of doxorubicin. Nanomedicine (Lond). 2015;10:2963–71.

 106. Mendt M, Kamerkar S, Sugimoto H, McAndrews KM, Wu CC, Gagea 
M, Yang S, Blanko EVR, Peng Q, Ma X, et al. Generation and testing of 
clinical-grade exosomes for pancreatic cancer. JCI Insight. 2018;3:78.

 107. Haney MJ, Zhao Y, Jin YS, Li SM, Bago JR, Klyachko NL, Kabanov AV, 
Batrakova EV. Macrophage-derived extracellular vesicles as drug 
delivery systems for triple negative breast cancer (TNBC) Therapy. J 
Neuroimmune Pharmacol. 2020;15:487–500.

 108. Sancho-Albero M, Encabo-Berzosa MDM, Beltrán-Visiedo M, Fernán-
dez-Messina L, Sebastián V, Sánchez-Madrid F, Arruebo M, Santamaría 
J, Martín-Duque P. Efficient encapsulation of theranostic nanoparti-
cles in cell-derived exosomes: leveraging the exosomal biogenesis 
pathway to obtain hollow gold nanoparticle-hybrids. Nanoscale. 
2019;11:18825–36.

 109. Sun H, Zhang T, Gao J. Extracellular vesicles derived from mesen-
chymal stem cells: a potential biodrug for acute respiratory distress 
syndrome treatment. BioDrugs. 2022;36:701–15.

 110. Ma X, Liu B, Fan L, Liu Y, Zhao Y, Ren T, Li Y, Li Y. Native and engineered 
exosomes for inflammatory disease. Nano Res. 2023;16:6991–7006.

 111. Kim MS, Haney MJ, Zhao Y, Yuan D, Deygen I, Klyachko NL, Kabanov 
AV, Batrakova EV. Engineering macrophage-derived exosomes for 
targeted paclitaxel delivery to pulmonary metastases: in vitro and 
in vivo evaluations. Nanomedicine. 2018;14:195–204.

 112. Liang G, Zhu Y, Ali DJ, Tian T, Xu H, Si K, Sun B, Chen B, Xiao Z. 
Engineered exosomes for targeted co-delivery of miR-21 inhibitor 
and chemotherapeutics to reverse drug resistance in colon cancer. J 
Nanobiotechnology. 2020;18:10.

 113. Smyth T, Kullberg M, Malik N, Smith-Jones P, Graner MW, Anchordo-
quy TJ. Biodistribution and delivery efficiency of unmodified tumor-
derived exosomes. J Control Release. 2015;199:145–55.

 114. Kim HY, Kwon S, Um W, Shin S, Kim CH, Park JH, Kim BS. Functional 
extracellular vesicles for regenerative medicine. Small. 2022;18: 
e2106569.

 115. Choi H, Choi Y, Yim HY, Mirzaaghasi A, Yoo JK, Choi C. Biodistribution 
of exosomes and engineering strategies for targeted delivery of 
therapeutic exosomes. Tissue Eng Regen Med. 2021;18:499–511.

 116. Salunkhe S. Surface functionalization of exosomes for target-specific 
delivery and in vivo imaging & tracking: Strategies and significance. J 
Control Release. 2020;326:599–614.

 117. Longatti A, Schindler C, Collinson A, Jenkinson L, Matthews C, 
Fitzpatrick L, Blundy M, Minter R, Vaughan T, Shaw M, Tigue N. High 
affinity single-chain variable fragments are specific and versatile tar-
geting motifs for extracellular vesicles. Nanoscale. 2018;10:14230–44.

 118. Wang C, Li N, Li Y, Hou S, Zhang W, Meng Z, Wang S, Jia Q, Tan J, 
Wang R, Zhang R. Engineering a HEK-293T exosome-based delivery 
platform for efficient tumor-targeting chemotherapy/internal irradia-
tion combination therapy. J Nanobiotechnology. 2022;20:247.

 119. Yoon HY, Lee D, Lim DK, Koo H, Kim K. Copper-free click chemistry: 
applications in drug delivery, cell tracking, and tissue engineering. 
Adv Mater. 2022;34: e2107192.

