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Abstract: Exosomes are nano-sized membrane vesicles that transfer bioactive molecules between cells and modulate various
biological processes under physiological and pathological conditions. By applying bioengineering technologies, exosomes can be
modified to express specific markers or carry therapeutic cargo and emerge as novel platforms for the treatment of cancer,
neurological, cardiovascular, immune, and infectious diseases. However, there are many challenges and uncertainties in the clinical
translation of exosomes. This review aims to provide an overview of the recent advances and challenges in the translation of
engineered exosomes, with a special focus on the methods and strategies for loading drugs into exosomes, the pros and cons of
different loading methods, and the optimization of exosome production based on the drugs to be encapsulated. Moreover, we also
summarize the current clinical applications and prospects of engineered exosomes, as well as the potential risks and limitations that
need to be addressed in exosome engineering, including the standardization of exosome preparation and engineering protocols, the
quality and quantity of exosomes, the control of drug release, and the immunogenicity and cytotoxicity of exosomes. Overall,
engineered exosomes represent an exciting frontier in nanomedicine, but they still face challenges in large-scale production, the
maintenance of storage stability, and clinical translation. With continuous advances in this field, exosome-based drug formulation
could offer great promise for the targeted treatment of human diseases.
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Introduction

Exosomes are nano-sized membrane vesicles secreted by cells with a diameter ranging from 30—150 nm (Figure 1). They were
first discovered in the culture supernatant of in vitro sheep reticulocytes. At first, exosomes are hypothesized to transfer
unnecessary proteins between cells during cell growth and development, which serves as vehicles for the disposal of cellular
metabolic “wastes”.'* Subsequent studies demonstrate that cells that generate small vesicles through endocytosis can fuse to form
early endosomes, and the latter gradually mature into late endosomes. As the late endosomes produce numerous intraluminal
vesicles (ILVs) and evolve into multivesicular bodies (MVBs), the newly generated ILVs are then released extracellularly along
with the MVBs, fusing with the plasma membrane (Figure 2).* These vesicles contain various active substances, including nucleic
acids, proteins, and lipids, and can transmit information between cells to regulate pathological and physiological activities.*”
Compared with commonly used drug carriers such as liposomes and inorganic mesoporous materials, exosomes exhibit superior
biocompatibility, targeting ability, low toxicity, and high transmission efficiency. Specifically, they are free of side effects caused
by material aggregation, making them a highly promising drug carrier.''" Recent studies show that bioengineering techniques
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Figure | Image taken by transmission electron microscope showing exosomes isolated through ultracentrifugation. Those exosomes were obtained from the culture
supernatant of J774A.l cell, a mouse macrophage cell line, grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum. The
supernatant was collected and centrifuged at 300 g for 10 minutes to remove cell debris, followed by filtration through a 0.22 um filter. The filtered supernatant was then
centrifuged at 120,000 g for 70 minutes to pellet the exosomes. The exosome pellet was resuspended in phosphate-buffered saline (PBS) and loaded onto a copper grid
coated with carbon film. The grid was stained with 2% uranyl acetate and examined under a transmission electron microscope. The image shows the morphology and size
distribution of the exosomes, which appear as round or oval vesicles with a diameter for most of the exosomes ranging from 30 to 150 nm.
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Figure 2 The biogenesis of exosomes. Cells generate small vesicular carriers through endocytosis, whereby the internalized vesicles coalesce to form early endosomes that
progressively mature into late endosomes. As the late endosomal compartments produce abundant intraluminal vesicles (ILVs) through inward budding of the endosomal
membrane, they transform into multivesicular bodies (MVBs) hosting ILVs within their lumen. Finally, these ILVs encapsulated in MVBs are secreted extracellularly as
exosomes when the outer MVB membrane fuses with the cellular plasma membrane. Created with BioRender.com.

can modify exosomes to enhance their drug-carrying capacity, significantly expanding their clinical potential and scope. As
a result, exosomes have become a hot point in clinical medicine and biomedical research, and they are now supposed to be
a crucial and smart tool for understanding the molecular mechanism of diseases and serve as an emerging opportunity for clinical
and translational studies.

