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A B S T R A C T   

Exosomes have emerged as a promising cell-free therapeutic approach. However, challenges in large-scale 
production, quality control, and heterogeneity must be overcome before they can be used clinically. Bio-
mimetic exosomes containing key components of natural exosomes have been assembled through extrusion, 
artificial synthesis, and liposome fusion to address these limitations. These exosome-mimetics (EMs) possess 
similar morphology and function but provide higher yields, faster large-scale production, and similar size 
compared to conventional exosomes. This article provides an overview of the chemical and biological properties 
of various synthetic exosome systems, including nanovesicles (NVs), EMs, and hybrid exosomes. We highlight 
recent advances in the production and applications of nanobiotechnology and discuss the advantages, limita-
tions, and potential clinical applications of programming assembly of exosome mimetics.   

1. Introduction 

Exosomes are small lipid bilayer vesicles with a diameter of 30–150 
nm. They are formed from early endosomes by invagination of the cell 
membrane and subsequently budding into multivesicular bodies (MVBs) 
under the regulation of the transport complexes and related proteins. 
Once secreted into the extracellular space, exosomes are fused with cell 
membranes [1] and act as mediators of cellular signals, delivering their 
“cargo”, such as proteins, mRNAs, or miRNAs, to recipient cells, 
enabling intercellular information transmission without direct 
cell-to-cell contact. Some exosomes also play a role in regulating various 
cellular processes, including cell migration, proliferation, apoptosis, 
immune response, angiogenesis, stem cell division or differentiation, 
neovascularization, and cellular waste removal [2], making them the 
primary mechanism by which cells exert their paracrine effects. In 
contrast to cell therapy, cell-free exosome therapy offers a promising 
new approach that avoids immune rejection and tumorigenic risk 
associated with cell transplantation. Moreover, exosomes have the 

advantages of nanostructure effects, more stability, low immunoge-
nicity, and biocompatibility, making them efficient carriers for targeted 
drug delivery. 

As exosomes have a lipid bilayer structure similar to that of cell 
membranes, and the biological functions of exosomes depend on the 
anchor proteins in the exosomal membrane. Many exosome-specific or 
selective proteins are displayed on the exosome membrane, including 
tetraspanin proteins, such as CD9, CD63, CD81, and proteins involved in 
cell adhesion and transport, lipid rafts, and others. Two members of the 
endosomal sorting complex (ESCORT) pathway required for exosome 
transport, Alix and TSG101, are often used as cancer biomarkers [3]. 
Membrane proteins can be located on the exosome surface or within the 
membrane, which can be applied as cancer biomarkers [4]. Exosomal 
membrane proteins are involved in exosome-receptor cell interactions. 
Expression of relevant exosomal membrane proteins can also be directly 
adopted or modified to allow exosomes as drug delivery systems and 
therapeutic platforms, including in targeted therapeutic approaches [5]. 

Despite current significant advances in exosome-based cell-free 
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therapy and in the field of nanotheranostics, exosomes or MSCs-derived 
exosomes as drug carriers still face many challenges in clinical trans-
lation, such as large-scale manufacture, quality control, and heteroge-
neity [6–8]. Previously, it was proposed that exosomes can be called 
“programmable exosome” after being synthesized or modified by 
various biotechnologies [9,10]. Here we introduce the biomimetic 
exosomes in this paper include exosome-like nanoparticles (NVs), exo-
somes mimetics (EMs), and hybrid exosomes (HEs), which were ob-
tained by top-down, bottom-up and biohybrid synthetic approach, 
respectively [11]. Here, we propose the concept of programmable bio-
mimetic exosomes actually refers to a kind of engineered biomimetic 
exosome, and such programmable biomimetic exosomes have similar 
size, biomorphology and characteristic membrane proteins resemble 
naturally occurring exosomes. In addition to targeting ability, pro-
grammable biomimetic exosomes can be modified by both chemical 
methods and genetic engineering methods. Programming assembly of 
exosomes using nanobiotechnology have overcome the limitations of 
natural exosomes and emerged as a potential solution to these chal-
lenges. This synthesis biotechnique enables the creation of “program-
mable” exosomes by controllably modifying the structure and function, 
allowing for rapid large-scale production with similar size, morphology, 
and membrane protein markers to natural exosomes. This review pro-
vides insight into the composition and functional properties of bio-
mimetic exosomes and focuses on state-of-the-art technologies for their 
production, with highlights on the significant potential of programming 
assembly of biomimetic exosomes for therapeutic applications and the 
concerns and application prospects of biomimetic exosomes, which 
provide valuable suggestions for the future research and clinical appli-
cation. The development of biomimetic exosomes through nano-
biotechnology holds great promise for advanced drug delivery, 
combining the advantages of natural and synthetic nanoparticles. It is 
expected that these programming assembly technologies will promote 
biomimetic exosomes to be more widely used in the future. 

2. Strategies to fabricate biomimetic exosomes 

Exosomes are extracellular nanovesicles secreted by cells. There are 
two main approaches for generating biomimetic exosomes. The first is to 
enhance the natural secretion of cells through techniques such as 
increasing the number of cells and optimizing the ability of cells to 
secrete exosomes. The second is to skip the natural process of cellular 
exosome secretion by inducing cells to break down and form extracel-
lular vesicles that resemble exosomes directly using extrusion and 
microfluidics techniques. The latter approach has several advantages, 
including the ability to producing large quantities of biocompatible 
artificial exosomes. Additionally, reconstituting the cell membrane to 
form NVs can significantly increase their practical application. 