 120. Tian T, Zhang HX, He CP, Fan S, Zhu YL, Qi C, Huang NP, Xiao ZD, Lu 
ZH, Tannous BA, Gao J. Surface functionalized exosomes as targeted 
drug delivery vehicles for cerebral ischemia therapy. Biomaterials. 
2018;150:137–49.

 121. Koh E, Lee EJ, Nam GH, Hong Y, Cho E, Yang Y, Kim IS. Exosome-SIRPα, 
a CD47 blockade increases cancer cell phagocytosis. Biomaterials. 
2017;121:121–9.



Page 39 of 41Yang et al. Journal of Nanobiotechnology           (2024) 22:41  

 122. Takayama Y, Kusamori K, Nishikawa M. Click Chemistry as a Tool for 
Cell Engineering and Drug Delivery. Molecules. 2019;24:8.

 123. Hong Y, Nam SM, Moon A. Antibody-drug conjugates and bispecific 
antibodies targeting cancers: applications of click chemistry. Arch 
Pharm Res. 2023;46:131–48.

 124. Qi H, Liu C, Long L, Ren Y, Zhang S, Chang X, Qian X, Jia H, Zhao J, Sun J, 
et al. Blood exosomes endowed with magnetic and targeting proper-
ties for cancer therapy. ACS Nano. 2016;10:3323–33.

 125. Lv Y, Du X, Tang W, Yang Q, Gao F. Exosomes: the role in tumor toler-
ance and the potential strategy for tumor therapy. Pharmaceutics. 
2023;15:462.

 126. Kooijmans SAA, Fliervoet LAL, van der Meel R, Fens M, Heijnen HFG. 
PEGylated and targeted extracellular vesicles display enhanced cell 
specificity and circulation time. J Control Release. 2016;224:77–85.

 127. Gao X, Ran N, Dong X, Zuo B, Yang R, Zhou Q, Moulton HM, Seow Y, Yin 
H. Anchor peptide captures, targets, and loads exosomes of diverse 
origins for diagnostics and therapy. Sci Transl Med. 2018;10:444.

 128. Donoso-Quezada J, Ayala-Mar S, González-Valdez J. State-of-the-art 
exosome loading and functionalization techniques for enhanced 
therapeutics: a review. Crit Rev Biotechnol. 2020;40:804–20.

 129. Rayamajhi S, Nguyen TDT, Marasini R, Aryal S. Macrophage-derived 
exosome-mimetic hybrid vesicles for tumor targeted drug delivery. 
Acta Biomater. 2019;94:482–94.

 130. Sato YT, Umezaki K, Sawada S, Mukai SA, Sasaki Y, Harada N, Shiku H, 
Akiyoshi K. Engineering hybrid exosomes by membrane fusion with 
liposomes. Sci Rep. 2016;6:21933.

 131. Lee J, Lee H, Goh U, Kim J, Jeong M, Lee J, Park JH. Cellular engineer-
ing with membrane fusogenic liposomes to produce functionalized 
extracellular vesicles. ACS Appl Mater Interfaces. 2016;8:6790–5.

 132. Lv Q, Cheng L, Lu Y, Zhang X, Wang Y, Deng J, Zhou J, Liu B, Liu J. 
Thermosensitive exosome-liposome hybrid nanoparticle-mediated 
chemoimmunotherapy for improved treatment of metastatic perito-
neal cancer. Adv Sci (Weinh). 2020;7:2000515.

 133. Lin Y, Wu J, Gu W, Huang Y, Tong Z, Huang L, Tan J. Exosome-liposome 
hybrid nanoparticles deliver CRISPR/Cas9 System in MSCs. Adv Sci 
(Weinh). 2018;5:1700611.

 134. O’Brien K, Ughetto S, Mahjoum S, Nair AV, Breakefield XO. Uptake, 
functionality, and re-release of extracellular vesicle-encapsulated cargo. 
Cell Rep. 2022;39: 110651.

 135. Mulcahy LA, Pink RC, Carter DR. Routes and mechanisms of extracellular 
vesicle uptake. J Extracell Vesicles. 2014;3:78.

 136. Sinha D, Roy S, Saha P, Chatterjee N, Bishayee A. Trends in research 
on exosomes in cancer progression and anticancer therapy. Cancers 
(Basel). 2021;13:8.