Engineered exosomes are natural exosomes treated with bioengineering techniques to enhance their drug-loading
efficiency, targeting ability, and resistance to clearance by the body.'? Typically, engineered exosomes do not differ
significantly in size or shape from naturally occurred exosomes. However, their cargo or contents may vary depending on
the purpose of the research. For example, drugs can be encapsulated inside or on the surface of exosomes through genetic
engineering and chemical modification, while drug-loaded exosomes have broad applications in tumor therapy and
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immune regulation. Currently, drug formulations based on engineered exosomes are being tested for cancer, cardiovas-
cular disease, and neurodegenerative disorders.'*'® In addition, engineered exosomes can also be combined with
nanomaterials such as metal nanoparticles and graphene to improve drug delivery efficiency, thereof expanding the
application range of existing classic drugs.'”"'® However, there is no unified standard for exosome drug loading strategies
in practical applications, and even the same preparation method lacks a unified experimental scheme. Therefore, it is
essential to systematically sort out a widely accepted approach for the preparation of drug-loaded exosomes.

To summarize new methods in the field and provide researchers with reliable experimental schemes, we will detail the
preparation and drug loading methods of engineered exosomes in this review, then discuss the advantages and disadvantages of
different preparation methods and their applicable conditions, and provide application cases on drug-loaded exosomes in treating
specific diseases.

Drug Loading into Exosomes: Methods and Strategies
Endogenous Loading Method

Endogenous loading is an engineering method based on parent cells. This method involves modifying donor cells and
introducing target molecules through direct transfection and co-incubation. After the donor cells are loaded with target
molecules, the MVBs can deliver active molecules to extracellular vesicles via ILVs, as shown in Figure 2.'%° Notably,
the co-incubation method is one of the most widely used drug loading strategies, and they put the drugs and donor cells
together, which induces new biological characteristics in exosomes by altering culture conditions and the incubation
environment of donor cells. Critically, this method involves selecting suitable donor cells, such as fibroblasts and
hematopoietic stem cells, and then incubating them with drugs suspended in the culture medium. Under appropriate
stimulation, which will induce the release of exosomes, the drug-loaded exosomes will then be isolated and purified using
techniques such as ultracentrifugation, polymer-based precipitation, immunoaffinity capture, and microfluidics.

The endogenous loading method has a wide spectrum of cargoes that can be loaded, among which the most common
bioactive molecules are RNAs, proteins, small nucleic acids, and small molecules. Studies have shown that paclitaxel
(PTX) can be isolated from mesenchymal stem cell (MSC)-derived exosomes, and the paclitaxel-loaded exosomes are
verified to be with strong anti-proliferative activity and are more effective and biocompatible than PTX alone.*'*
However, the endogenous loading method based on drug and donor cell co-incubation still faces challenges in verifying
the drug-loading efficacy. Also, it is high-cost and has difficulty selecting the most suitable donor cells and drugs.

By encapsulating the desired drugs or expressing them on the membrane of exosomes, transfection is another commonly used
endogenous drug-loading method to deliver monomeric compounds or nucleic acids into donor cells.”*** The transfection process
can be achieved through chemical, electroporation, or virus vector-mediated arms, and the procedures are summarized as
collecting donor cells, transfecting the required cargo into donor cells, collecting exosomes in the supernatant, removing cell
debris and large molecular impurities, and finally harvesting drug-loaded exosomes. Practically, multiple factors must be
considered when using the transfection method to load drugs, which includes the type of target cells, the properties of the required
cargo drugs (such as size, charge, and hydrophilicity), and the desired therapeutic effects. Attention must also be paid to the
transfection process to ensure cell health and exosome yield. It should be noted that preparing drug-loaded exosomes requires
strict experimental design and verification to determine the most suitable cargo molecules and experimental conditions. Wen
et al* transfected miRNA-144 into bone marrow mesenchymal stem cells and successfully prepared miRNA-144-loaded
exosomes. By applying them to heart cells, they found that these exosomes can improve myocardial cell apoptosis under hypoxic
conditions through the PTEN/Akt pathway.

Exogenous Loading Method

Exogenous loading refers to the use of membrane penetration strategies to load drugs directly into pre-separated exosomes. It can
be used to load small molecule drugs, proteins, and even nanomaterials.”® 2* Compared with endogenous loading methods,
exogenous loading has a lower technical threshold and more alternatives, and it is currently a widely used and common method for
engineering exosomes to load drugs. Generally, exogenous loading methods include drug co-incubation, ultrasonic incubation,
electroporation incubation, saponin treatment, freeze-thaw cycles, extrusion, and transfection, which are summarized in Figure 3.
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Figure 3 Schematic diagram showing the exogenous loading methods for preparing drug-loaded exosomes. The exogenous loading methods include drug co-incubation,
ultrasonic incubation, electroporation incubation, saponin treatment, freeze-thaw cycles, extrusion, and transfection. Created with BioRender.com.