2.1. Optimized reconstitution of the cellular membrane into biomimetic 
exosomes 

Self-assembly is a phenomenon in which structural units spontane-
ously form an ordered structure. This process is ubiquitous in cells and is 
the basic unit of life activities. Both exosomes and cell membranes have 
a bilayer structural backbone formed through the self-assembly of lipid 
molecules. S. Marrink first observed the assembly of randomly disor-
dered lipid molecules into an ordered bilayer structure on the atomic 
scale using molecular dynamics simulations [12]. To generate suitable 
cell membranes for reassembly into nanostructures, hypotonic treat-
ment, repeated freeze-thawing, and ultrasonic disruption followed by 
nanopore extrusion methods can be used. In this section, we will briefly 
introduce recent advances in this top-down strategy for synthesizing 
EMs or exosome-liposome hybrids for disease treatment. At last, we will 
propose future directions for the use of EM hybrid nanocarriers for 
precise targeted therapy. 

2.1.1. Extrusion method 
EMs can be obtained through the extrusion of cell membrane filters, 

with NV diameter regulated by adjusting the pore sizes of the filters 
(Fig. 1). Currently, the most used cell membrane filters are poly-
carbonate membrane filters. In the field of tumor therapy, EMs has been 
obtained by a continuous extrusion of monocytes or macrophages using 
filters with diminishing pore sizes. These EMs have shown more than 
100 times higher productivity even though they have similar properties 
to natural exosomes [13]. Jeong et al. generated EMs potential for 
wound healing from live embryonic stem cells using filter extrusion 
[14]. They found that the yield of EMs increased significantly with the 
filter size decreasing from 10 μm to 5 μm and 1 μm. However, these EMs 
are highly heterogeneous due to the random assembly of the plasma 
membrane or cellular organelles during the cell extrusion process [15]. 
Moreover, the yield of EMs is also susceptible to the influence of donor 
cell types. Guo et al. used iron oxide nanoparticles to magnetically 
separate different subcellular origins and extruded endosomes to form 
vesicles using nonporous membranes, yielding a large number of EMs 
with high uniformity [16]. Kyong-Su Park et al. improved the existing 
extrusion technique by using ionic stress to separate cell membranes 
from cytoplasmic composition, followed by an ultrasound to purify EMs 
[17]. Although the extrusion method allows reconstituting cell mem-
branes into smaller vesicles, the loss of the cell membrane on the filter 
membrane is a critical issue that cannot be ignored. A study also showed 
that using five freeze-thaw cycles increased the flexibility of the cell 
membrane, resulting in a 3-fold higher EM yield than the conventional 
method [18]. 

It has also been reported that M1 macrophage EMs produced using 1 
μm, 400 nm, and 200 nm pore size filters could repolarize the M2 tumor 
microenvironment into M1 macrophages and enhance antitumor effi-
cacy [19]. EMs fabricated using this extrusion method can also be used 
as drug carriers. EMs loaded with siRNA can be easily uptake by recip-
ient cells and induce functional knockdown in the targeted cells. siRNAs 
can be loaded into EMs by electroporation or by intracellularly 
expressing shRNA in the donor cells. In conclusion, these studies show 
that EMs produced by the extrusion method are promising as drug de-
livery systems. 

Although exosome mimetics are highly productive and possess 
similar biological properties as natural exosomes, it cannot be ignored 
there is a huge disparity between naturally derived exosomes and exo-
some mimetics. The differences in these membrane proteins may lead to 
the alteration of biological properties. It has been found that the zeta 
potential and cytotoxicity were changed after intensive extrusion [9, 
10]. The production of natural exosomes is dependent on the cellular 
secretion mechanism loaded with specific cargo, while the exosome 
mimetics produced by extrusion method are mainly generated by pres-
surization of cells through filters with different pore sizes, and the cell 
membranes or cargos are randomly decomposed and reassemble into 
artificial exosomes during the extrusion process. As the whole process is 
random and uncontrollable, and the membrane protein distribution of 
artificial exosomes is also different from that of natural exosomes, which 
inevitably leads to different biological behaviors between exosome mi-
metics and natural exosomes [20]. It has also been pointed out that the 
extrusion method of producing exosome mimetics will change the 
structure of the plasma membrane, which will lead to drug leakage. 
Therefore, the production of exosome mimetics by extrusion method 
still needs further improvement to better meet the needs for clinical use. 

2.1.2. Microfluidic devices 
Microfluidic devices utilize channels with diameters between 10 and 

200 μm to manipulate fluids at the microscale. These devices are char-
acterized by miniaturization, high efficiency, automation, high purity, 
and scalability [21]. Many microfluidic devices have been developed for 
the production of artificial exosomes or lipid nanoparticles (LNP), 
including hydrodynamic flow, microvortices, chaotic mixing, and 
droplet formation [22]. Jo et al. successfully produced 100 nm diameter 
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nanovesicles by using hydrophilic microfluidic arrays of 200 μm in 
length and 5 μm in width to squeeze cells. Such nanovesicles are similar 
to cell-secreted exosomes and can be used for macromolecular mRNA 
delivery [23]. Yoon et al. designed 500 nm-thick silicon nitride blades 
that can cleave live cells upon micro-channeling to cell membrane 
fragments, which subsequently self-assemble to form 100–300 nm 
diameter nanovesicles. These newly formed nanovesicles can transport 
encapsulated beads across the plasma membrane of the recipient cell 
and into the recipient cell [24]. 

Although the use of microfluidic devices in the production of artifi-
cial exosomes has not been well explored, several studies have suc-
cessfully generated siRNA-loaded LNPs with diameters between 20 and 
100 nm using a staggered herringbone microhybrid or similar micro-
fluidic mixer [25,26], making it a novel approach with great application 
potentials. Microfluidic devices can generate nanovesicles of various 
sizes, but it is inevitable that other agents such as RNA and proteins 
inside the cells will also be bound to the nanovesicles, which will pose a 
challenge for the purification of nanovesicles [27]. 