 137. Takahashi Y, Nishikawa M, Shinotsuka H, Matsui Y, Ohara S, Imai T, 
Takakura Y. Visualization and in vivo tracking of the exosomes of murine 
melanoma B16-BL6 cells in mice after intravenous injection. J Biotech-
nol. 2013;165:77–84.

 138. Yin Y, Han X, Li C, Sun T, Li K, Liu X, Liu M. The status of industrialization 
and development of exosomes as a drug delivery system: A review. 
Front Pharmacol. 2022;13: 961127.

 139. Miyanishi M, Tada K, Koike M, Uchiyama Y, Kitamura T, Nagata S. 
Identification of Tim4 as a phosphatidylserine receptor. Nature. 
2007;450:435–9.

 140. Wang D, Wan Z, Yang Q, Chen J, Liu Y, Lu F, Tang J. Sonodynamical rever-
sion of immunosuppressive microenvironment in prostate cancer via 
engineered exosomes. Drug Deliv. 2022;29:702–13.

 141. Das CK, Jena BC, Banerjee I, Das S, Parekh A, Bhutia SK, Mandal M. Exo-
some as a novel shuttle for delivery of therapeutics across biological 
barriers. Mol Pharm. 2019;16:24–40.

 142. Tolomeo AM, Zuccolotto G, Malvicini R, De Lazzari G, Penna A, Franco 
C, Caicci F, Magarotto F, Quarta S, Pozzobon M, et al. Biodistribution 
of intratracheal, intranasal, and intravenous injections of human mesen-
chymal stromal cell-derived extracellular vesicles in a mouse model for 
drug delivery studies. Pharmaceutics. 2023;15:548.

 143. Perets N, Betzer O, Shapira R, Brenstein S, Angel A, Sadan T, Ashery 
U, Popovtzer R, Offen D. Golden exosomes selectively target brain 
pathologies in neurodegenerative and neurodevelopmental disorders. 
Nano Lett. 2019;19:3422–31.

 144. Kalyane D, Raval N, Maheshwari R, Tambe V, Kalia K, Tekade RK. 
Employment of enhanced permeability and retention effect (EPR): 

Nanoparticle-based precision tools for targeting of therapeutic 
and diagnostic agent in cancer. Mater Sci Eng C Mater Biol Appl. 
2019;98:1252–76.

 145. Nam GH, Choi Y, Kim GB, Kim S, Kim SA, Kim IS. Emerging prospects of 
exosomes for cancer treatment: from conventional therapy to immuno-
therapy. Adv Mater. 2020;32: e2002440.

 146. Gong C, Zhang X, Shi M, Li F, Wang S, Wang Y, Wang Y, Wei W, Ma G. 
Tumor exosomes reprogrammed by low pH are efficient targeting 
vehicles for smart drug delivery and personalized therapy against their 
homologous tumor. Adv Sci (Weinh). 2021;8:2002787.

 147. Yong T, Zhang X, Bie N, Zhang H, Zhang X, Li F, Hakeem A, Hu J, Gan L, 
Santos HA, Yang X. Tumor exosome-based nanoparticles are efficient 
drug carriers for chemotherapy. Nat Commun. 2019;10:3838.

 148. Yong T, Wang D, Li X, Yan Y, Hu J, Gan L, Yang X. Extracellular vesicles 
for tumor targeting delivery based on five features principle. J Control 
Release. 2020;322:555–65.

 149. Kim MS, Haney MJ, Zhao Y, Mahajan V, Deygen I, Klyachko NL, Inskoe E, 
Piroyan A, Sokolsky M, Okolie O, et al. Development of exosome-encap-
sulated paclitaxel to overcome MDR in cancer cells. Nanomedicine. 
2016;12:655–64.

 150. Wei H, Chen J, Wang S, Fu F, Zhu X, Wu C, Liu Z, Zhong G, Lin J. A nanod-
rug consisting of doxorubicin and exosome derived from mesenchymal 
stem cells for osteosarcoma treatment in vitro. Int J Nanomedicine. 
2019;14:8603–10.

 151. Wei H, Chen F, Chen J, Lin H, Wang S, Wang Y, Wu C, Lin J, Zhong G. 
Mesenchymal stem cell derived exosomes as nanodrug carrier of 
doxorubicin for targeted osteosarcoma therapy via SDF1-CXCR4 Axis. 
Int J Nanomedicine. 2022;17:3483–95.