The drug co-incubation method is a common drug loading strategy where purified exosomes are incubated with drugs
at room temperature. This procedure involves precisely weighing the drug in a volumetric flask and dissolving it in an
appropriate buffer using ultrasound before diluting it. Then, the exosome suspension is diluted, followed by the addition
of an equal volume of a drug solution. After being thoroughly mixed, the suspension is incubated in a shaker at constant

1 found that the curcumin-loaded

temperature for a period, and then the drug-loaded exosomes are harvested. Sun et a
exosomes can protect mice from lipopolysaccharide-induced septic shock, and exosomes encapsulated with curcumin
also increase drug stability and bioavailability in vivo.

Based on the pulsed-focused ultrasound technology, the ultrasonic incubation method can temporarily enlarge the
pores and fissures in the exosome membrane to facilitate drug entry. This specific procedure involves treating purified
exosomes and drug solution with ultrasound in the ice-water bath. The ultrasound conditions are commonly set as 20%
amplitude, 5 seconds on, 5 seconds off, and 1-minute cycles for a total of 6 cycles with 2-minute intervals between
cycles. The sample is then removed and allowed to recover for 1 hour in a 37°C incubator. Subsequently, the sample is
centrifuged at 120,000 g for 70 minutes at 4°C to remove the supernatant and free drug. After washing with phosphate-
buffered saline (PBS), the drug-loaded exosome suspension is centrifuged again for 70 minutes and resuspended in an
appropriate volume of PBS to obtain the drug-loaded exosome. With the wide application of this technology, Alptekin
et al’® demonstrated an enhanced drug delivery of exosomes treated with ultrasound, and those exosomes can success-
fully transport the drugs to the stroke area of the brain without harming the normal brain structure.

Similarly, using transient current pulses, the electroporation method can create a pore in the exosome membrane
through which drug molecules are engulfed. In detail, the exosomes are mixed with the desired drug in an electroporation
buffer before placing them in an electroporation cuvette. The mixture is pressurized at 4°C, where the required voltage,
pulse, and time are selected based on the most effective preparation parameters for the drug and equipment used. The
mixture is then incubated for 30 minutes in a water bath at 37°C until the exosome membrane has fully recovered before
further purifying the exosomes. Yan and colleagues’' utilized milk exosomes to develop an effective miRNA-31-5p
delivery system, which encapsulated miRNA-31-5p mimics via electroporation, and they demonstrated that exosomes
had increased cellular uptake level of miRNA-31-5p and improved anti-degradation properties. Additionally, other

32,33

researchers show that miRNA-loaded exosomes can significantly improve endothelial cell function by promoting

angiogenesis in vitro and enhancing diabetic wound healing in vivo.
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Saponin is a commonly used surfactant that acts as a membrane permeabilizer. Through the saponification process,
the saponin method induces the formation of small pores in lipid membranes, thereby facilitating the entry of hydrophilic
and non-permeable molecules into exosomes with improved drug loading efficiency. The specific procedure for the
saponin method includes exosome purification, followed by incubation with saponin and drugs for 10 minutes. Again, the
purification procedure is performed through low permeability dialysis to obtain drug-loaded exosomes. Utilizing the
saponin method, Wang et al** successfully encapsulated the anticancer drug PTX into exosomes and revealed that these
drug-loaded exosomes significantly enhanced the cytotoxicity of cisplatin (CDDP) on gastric cancer cells and reversed
the CDDP resistance both in vitro and in vivo. Similarly, Thakur et al*> prepared exosomes loaded with doxorubicin
(DOX) using the saponin method based on mouse liver cells. The resulting DOX-loaded exosomes considerably
enhanced the DOX uptake in tumor cells with notably increased antitumor effects.