We hope that microfluidic system with viscoelastic fluids, optics, and 
organic materials will lead to the development of automated and high- 
throughput microfluidic platforms, providing conventional devices for 
the commercial development of EMs. 

2.1.3. Chemical induce blebbing approach 
Methods such as extrusion can lead to a significant decrement of cell 

membranes, while microfluidic systems capable of producing EMs with 
high purity and low cost are often prohibitively complex, especially 
when multi-step processing is required. Alternatively, chemically 
induced methods can effectively avoid such situations and only require 
exposure to sulfhydryl-blocking reagent to induce blistering of cell 
membranes. As demonstrated by Dominique et al. this method can 
generate a large number of nanovesicles from murine T cell lymphoma 
EL4 cells [28]. Additionally, to facilitate the production of erythrocyte 
EVs, a large number of (10^13–10^14) EVs were purified from erythro-
cytes after treatment with calcium ion carriers, providing a strategy for 
obtaining EVs on a large scale. Chemically induced vesicle generation 
requires the addition of chemical surfactants, which can affect the 
nanovesicles and their contents, and the removal of chemical reagents 
and purification of nanovesicles was a major problem must be consid-
ered [29]. 

2.1.4. Nitrogen cavitation-based method 
Exosome membrane proteins play an important role in recipient 

cells’ recognition, binding, and internalization of these vesicles, trig-
gering the activation or inhibition of intercellular signaling pathways. 
Maintaining the structure and activity of these proteins is essential to 
produce EMs, as it distinguishes them from synthetic liposomes. The 
nitrogen cavitation method is promising for rapidly disrupting cell 
membranes while preserving their biological functions. Gao et al. uti-
lized that method by dissolving nitrogen in the cytoplasm of HL60 cells 
under high pressure (350 psi) to form nitrogen bubbles in the cyto-
plasmic cell suspension, resulting in cell fragmentation. The desired 
vesicles were obtained via ultra-high-speed centrifugation, providing a 
controlled and effective approach that reduces the risk of genetic ma-
terial transfer and avoids antigenic changes that may occur with 
chemical or other physical methods [30]. Similarly, the nitrogen cavi-
tation method was used to prepare nanovesicles with a 100-fold higher 
yield from neutrophil cells. The strategy significantly reduced acute lung 
inflammation and showed great potential for the exploitation of 
personalized nanomedicine for specific diseases [31]. 

2.2. Bottom-up synthetic biology approach of biomimetic exosomes 

Bottom-up synthetic biology provides a novel approach to creating 
nanomaterials from small molecules and gradually building up. This 
bottom-up idea has been widely applied to produce synthetic lipid-based 
nanovesicles, which exhibit better stability but limited biocompatibility. 
In contrast, natural exosomes have distinct advantages in biocompati-
bility and low immunogenicity. Therefore, combining synthetic lipid 
vesicles with exosomes can provide a mutually beneficial solution. 
Currently, approaches for bottom-up assembly include modifying lipo-
somes with membrane proteins, embedding specific proteins into NPs, 
reassembling cellular lipid fractions, or creating fully synthetic exosome 
particles. 

2.2.1. Decorated liposome with functional groups 
To mimic the complexity of membranes on the surface of natural 

exosomes, various functional groups, including antibodies, proteins, and 
peptides, were conjugated to the surface of liposomal membranes 
through complex synthetic pathways. Molinaro et al. first developed a 
biomimetic vesicle that incorporates proteins from the cytoplasmic 
membrane into the phospholipid bilayer using a thin-layer evaporation 
method. The resulting nanovesicles showed tropism towards 

Fig. 1. Establishment of the biofabrication of exosome-mimetic by extrusion methods. The cells were collected and sonicated followed by sequential extrusion 
through polycarbonate membranes to yield 50–200 nm nanovesicles. 
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inflammatory endothelial cells [32]. Kexin Li et al. coupled a mono-
clonal antibody against the highly expressed surface receptor DEC205 to 
cationic lipids to allow the liposomes to target dendritic cells and reduce 
the toxicity of cationic liposomes to dendritic cells [33]. Yu et al. 
coupled a CD11c-specific monoclonal antibody to immunoliposomes to 
target Langerhans cells, and this synthetic vesicle promoted dendritic 
cell maturation and inhibited tumor growth [34]. Wang et al. success-
fully developed indocyanine green-loaded monoclonal 
antibody-coupled liposomes to treat H. pylori infection in vivo [35]. In 
addition to antibody coupling, surface modification of nanoliposomes 
using the transmembrane domains of cell membrane proteins has been 
achieved to enhance the tumor-targeting property. Zheng et al. pro-
duced triptolide-loaded liposomes with modified membrane proteins of 
Huh7 cells by extrusion, thus conferring the liposome tumor-targeting 
ability to effectively inhibit tumor growth in mice with in situ hepato-
cellular carcinoma [36]. However, the key membrane protein compo-
nents mediating the targeting effect cannot be identified by current 
technology. MHC class I/peptide complexes and ligands involved in 
T-cell receptor interactions have also been coupled to vesicles for 
immunotherapy. Synthetic nanovesicles coated with biologically active 
APO2L/TRIAL greatly improved the ability to induce apoptosis and 
played a therapeutic role in antigen-induced T cell activation in the 
rheumatoid arthritis model [37–39]. In addition, co-assembling of 
anti-CD133 monoclonal antibody and low-density lipoprotein 
receptor-associated protein-1Angiopep-2 (An2) onto liposomes 
enhanced their targeting ability to LDL receptor-associated proteins on 
the blood-brain barrier (BBB) through An2, allowing the anti-CD133 
monoclonal antibody to more efficiently target to the highly expressed 
CD133 on polymorphic glioblast cells. This dual targeting enabled li-
posomes to deliver temozolomide across the BBB for the treatment of 
polymorphic glial cancer stem cells [40]. This system provides a feasible 
approach for fabricating biomimetic exosomes with dual functions. 