 152. Bukowski K, Kciuk M, Kontek R. Mechanisms of multidrug resistance in 
cancer chemotherapy. Int J Mol Sci. 2020;21:34.

 153. Walczak H, Miller RE, Ariail K, Gliniak B, Griffith TS, Kubin M, Chin 
W, Jones J, Woodward A, Le T, et al. Tumoricidal activity of tumor 
necrosis factor-related apoptosis-inducing ligand in vivo. Nat Med. 
1999;5:157–63.

 154. van der Sloot AM, Tur V, Szegezdi E, Mullally MM, Cool RH, Samali A, 
Serrano L, Quax WJ. Designed tumor necrosis factor-related apoptosis-
inducing ligand variants initiating apoptosis exclusively via the DR5 
receptor. Proc Natl Acad Sci U S A. 2006;103:8634–9.

 155. Dianat-Moghadam H, Heidarifard M, Mahari A, Shahgolzari M, Kes-
havarz M, Nouri M, Amoozgar Z. TRAIL in oncology: from recombinant 
TRAIL to nano- and self-targeted TRAIL-based therapies. Pharmacol Res. 
2020;155: 104716.

 156. Jiang L, Gu Y, Du Y, Tang X, Wu X, Liu J. Engineering exosomes endowed 
with targeted delivery of triptolide for malignant melanoma therapy. 
ACS Appl Mater Interfaces. 2021;13:42411–28.

 157. Qiu Y, Sun J, Qiu J, Chen G, Wang X, Mu Y, Li K, Wang W. Antitumor 
Activity of Cabazitaxel and MSC-TRAIL derived extracellular vesicles 
in drug-resistant oral squamous cell carcinoma. Cancer Manag Res. 
2020;12:10809–20.

 158. Yuan Q, Su K, Li S, Long X, Liu L, Yang M, Yuan X, Sun J, Hu J, Li Q, et al. 
Pulmonary delivery of extracellular vesicle-encapsulated dinaciclib as 
an effective lung cancer therapy. Cancers (Basel). 2022;14:89.

 159. Gu Y, Du Y, Jiang L, Tang X, Li A, Zhao Y, Lang Y, Liu X, Liu J. αvβ3 
integrin-specific exosomes engineered with cyclopeptide for targeted 
delivery of triptolide against malignant melanoma. J Nanobiotechnol-
ogy. 2022;20:384.

 160. Gong C, Tian J, Wang Z, Gao Y, Wu X, Ding X, Qiang L, Li G, Han Z, Yuan 
Y, Gao S. Functional exosome-mediated co-delivery of doxorubicin 
and hydrophobically modified microRNA 159 for triple-negative breast 
cancer therapy. J Nanobiotechnology. 2019;17:93.

 161. Mita AC, Mita MM, Nawrocki ST, Giles FJ. Survivin: key regulator of mito-
sis and apoptosis and novel target for cancer therapeutics. Clin Cancer 
Res. 2008;14:5000–5.

 162. Zhang X, Men K, Zhang Y, Zhang R, Yang L, Duan X. Local and systemic 
delivery of mRNA encoding survivin-T34A by lipoplex for efficient colon 
cancer gene therapy. Int J Nanomedicine. 2019;14:2733–51.

 163. Aspe JR, Diaz Osterman CJ, Jutzy JM, Deshields S, Whang S, Wall NR. 
Enhancement of Gemcitabine sensitivity in pancreatic adenocarcinoma 
by novel exosome-mediated delivery of the Survivin-T34A mutant. J 
Extracell Vesicles. 2014;3:23.



Page 40 of 41Yang et al. Journal of Nanobiotechnology           (2024) 22:41 

 164. Yim N, Ryu SW, Choi K, Lee KR, Lee S, Choi H, Kim J, Shaker MR, Sun W, 
Park JH, et al. Exosome engineering for efficient intracellular delivery of 
soluble proteins using optically reversible protein-protein interaction 
module. Nat Commun. 2016;7:12277.

 165. Nordmeier S, Ke W, Afonin KA, Portnoy V. Exosome mediated delivery of 
functional nucleic acid nanoparticles (NANPs). Nanomedicine. 2020;30: 
102285.

 166. Zhang Y, Liu Q, Zhang X, Huang H, Tang S, Chai Y, Xu Z, Li M, Chen X, Liu 
J, Yang C. Recent advances in exosome-mediated nucleic acid delivery 
for cancer therapy. J Nanobiotechnology. 2022;20:279.

 167. Kamerkar S, Burzyn D, Leng C, Burenkova O, Jang SC, Yang R, Boutin 
A, Kirwin K, Zi T, Dahlberg W, et al. Abstract A50: Reprogramming of 
tumor-associated M2 macrophages with antisense oligonucleotide-
loaded exosomes results in potent single-agent antitumor activity. 
Cancer Immunol Res. 2020;8:A50–A50.

 168. Wilbie D, Walther J, Mastrobattista E. Delivery aspects of CRISPR/Cas for 
in vivo genome editing. Acc Chem Res. 2019;52:1555–64.

 169. McAndrews KM, Xiao F, Chronopoulos A, LeBleu VS, Kugeratski FG, 
Kalluri R. Exosome-mediated delivery of CRISPR/Cas9 for targeting of 
oncogenic Kras(G12D) in pancreatic cancer. Life Sci Alliance. 2021;4:875.

 170. Wang JK, Wang Z, Li G. MicroRNA-125 in immunity and cancer. Cancer 
Lett. 2019;454:134–45.

 171. Wang X, Zhang H, Bai M, Ning T, Ge S, Deng T, Liu R, Zhang L, Ying 
G, Ba Y. Exosomes serve as nanoparticles to deliver anti-miR-214 
to reverse chemoresistance to cisplatin in gastric cancer. Mol Ther. 
2018;26:774–83.

 172. Yan Y, Du C, Duan X, Yao X, Wan J, Jiang Z, Qin Z, Li W, Pan L, Gu Z, et al. 
Inhibiting collagen I production and tumor cell colonization in the lung 
via miR-29a-3p loading of exosome-/liposome-based nanovesicles. 
Acta Pharm Sin B. 2022;12:939–51.

 173. Kirave P, Gondaliya P, Kulkarni B, Rawal R, Garg R, Jain A, Kalia K. Exo-
some mediated miR-155 delivery confers cisplatin chemoresistance 
in oral cancer cells via epithelial-mesenchymal transition. Oncotarget. 
2020;11:1157–71.

 174. Castanotto D, Rossi JJ. The promises and pitfalls of RNA-interference-
based therapeutics. Nature. 2009;457:426–33.

 175. Tatiparti K, Sau S, Kashaw SK, Iyer AK. siRNA Delivery Strategies: A Com-
prehensive Review of Recent Developments. Nanomaterials (Basel). 
2017;7:89.

 176. Lin D, Zhang H, Liu R, Deng T, Ning T, Bai M, Yang Y, Zhu K, Wang J, Duan 
J, et al. iRGD-modified exosomes effectively deliver CPT1A siRNA to 
colon cancer cells, reversing oxaliplatin resistance by regulating fatty 
acid oxidation. Mol Oncol. 2021;15:3430–46.

 177. Xia J, Miao Y, Wang X, Huang X, Dai J. Recent progress of dendritic 
cell-derived exosomes (Dex) as an anti-cancer nanovaccine. Biomed 
Pharmacother. 2022;152: 113250.

 178. Kugeratski FG, Kalluri R. Exosomes as mediators of immune regulation 
and immunotherapy in cancer. Febs j. 2021;288:10–35.

 179. Xiao Q, Li X, Li Y, Wu Z, Xu C, Chen Z, He W. Biological drug and drug 
delivery-mediated immunotherapy. Acta Pharm Sin B. 2021;11:941–60.

 180. Zhang H, Wang S, Sun M, Cui Y, Xing J, Teng L, Xi Z, Yang Z. Exosomes as 
smart drug delivery vehicles for cancer immunotherapy. Front Immu-
nol. 2022;13:1093607.

 181. Fu C, Zhou L, Mi QS, Jiang A. Plasmacytoid dendritic cells and cancer 
immunotherapy. Cells. 2022;11:67.

 182. Wang R, Xu A, Zhang X, Wu J, Freywald A, Xu J, Xiang J. Novel exosome-
targeted T-cell-based vaccine counteracts T-cell anergy and converts 
CTL exhaustion in chronic infection via CD40L signaling through the 
mTORC1 pathway. Cell Mol Immunol. 2017;14:529–45.