In addition to antibodies and proteins, some functional peptides have 
also been assembled into liposomes. Keum et al. coupled cell- 
penetrating peptides to liposomes using the thiol-maleimide reaction. 
The penetratin-conjugated liposomes were found to enhance perme-
ation in vitro and in vivo, making them an excellent platform for drug 
delivery [41]. Huang et al. coupled epidermal growth factor receptor 
GE11 peptide to liposomes and then loaded them with both photosen-
sitizer indocyanine green (ICG) and chemotherapy drug curcumin to 
achieve photothermal and chemotherapeutic effects on tumors [42]. 
Compared to native exosomes, decorated liposomes have certain ad-
vantages. Firstly, native exosomes are easily and rapidly cleared in vivo, 
which seriously affects their biological effects. In contrast, polyethylene 
glycolization of liposomes can significantly prolong the circulation time 
in vivo [43]. Secondly, it cannot be ignored that natural cell-derived 
exosomes have a low yield and may carry pathogens or 
disease-associated proteins, whereas liposomes are synthetic 
nano-vesicles with a more controlled yield and safety profile. Although 
natural exosomes have some targeting properties, they are still mainly 
metabolized by the liver and spleen. Decorated liposomes are shown 
better enriched in target cells [44]. Again, the drug loading capacity of 
decorated liposomes should be stronger than that of native exosomes. 

Also the topology of proteins embedded in biological membranes is 
crucial for the function of these biomimetic exosomes, especially the 
ligand orientation for targeting of biomimetic exosomes. The orientation 
of reconstituted membrane proteins in artificial membranes depends on 
many parameters and is difficult to predict. Given the important carrier 
function that membrane proteins have, both functional studies and ap-
plications require effective control of protein orientation in the lipid 
bilayer. 

Overall, the bottom-up strategy of assembling liposomes with 
exosome-like elements highly mimics the structure of cell membranes 
provides a simple way to better mimic the bioactive function of 
exosomes. 

2.2.2. Synthetic biology-inspired biomimetic exosomes 
In order to precisely mimic the functions of natural exosomes, re-

searchers have turned to synthetic biology-based approaches. By using 
this technique, fully synthesized exosomes can be generated with all the 
functions of natural exosomes, including proteins, RNAs, and the most 
abundant lipid components. This approach starts from lipid micro-
droplets and involves the addition of microRNAs (miRNAs), proteins, 
and various lipid components, assembling them using a charge- 
mediated vesicle assembly technique to create synthetic extracellular 
vesicles (Fig. 2A). The resulting vesicles are structurally similar to nat-
ural exosomes but allow researchers to replicate, fine-tune, and refine 
the function of exosomes, making it a “programmable” exosome syn-
thesis technique [45]. In a model of skin wound healing and a model of 
neoangiogenesis, these biomimetic exosomes were found to promote 
wound healing and neoangiogenesis. However, manipulating the com-
plex composition of these biomimetic exosomes remains a challenge. To 
address this, Li et al. developed self-assembled supramolecular vesicles 
[46], where the negatively charged four-armed molecule TPE-BPA can 
spontaneously assemble into self-assembled neutral fluorescent vesicles 
by coordinating with eight positively charged CTAB molecules via ionic 
interactions with Fe2+. The TPE-BPA exhibiting a strong fluorescence 
emission in the aggregated state allows monitoring of vesicle transition 
by changes in fluorescence emission (Fig. 2B). Although these fully 
synthetic supramolecular vesicles lack the protein components on exo-
somes, they can be used to study exosome fusion and release behaviors 
[46]. 

The controlled encapsulation of different biomolecules achieved 
using synthetic biology techniques will have precise control over the 
biochemical and biophysical phenotypes of natural exosomes. This new 
technology can create synthetic vesicles with various properties beyond 
naturally occurring lipid carriers (e.g., EVs) with very similar functions. 
Furthermore, this technology also enables the synthesis of high-purity 
exosomes at a therapeutic scale, which is a breakthrough in over-
coming some of the major limitations that currently hinder the thera-
peutic application of exosomes. Currently, the production of synthetic 
biology-inspired biomimetic exosomes is still in its infancy, and the 
standards and processes regarding the scale up of synthetic exosomes are 
not yet established. The production of synthetic exosomes mainly in-
cludes isolation, purification and analytical identification. From these 
aspects, establishing a standardized process will help to reduce the cost 
of synthetic exosomes. 

2.3. Biohybrid exosomes 

Membrane fusion is a natural biological process that occurs when 
two cell membranes combine. Fusing liposomes with exosomes has led 
to the development of membrane-fusogenic biomimetic particles. This 
approach takes advantage of liposome membranes for easy surface 
modification while effectively circumventing the deficiency of lipo-
somes lacking endogenous functions. There are various strategies to fuse 
liposomes with exosomes, such as co-incubation and repeated freeze- 
thawing (Fig. 3). We have fused liposomes with chondrocyte-targeted 
exosomes by co-incubation, resulting in hybrid exosomes that success-
fully delivered CRISPR/Cas9 plasmids to chondrocytes to attenuate the 
progression of osteoarthritis [47]. Other groups have also obtained 
hybrid exosomes using repeated freeze-thawing. Sato et al. successfully 
obtained hybrid exosomes through repeated freezing in liquid nitrogen 
and thawing at room temperature. Their results suggested that the ice 
crystals formed during freezing could remove the hydrophilic surface 
from the cell membrane and potentially trigger changes in the structure 
and function of nanovesicles [47]. Lv et al. used the freeze-thawing 
procedure to generate hybrid nanoparticles of genetically engineered 
fibroblast-derived exosomes and heat-sensitive liposomes [48]. These 
hybrid nanoparticles exhibited better circulation and preferential 
accumulation in the tumor, releasing drugs under the influence of 
temperature [48]. Fusing liposomes with exosomes to obtain artificial 
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exosomes is a novel approach to developing drug delivery systems. Li-
posomes do not carry genetic material, effectively reducing the risk of 
gene transfer. Similar to liposomes, cytoplasmic membrane from mature 
erythrocytes also has the advantages of high yield and low risk of gene 
transfer. Krivić et al. developed hybrid erythrocyte liposomes and con-
jugated anti-E. coli antibodies to the hybrid erythrocyte liposomes, 
achieving targeted delivery of antibiotics to Klebsiella aerogenes strains 
[49]. Additionally, co-extruded cell membranes from M2 and M1 mac-
rophages can fabricate hybrid EMs, which inherit the anti-inflammatory 
properties of M2 macrophages and cytokine receptors from the M1 
membrane. By loading black phosphorus nanosheets, this hybrid vesicle 
can target and accumulate at the inflamed knee joint under 
near-infrared (NIR) irradiation to eliminate inflammatory cells [50]. 