 183. Lee EY, Park KS, Yoon YJ, Lee J, Moon HG, Jang SC, Choi KH, Kim YK, Gho 
YS. Therapeutic effects of autologous tumor-derived nanovesicles on 
melanoma growth and metastasis. PLoS ONE. 2012;7:e33330.

 184. Fu C, Zhou L, Mi QS, Jiang A. DC-Based Vaccines for Cancer Immuno-
therapy. Vaccines (Basel). 2020;8:78.

 185. Stefanius K, Servage K, de Souza SM, Gray HF, Toombs JE, Chimalapati 
S, Kim MS, Malladi VS, Brekken R, Orth K. Human pancreatic cancer cell 
exosomes, but not human normal cell exosomes, act as an initiator in 
cell transformation. Elife. 2019;8:345.

 186. Capello M, Vykoukal JV, Katayama H, Bantis LE, Wang H, Kundnani DL, 
Aguilar-Bonavides C, Aguilar M, Tripathi SC, Dhillon DS, et al. Exosomes 
harbor B cell targets in pancreatic adenocarcinoma and exert decoy 

function against complement-mediated cytotoxicity. Nat Commun. 
2019;10:254.

 187. Pagotto S, Simeone P, Brocco D, Catitti G, De Bellis D, Vespa S, Di Pietro 
N, Marinelli L, Di Stefano A, Veschi S, et al. CAR-T-derived extracellular 
vesicles: a promising development of CAR-T anti-tumor therapy. Can-
cers (Basel). 2023;15:4.

 188. Schubert ML, Schmitt M, Wang L, Ramos CA, Jordan K, Müller-Tidow C, 
Dreger P. Side-effect management of chimeric antigen receptor (CAR) 
T-cell therapy. Ann Oncol. 2021;32:34–48.

 189. Hernani R, Benzaquén A, Solano C. Toxicities following CAR-T therapy 
for hematological malignancies. Cancer Treat Rev. 2022;111: 102479.

 190. Fu W, Lei C, Liu S, Cui Y, Wang C, Qian K, Li T, Shen Y, Fan X, Lin F, et al. 
CAR exosomes derived from effector CAR-T cells have potent antitu-
mour effects and low toxicity. Nat Commun. 2019;10:4355.

 191. Shi Y, Zhang J, Mao Z, Jiang H, Liu W, Shi H, Ji R, Xu W, Qian H, Zhang X. 
Extracellular vesicles from gastric cancer cells induce PD-L1 expression 
on neutrophils to suppress T-cell immunity. Front Oncol. 2020;10:629.

 192. Zocchi MR, Tosetti F, Benelli R, Poggi A. Cancer Nanomedicine Special 
Issue Review Anticancer Drug Delivery with Nanoparticles: Extracellular 
Vesicles or Synthetic Nanobeads as Therapeutic Tools for Conventional 
Treatment or Immunotherapy. Cancers Basel 2020; 12:34

 193. Fan Y, Zhou Y, Lu M, Si H, Li L, Tang B. Responsive dual-targeting 
exosome as a drug carrier for combination cancer immunotherapy. 
Research (Wash D C). 2021;2021:9862876.

 194. Wang D, Wang C, Wang L, Chen Y. A comprehensive review in improv-
ing delivery of small-molecule chemotherapeutic agents overcoming 
the blood-brain/brain tumor barriers for glioblastoma treatment. Drug 
Deliv. 2019;26:551–65.

 195. Conti A, Geffroy F, Kamimura HAS, Novell A, Tournier N, Mériaux S, Larrat 
B. Regulation of P-glycoprotein and breast cancer resistance protein 
expression induced by focused ultrasound-mediated blood-brain bar-
rier disruption: a pilot study. Int J Mol Sci. 2022;23:34.

 196. van Tellingen O, Yetkin-Arik B, de Gooijer MC, Wesseling P, Wurdinger 
T, de Vries HE. Overcoming the blood-brain tumor barrier for effective 
glioblastoma treatment. Drug Resist Updat. 2015;19:1–12.

 197. Xu M, Feng T, Liu B, Qiu F, Xu Y, Zhao Y, Zheng Y. Engineered exosomes: 
desirable target-tracking characteristics for cerebrovascular and neuro-
degenerative disease therapies. Theranostics. 2021;11:8926–44.

 198. Deng Z, Wang J, Xiao Y, Li F, Niu L, Liu X, Meng L, Zheng H. Ultrasound-
mediated augmented exosome release from astrocytes alleviates 
amyloid-β-induced neurotoxicity. Theranostics. 2021;11:4351–62.

 199. Yang T, Martin P, Fogarty B, Brown A, Schurman K, Phipps R, Yin VP, 
Lockman P, Bai S. Exosome delivered anticancer drugs across the 
blood-brain barrier for brain cancer therapy in Danio rerio. Pharm Res. 
2015;32:2003–14.

 200. Yang T, Fogarty B, LaForge B, Aziz S, Pham T, Lai L, Bai S. Delivery of 
small interfering RNA to inhibit vascular endothelial growth factor in 
zebrafish using natural brain endothelia cell-secreted exosome nan-
ovesicles for the treatment of brain cancer. Aaps j. 2017;19:475–86.

 201. Liang SF, Zuo FF, Yin BC, Ye BC. Delivery of siRNA based on engineered 
exosomes for glioblastoma therapy by targeting STAT3. Biomater Sci. 
2022;10:1582–90.

 202. Reale A, Khong T, Spencer A. Extracellular vesicles and their roles in the 
tumor immune microenvironment. J Clin Med. 2022;11:23.

 203. Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages as tools 
and targets in cancer therapy. Nat Rev Drug Discov. 2022;21:799–820.

 204. Murray PJ. Macrophage polarization. Annu Rev Physiol. 2017;79:541–66.
 205. Kamerkar S, Leng C, Burenkova O, Jang SC, McCoy C, Zhang K, Dooley 

K, Kasera S, Zi T, Sisó S, et al. Exosome-mediated genetic reprogram-
ming of tumor-associated macrophages by exoASO-STAT6 leads to 
potent monotherapy antitumor activity. Sci Adv. 2022;8:eabj7002.

 206. Zhu D, Liu Z, Li Y, Huang Q, Xia L, Li K. Delivery of manganese carbonyl 
to the tumor microenvironment using Tumor-Derived exosomes for 
cancer gas therapy and low dose radiotherapy. Biomaterials. 2021;274: 
120894.

 207. Zhang M, Hu S, Liu L, Dang P, Liu Y, Sun Z, Qiao B, Wang C. Engineered 
exosomes from different sources for cancer-targeted therapy. Signal 
Transduct Target Ther. 2023;8:124.

 208. Gomes ER, Carvalho AT, Barbosa TC, Ferreira LL, Calado HDR, Sabino AP, 
Oliveira MC. Fusion of tumor-derived exosomes with long-circulating 



Page 41 of 41Yang et al. Journal of Nanobiotechnology           (2024) 22:41  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

and pH-sensitive liposomes loaded with doxorubicin for the treatment 
of breast cancer. AAPS PharmSciTech. 2022;23:255.

 209. Gomes ER, Souza FR, Cassali GD, Sabino AP, Barros ALB, Oliveira MC. 
Investigation of the antitumor activity and toxicity of tumor-derived 
exosomes fused with long-circulating and pH-sensitive liposomes 
containing doxorubicin. Pharmaceutics. 2022;14:3.

 210. Alix-Panabières C, Pantel K. Liquid biopsy: from discovery to clinical 
application. Cancer Discov. 2021;11:858–73.

 211. Marrugo-Ramírez J, Mir M, Samitier J. Blood-based cancer biomarkers in 
liquid biopsy: a promising non-invasive alternative to tissue biopsy. Int J 
Mol Sci. 2018;19:34.

 212. Li K, Lin Y, Luo Y, Xiong X, Wang L, Durante K, Li J, Zhou F, Guo Y, Chen S, 
et al. A signature of saliva-derived exosomal small RNAs as predicting 
biomarker for esophageal carcinoma: a multicenter prospective study. 
Mol Cancer. 2022;21:21.