The production of hybrid exosomes is still in the exploratory stage. 
The production of hybrid exosomes relies on the fusion between lipo-
somes and exosomes. There are many methods to induce the fusion of 
liposomes and exosomes to form hybrid exosomes, but each method has 
its shortcomings. The co-incubation method has less effect on the con-
tents and plasma membrane, but the fusion efficiency is very lower. The 
freeze-thaw method can promote the fusion of liposomes and exosomes 
with a high efficiency of 97.4%, but the freeze-thaw method may affect 
its contents and exosomal membrane [51]. Although, PEG8000 can 
enhance fusion efficiency, some unsafe problems of PEG have been 
noticed by researchers. 

The choice of the method to improve the fusion efficiency of lipo-
somes and exosomes still deserves our continued attention. Therefore, if 
we can establish detailed standards for the production of hybrid 

exosomes and determine the standard procedure for fusion, extraction 
and purification of hybrid exosomes, large-scale production of hybrid 
exosomes will be possible. 

3. Improvements in biomimetic exosomes 

3.1. Optimization of cellular conditions for exosome production 

There are two scenarios for increasing the yield of biomimetic exo-
somes, which are based on modifications of natural exosomes. One 
method to increase the yield of biomimetic exosomes is to enhance the 
yield of natural exosomes, such as improving cell culture methods and 
optimizing exosome isolation techniques. Although increasing quanti-
ties of cells can increase the production of exosomes, it is challenging to 
achieve with conventional monolayer culture. Optimizing culture con-
ditions can significantly increase exosome yield, but this dependent on 
the donor cell type and status.3D culture can maximize culture area to 
increase cell number, thereby promoting exosome yield. Cao et al. suc-
cessfully obtained large-scale exosome production from 3D dynamic cell 
culture [52]. They cultured mesenchymal stem cells (MSCs) in a dy-
namic three-dimensional (3D) culture system after by attaching them to 
microcarrier beads. Application of this method has generated large 
amounts of exosomes with good manufacturing practice (GMP) grade 
for clinical osteoarthritis treatment [53]. Patel et al. also used a 3D 
printed biomaterial scaffold-perfusion bioreactor system to assess the 
dynamic culture response to extracellular vesicle production by endo-
thelial cells (ECs) and found that this system can increase exosome 

Fig. 2. Synthetic biology approaches in the development of biomimetic exosomes. (A) Schematic illustration of miRNA-containing lipid vesicles formed exclusively 
from artificial precursors generated by EV particle precursors at the periphery of water droplets and subsequently modified with surface proteins. Adapted from 
Ref. [45]with permission. Copyright © 2021 American Association for the Advancement of Science. (B) Novel supramolecular vesicles with reversible and controlled 
fusion and fission behaviour were fabricated, which undergo fusion upon oxidation of Fe2+ to Fe3+ and further fission upon reduction, and this biomimetic 
exosomes can be used as a nanocarrier for siRNA. Modified with permission of ref. [46]. Copyright © 2020 John Wiley & Sons, Inc. 
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production by more than 100-fold [54], while for other cells the yield 
may not be so high. For example, when mesenchymal stem cells (MSCs) 
cultured in 3D bioreactor, the production of exosomes in the supernatant 
was 2 times higher than in 2D culture [53]. And although 3D culture can 
significantly increase exosome production, it has also been found that 
the morphology and composition of exosomes can also be significantly 
altered. 

In addition to changing the culture condition, some physical stimuli 
can also enhance the yield of exosomes. Fukuta et al. treated mouse 
melanoma and mouse fibroblasts with low-level electrical stimulation 
and found that low-level electrical treatment significantly increased the 

number of EV particles without cytotoxicity or interference in particle 
distribution [55]. Campbell et al. also demonstrated that electrical 
stimulation was effective in enhancing stem cell exosome production 
[56]. Serum starvation has also been shown to enhance exosome pro-
duction in RPMI 8226, U266, and KM3 cells by 2.5-fold, 4.3-fold, and 
3.8-fold, respectively [57]. Similarly, changes in temperature, pH, and 
hypoxia conditions also increased the production of exosomes [58–60]. 
Yan et al. found that mechanical stimulation may be essential for 
increased secretion of exosomes from umbilical cord MSCs. A rotary cell 
culture system significantly promoted exosome production at 36 
rpm/min over 196 h [61]. Small molecule stimulation has also been 

Fig. 3. Scheme of the approach in synthesis bio-hybrid exosome-liposome. Freeze-thaw, incubation, and sonication were used for the synthesis.  
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found to enhance exosome production. Wang et al. investigated the ef-
fect of small molecule modulators on exosome secretion in MSCs and 
found that a combination of N-methyldopamine and norepinephrine 
increased exosome production by three-fold [62]. Cytochalasin, a fungal 
metabolite, can also promote exosome secretion by disrupting cyto-
skeletal integrity. Ashita Nair et al. showed that stimulated with 10 
μg/mL cytochalasin-B increased exosome secretion by 3-fold [63]. 
Secretion of extracellular vesicles is regulated by calcium-dependent 
mechanisms. Thus, the alteration of Ca2+ concentration can affect 
exosome production. Savina et al. found that increasing intracellular 
Ca2+ stimulated exosome secretion [64]. Another study found that 
adiponectin, an adipocyte-secreted factor, stimulated the secretion of 
MSC exosomes by binding to T-cadherin [65]. Therefore, applying the 
3D culture method in combination with external stimuli can expand cell 
number by optimizing the cellular microenvironment, thereby success-
fully increasing EV production and enhancing their therapeutic effects 
[66]. In addition, the 3D culture scaffold material can also encapsulate 
EVs to prevent their degradation, achieving a sustained and controlled 
release. 

3.2. Increasing loading efficiency 

Biomimetic exosomes have shown promise as drug delivery carriers. 
Enhancing their drug-loading efficiency is a crucial area of research. 
Currently, there are two universal encapsulation methods for loading 
drugs into biomimetic exosomes: pre-loading and post-loading. Pre- 
loading involves loading drugs into exosomes during biosynthesis, while 
post-loading refers to loading drugs into already-synthesized exosomes. 

Pre-loading is preferred for loading high molecular weight RNA, but its 
main drawback is the lack of control over the amount of drug delivered. 
Post-loading, on the other hand, is more efficient and includes several 
methods, such as co-incubation, sonication, lipofection, repeated freeze- 
thawing, extrusion, pH/temperature gradient, and calcium chloride 
(Fig. 4). Compared to pre-loading, post-loading provides greater control 
over the amount of drug delivered. 

Co-incubation involves co-culturing small molecule drugs with 
donor cells or synthetic EMs. Although the method is inexpensive and 
straightforward, it has a low encapsulation efficiency, and the loading 
amount is affected by the physicochemical properties of the drug [67]. 
Ultrasonication is another efficient method for drug loading, but it may 
cause damage to the exosome membrane, and there is also a risk of 
exosome aggregation under ultrasound [68]. Electroporation can also 
efficiently load drugs to synthetic EMs, but it also causes damage to 
exosome membranes. Zhou et al. constructed a dual-delivery exoso-
me-based biological system using electroporation and successfully 
loaded galectin-9 siRNA with more satisfactory results in treating 
pancreatic ductal adenocarcinoma [69]. The repeated freeze-thaw 
method is simple and inexpensive, but it tends to lead to the inactiva-
tion of exosome membrane surface proteins [6]. The extrusion method is 
more efficient for generating EMs and drug loading, but it may cause 
structural reorganization of the membrane surface under external 
forces. pH/temperature gradient method is a method for drug loading by 
constructing pH/temperature differences between exosomes. Jeyaram 
et al. enhanced miRNA loading by constructing an extracellular vesicle 
membrane pH gradient without impairing the cellular uptake of extra-
cellular vesicles and significant toxic reactions [70]. 

Fig. 4. Drug loaded method for biomimetic exosomes. Drugs can be passively loaded in vitro by simple incubation, sonication, freeze-thaw electroporation, and 
extrusion, or they can be actively loaded using a pH gradient generated by ionophores or (NH4)2SO4. 
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3.3. Surface engineering of biomimetic exosomes for increasing the 
targeting ability 

Biomimetic exosomes can be further optimized for enhanced thera-
peutic efficacy and targeting ability through membrane surface modi-
fication and engineering. Genetic engineering approaches and chemical 
surface modification are the two main strategies for achieving this [71] 
(Fig. 5). Genetic engineering involves fusing targeting peptides with 
exosome surface molecules to build engineered exosomes with specific 
targeting properties. Chemical modification strategies include targeted 
peptides and protein modifications. For example, modification by pep-
tides like cyclic Arg-Gly-Asp-D-Tyr-Lys (cRGDyK) and cyclic RGD 
(cRGD) can confer significant targeting ability of natural exosomes to 
tumors. Integrin α6β4-modified biomimetic exosomes showed improved 
adhesion properties and enhanced delivery of relevant therapeutic 
agents to cancer cells [72]. However, genetic engineering approaches 
carry a potential risk of gene transfer. Liang et al. designed CAP-Lamp2b 
plasmid to express chondrogenic targeting peptide by fusing Lamp2b to 
the surface of exosomes secreted by dendritic cells [73]. Then the pu-
rified CAP-exosomes were fused with liposomes to construct a hybrid 
CAP-exosome delivery system for genomic editing [47,74]. In addition 
to Lamp2b, other exosome membrane surface proteins, including CD63 
and CD9, are also widely used as target ligands [75]. 

Lipid surface modification can also be achieved using click chemis-
try. Zhang et al. utilized copper-free click chemistry and obtained 
functional neutrophil-derived exosomes, which retain the ability of 
neutrophils to converge toward inflammation and effectively alleviate 
the progression of rheumatoid arthritis [76]. Copper-catalyzed azi-
de-alkyne cycloaddition is also a commonly used method for exosome 
chemical modification [77]. Insertion of amphiphilic molecules into 
exosome membranes is an easy way for chemical modification [78]. Kim 
et al. inserted aminoethylanisamide-polyethylene glycol into the surface 
of macrophage-derived exosome membranes to target the sigma recep-
tor, which is highly expressed in tumor cells [79,80]. Although chemical 
modification of exosomes has fewer options compared to genetic engi-
neering, it is worth exploring due to its rapidity and high yield. 