 213. Nakano T, Chen IH, Wang CC, Chen PJ, Tseng HP, Huang KT, Hu TH, Li 
LC, Goto S, Cheng YF, et al. Circulating exosomal miR-92b: Its role for 
cancer immunoediting and clinical value for prediction of post-
transplant hepatocellular carcinoma recurrence. Am J Transplant. 
2019;19:3250–62.

 214. Aboulkheyr Es H, Montazeri L, Aref AR, Vosough M, Baharvand H. Per-
sonalized cancer medicine: an organoid approach. Trends Biotechnol. 
2018;36:358–71.

 215. Richards T, Patel H, Patel K, Schanne F. Endogenous lipid carriers-bench-
to-bedside roadblocks in production and drug loading of exosomes. 
Pharmaceuticals (Basel). 2023;16:421.

 216. Emam SE, Ando H, Abu Lila AS, Shimizu T, Ukawa M, Okuhira K, Ishima Y, 
Mahdy MA, Ghazy FS, Ishida T. A novel strategy to increase the yield of 
exosomes (extracellular vesicles) for an expansion of basic research. Biol 
Pharm Bull. 2018;41:733–42.

 217. Busatto S, Vilanilam G, Ticer T, Lin WL, Dickson DW, Shapiro S, Bergese P, 
Wolfram J. Tangential flow filtration for highly efficient concentration of 
extracellular vesicles from large volumes of fluid. Cells. 2018;7:23.

 218. Gandham S, Su X, Wood J, Nocera AL, Alli SC, Milane L, Zimmerman A, 
Amiji M, Ivanov AR. Technologies and standardization in research on 
extracellular vesicles. Trends Biotechnol. 2020;38:1066–98.

 219. Li D, Gong L, Lin H, Yao S, Yin Y, Zhou Z, Shi J, Wu Z, Huang Z. Hyaluronic 
acid-coated bovine milk exosomes for achieving tumor-specific intra-
cellular delivery of miRNA-204. Cells. 2022;11:12.

 220. Ren C, Li Y, Cong Z, Li Z, Xie L, Wu S. Bioengineered bacterial outer 
membrane vesicles encapsulated Polybia-mastoparan I fusion peptide 
as a promising nanoplatform for bladder cancer immune-modulatory 
chemotherapy. Front Immunol. 2023;14:1129771.

 221. Xu Z, Xu Y, Zhang K, Liu Y, Liang Q, Thakur A, Liu W, Yan Y. Plant-derived 
extracellular vesicles (PDEVs) in nanomedicine for human disease and 
therapeutic modalities. J Nanobiotechnology. 2023;21:114.

 222. Kong L, Yang C, Zhang Z. Organism-generated biological vesicles 
in situ: an emerging drug delivery strategy. Adv Sci (Weinh). 2023;10: 
e2204178.

 223. Hussen BM, Faraj GSH, Rasul MF, Hidayat HJ, Salihi A, Baniahmad A, 
Taheri M, Ghafouri-Frad S. Strategies to overcome the main challenges 
of the use of exosomes as drug carrier for cancer therapy. Cancer Cell 
Int. 2022;22:323.

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


	Exosome-based delivery strategies for tumor therapy: an update on modification, loading, and clinical application
	Abstract 
	Introduction
	Biogenesis and source
	Biogenesis
	Source
	Mesenchymal stem cells (MSCs)
	Macrophages
	Dendritic cells (DCs)
	Tumor cells
	Plant-derived nanoparticles


	Isolation, characterization, and storage
	Isolation and purification
	Ultracentrifugation
	Density gradient ultracentrifugation
	Size exclusion chromatography
	Ultrafiltration
	Immunoaffinity capture
	Precipitation
	Microfluidics-based methods for exosome purification

	Characterization
	Storage

	Loading strategy
	Surface functionalization strategy
	Gene engineering
	Chemical modification
	Hybrid membrane engineering

	In vivo characteristics
	Mechanisms of uptake
	Biodistribution and pharmacokinetics

	Exosomes in tumor therapy
	Delivering anti-cancer treatments
	Delivering small molecules
	Delivery of biomacromolecules

	Application of immunotherapy
	Penetration of biological barrier
	Improvement of the tumor microenvironment
	Liquid Biopsy

	Conclusions and prospects
	References