3.4. Extending circulation time 

Biomimetic exosomes have shown promise in treating various dis-
eases, but pharmacokinetic studies have revealed a short circulating 
half-life in vivo, with some literature showing a half-time of approxi-
mately 2–30 min [81]. Such a short circulating time limits the amount of 
exogenous biomimetic exosomes that can reach the target organs and 
tissues to exert their intended biological effects. Circulating exogenous 
exosomes can be rapidly cleared by monocytes/macrophages or their 
associated reticuloendothelial system (liver, spleen, and lung). There-
fore, various strategies have been developed to prolong the retention 
time of biomimetic exosomes in vivo by conferring surface modifications 
to exosomes to circumvent clearance by the immune system. One such 
strategy is to camouflage exosomes with cell surface molecules, such as 
CD24, CD44, CD47, PECAM-1, β2M, PD-L1, and DHMEQ, that can 
provide “don’t eat me” signals [82]. CD47 is a highly glycosylated cell 
surface protein that, when functionalized, can lead to a longer half-life 
of exosomes. Studies have found that extracellular vesicles from MSCs 
overexpressing CD47 were still detectable after 120 min after tail vein 
injection, while natural extracellular vesicles disappeared in less than 
30 min, suggesting that high CD47 expression can effectively prolong 
the half-life of EVs [83]. Another strategy is to conjugate albumin 
binding domains (ABDs) or albumin decoration to the exosomes. Human 
albumin has a half-life of several weeks, and conjugation of ABDs or 
albumin decoration has been widely used to extend the half-life of 
nanoparticles. For example, conjugation of ABDs into the extracellular 
loops of tetraspanins or directly fused ABDs with single-transmembrane 
EV-sorting domains by engineering approach prolonged the half-life of 
exosomes by more than 4.5 h after injecting into mice [84]. Moreover, 

modification of extracellular vesicles by coating with 
nanobody-PEG-lipids extended their half-life by more than 50 min [85]. 
Anchoring proline-alanine-serine (PAS) peptide sequences on the 
membrane surface also greatly prolonged the circulation time of cell 
membrane-derived nanotherapies in vivo [86]. Collectively, prolonging 
the circulation time of biomimetic exosomes could increase their uptake 
opportunity by receptor cells, significantly enhancing their therapeutic 
potential (Fig. 6). 

4. Biomimetic exosomes for drug delivery and theranostic 
applications 

The application of biomimetic nanomedicine delivery systems im-
proves drug pharmacokinetics, enhances therapeutic efficacy and miti-
gates toxic side effects [87]. Biomimetic exosomes emerged as a 
theranostic nanomedicine platform similar as exosomes, which can de-
livery drugs to overcome the disadvantages of natural exosomes and 
retain the advantages of natural exosomes. Various proteins, miRNAs, 
shRNAs, siRNAs, CRISPR/Cas9 systems, mRNAs and small molecules 
can be delivery by this new nanoplatform [74,88–90]. By delivering 
different drugs and reaching the target cells, the bioavailability of drugs 
can be effectively improved. It has been found that biomimetic exosomes 
can deliver docosahexaenoic acid (DHA) to tumor cells, which in turn 
promotes ferroptosis, thereby effectively treating cancer [91]. Bio-
mimetic exosomes can also deliver siRNAs to play a therapeutic role, and 
another study found that encapsulation of CDK4 siRNA into biomimetic 
exosomes can significantly down-regulated CDK4 expression and 
inhibited tumor growth [92]. Biomimetic exosomes offers major ad-
vantages in facilitating loading CRISPR-Cas9 system as a novel delivery 
vehicle for gene editing therapeutics [93]. In another study, doxorubicin 
(DOX) delivered via biomimetic exosomes showed a significant reduc-
tion in the potential adverse effects, with no nephrotoxic side effects 
even at the highest dose of DOX, and animal studies showed that DOX 
delivered via biomimetic exosomes was effective in the treatment of 
breast cancer and inhibited tumor metastasis [94]. The above results 
strongly suggest that biomimetic exosomes are a therapeutic nano-
medicine platform. We have summarized these therapeutic applications 
in a Table 1. 

5. Conclusion and perspectives 

Although exosomes are considered promising therapeutic agents, 
their large-scale preparation for clinical application remains an insur-
mountable obstruction. With the rapid development of synthetic 
biotechnology, biomimetic exosomes have emerged as a potential so-
lution. Compared with natural exosomes, biomimetic exosomes have 
unique advantages in terms of yield and quality control, they offer more 
than 100 times yield than naturally secreted exosomes while preserving 
the biocompatibility of natural extracellular vesicles and exhibiting 
various new biological functions. Also as the synthesis process of exo-
somes is carried out in an artificial environment, which also helps to 
reduce the heterogeneity of exosomes. However, challenges and op-
portunities always accompany, including unclear mechanisms in com-
plex biological environments, safety issues, and clinical quality control 
in clinical translation. 

The current extrusion method is commonly utilized to prepare EMs. 
However, it presents challenges such as the loss of cell membranes 
during the preparation process, inadequate quality control, and uncer-
tainty regarding the effect of extrusion on membrane proteins. Addi-
tionally, the encapsulation of contents during extrusion tends to be more 
random, making quantification of the newly generated EM content 
cannot difficult. Hybrid membrane fusion particles may also lose their 
characteristic properties due to the reassembly of membrane proteins. 
All these may lead to the heterogeneity of EMs. Meanwhile, the safety 
assessments of long-term stability and in vivo distribution of EMs need to 
be completed and require further exploration. We have compared the 
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Fig. 5. Schematic representation of surface functionalized biomimetic exosomes. (A) Genetic engineering approaches involve the expression of a gene encoding a 
targeting protein fused to an exosomal membrane protein in the donor cell, which then secretes this targeting protein on the biomimetic exosomes. (B) Targeting 
ligands on the surface of biomimetic exosomes can be inserted into the exosomes membrane by click chemistry in reaction with exosomal membrane proteins or by 
hydrophobic interaction with phospholipid bilayers using lipophilic or amphiphilic molecules. (C) Metabolic labeling, in which metabolite analogs are introduced 
into biomimetic exosomes in biosynthesis following cellular uptake of functional groups, such as azides, which allow subsequent bioorthogonal reactions of the 
targeting ligands. (D) The sortase A-mediated ligation has been shown to be applicable to modify the exosome to allow active loading of molecules onto the 
membrane surface of biomimetic exosomes. 
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pros and cons of these strategies in Table 2. 
However, there are still a number of technologies to overcome before 

biomimetic exosomes can be used in clinical practice. First, there is still 
no clear optimal procedure for synthesizing biomimetic exosomes. All 
existing methods for isolating, quantifying and characterizing bio-
mimetic exosomes are based on definitive exosomes, making it difficult 
to distinguish between exosomes. Secondly, the heterogeneous 

composition of the donor cell source of biomimetic exosomes may also 
lead to recipient immunogenic effects. Even if the same donor cells of 
biomimetic exosomes are in different physiological states will affect the 
composition and therapeutic efficacy. Considering the above factors and 
concerns, a new set of quality control (QC) standards for biomimetic 
exosomes should be established so that clinical studies can be better 
promoted. 

Fig. 6. Different modification strategies to enhance the function of biomimetic exosomes. (A)Increase the total yield of biomimetic exosomes.(B) Improve drug 
encapsulation efficiency.(C) Surface protein engineering improves targeting ability.(D) Increases the circulation time. 

Table 1 
Examples of biomimetic exosomes for therapeutic interventions.  

Biomimetic 
nanovesicle 

Source Cargo Preparation method Application Ref. 

Exosome-mimic 
nanovesicles 

CCR2-expressing M1 macrophages Fe3O4 nanoparticles Extrusion Inhibit cancer metastasis [91] 
M1 macrophage Docosahexaenoic acid 

(DHA) 
Extrusion Treatment of hepatocellular 

carcinoma 
[95] 

MCF-10A cells siRNA CDK4 Extrusion Cancer therapy [92] 
Human macrophage(U937 cells) Rapamycin Extrusion Therapy of hemangiomas [96] 
CD47-overexpressing fibroblasts GM-CSF, docetaxel Freeze–thaw 

procedures 
Chemoimmunotherapy, [48] 

Human umbilical vein endothelial cells (HUVEC), 
murine mesenchymal stem cell line C3H 
(MSC), GFP expressing Mardin-Darby canine kidney 
(MDCK) 

Mthpc PEG-mediated 
fusion 

Biocamouflage of liposomes and 
drug delivery 

[97] 

Macrophages Doxorubicin Extrusion Breast cancer treatment [98] 
U937 cells Doxorubicin Extrusion Targeted delivery of 

chemotherapeutics 
[99] 

Hybrid exosome- 
liposome 

CD47-expressing tumor exosomes miR497/triptolide Sonicate and co- 
extrusion 

Cancer therapy [100] 

Raw 264.7 cell, 
HER2-expressing CMS7 cell 

N.A. Freeze–thaw cycles In vitro cellular uptake [101] 

HEK 293T cells CRISPR–Cas9 plasmid Incubation CRISPR/Cas9 system [93] 
Fibroblast cells (L-929 cells) Nintedanib Sonicate and co- 

extrusion 
Anti-pulmonary fibrotic [102] 

Dendritic cells were transfected with the CAP- 
Lamp2b 

CRISPR–Cas9 plasmid Incubation Genomic editing for Osteoarthritis 
therapy 

[47] 

M1 macrophage and M2 macrophages Black phosphorus 
nanosheets 

Extrusion Rheumatoid arthritis treatment [50] 

Macrophage (J774A.1 cells) Doxorubicin, siRNA Co-extrusion Anti-cancer [98, 
103] 

4T1 cells Doxorubicin Extrusion Breast cancer treatment [94] 
MCF-7 cells Trichostatin A Freeze− thaw 

method 
Breast cancer treatment [104] 

Exosome-mimicking 
liposomes 

Connexin 43 modified exosome-mimicking lipids siRNA VEGF Extrusion Higher efficiency delivery of siRNA [105]  

X. Xu et al.                                                                                                                                                                                                                                       



Materials Today Bio 22 (2023) 100760

11

Looking back on this decade, the variety of top-down and bottom-up 
strategies for synthesizing exosomes in new directions is truly impres-
sive. However, for future clinical translation, establishing quality con-
trol standards for the entire process of EMs, including membrane 
extrusion type and form, fusion, and modification, is still being explored. 
These challenges maintain the great potential of EMs in disease treat-
ment. We hope that the advancement in the synthesis, storage, and 
modification of artificial exosomes will continue to be made, opening up 
the next step of development. 
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Y.K. Kim, Y.S. Gho, Bioinspired exosome-mimetic nanovesicles for targeted 
delivery of chemotherapeutics to malignant tumors, ACS Nano 7 (9) (2013) 
7698–7710. 

[14] D. Jeong, W. Jo, J. Yoon, J. Kim, S. Gianchandani, Y.S. Gho, J. Park, Nanovesicles 
engineered from ES cells for enhanced cell proliferation, Biomaterials 35 (34) 
(2014) 9302–9310. 

[15] H. Lee, H. Kang, M. Kang, C. Han, J. Yi, Y. Kwon, J. Park, Heterogeneous 
subcellular origin of exosome-mimetic nanovesicles engineered from cells, ACS 
Biomater. Sci. Eng. 6 (11) (2020) 6063–6068. 

[16] P. Guo, S. Busatto, J. Huang, G. Morad, M.A. Moses, A facile magnetic extrusion 
method for preparing endosome-derived vesicles for cancer drug delivery, Adv. 
Funct. Mater. 31 (44) (2021). 
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