Based on the principle that lowering the temperature below 0°C would result in the freezing and volume expansion of
water inside exosomes, the freeze-thaw method can encapsulate drugs into exosomes by enlarging the exosome
membrane pore size. Upon meeting the threshold of the expansion stress, fissures are developed in the exosome
membrane structure. They subsequently increase the temperature of the suspension, resulting in the melting of ice into
water, which then enters the interior of the exosomes through pores or capillaries on the surface of the membrane
structure. As the expansion stress decreases, pores on the exosome membrane contract. The specific procedure involves
mixing exosomes and drugs before rapidly freezing at —80°C and thawing at room temperature for at least 3 cycles to
load drugs into exosomes. Ebrahimian et al*® successfully loaded sesamin into MSC-derived exosomes using the freeze-
thaw method, and they showed that the exosome nanodrug could specifically target breast cancer cells to release sesamin
and induce cell apoptosis. Surprisingly, the efficacy of this drug was validated to be safe for human beings in vivo and
held promising potential as an effective treatment for breast cancer.

The membrane extrusion method involves mixing exosomes with drug molecules and passing them through
a nanofiltration membrane filter to create fissures in the exosome membrane for drug loading. The specific procedure
involves dissolving drugs in an appropriate solvent before slowly adding them to exosomes. The mixture is then extruded
using devices such as a manual extruder or microgrinder to encapsulate drugs inside exosomes. Finally, excess solvent
and unencapsulated drugs are removed through centrifugation or filtration to obtain pure drug-loaded exosomes. Liang

et al’’

used the extrusion method to co-package exosomes with drugs and miRNA-21 inhibitors that can be stably
released to inhibit tumor growth and metastasis.

The exosome transfection method is the process of introducing exogenous DNA or RNA fragments into exosomes to obtain
new phenotypes. The common methods for exosome transfection include electroporation, cationic polymer-based transfection,
and chemical transfection. Electroporation uses a pulsed electric field to apply voltage to exosomes, resulting in the opening of the
exosome membrane and allowing drugs to enter the exosomes. Electroporation requires the collection of exosomes from the
culture medium, followed by purification of the obtained exosomes through ultracentrifugation or other methods. The transfection
complex is prepared by packaging the exosomes with DNA or RNA. Finally, electroporation parameters are adjusted to ensure
optimal transfection efficiency. Parameters such as voltage, pulse duration, and electrode spacing need to be optimized according
to cell type and exosome type. Yang et al*® proposed a new method for bladder cancer treatment using the electroporation method
to prepare drug-loaded exosomes. By loading quantum dots into stem cell-derived exosomes, they found that quantum dot-loaded
exosomes had higher targeting specificity for bladder cancer cells with minimal side effects, making them a potential precision
treatment for bladder cancer. To transfect klotho plasmid into MSC-derived exosomes, Chen et al*® first transfected klotho
plasmid into MSCs, then used electroporation to load adenosine kinase (ADK) siRNA into the exosomes, and finally successfully
obtained klotho/ADK siRNA-loaded exosomes. Results of flow cytometry assays demonstrated that klotho/ADK siRNA-loaded
exosomes could effectively target endothelial progenitor cells (EPCs), and EPCs that engulfed these exosomes were able to
enhance the secretion of pro-angiogenic factors and adenosine, thereby promoting endothelial cell proliferation and migration.

The cationic polymer-based transfection method is an emerging strategy for drug-loading into exosomes in this field.
In general, cationic polymers such as polyethyleneimine (PEI) and poly-L-lysine (PLL) are commonly used transfection
reagents, and they can form stable complexes with DNA sharing ideal transfection efficiency.*® The principle of cationic
polymer-based transfection can be explained as the cationic polymer with a positive charge attracts exosomes with
a negative charge to form a complex, and the complex then introduces exogenous molecules into the interior of the
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exosomes. Zhupanyn et al*' compared the siRNA delivery efficiency of PEI-based nanoparticles and natural exosomes
from different cell lines and found that PEI-modified exosomes had higher efficacy for gene expression and higher
storage stability. Factors that affect transfection efficiency include cationic polymer concentration, transfection time,
exosome source, and purity. However, the presence of cationic polymers may produce cytotoxicity and interfere with the
stability and function of exosomes.

The chemical method is a promising approach to loading drugs onto the surface of exosomes through specific
chemical reactions. For example, fatty acid modification or anion exchange resin hydrophobic-hydrophilic interaction
principles can be utilized for drug loading into exosomes. Take azobenzene phenyl disulfide urea (ABP) as an extreme
case, and it can be employed to bind drugs to the surface of exosomes covalently. Stham et al** shows that RAD51
siRNA can be carried by exosomes through chemical methods, and the resulting exosomes are highly effective in

1

silencing RADS1 in cancer cells. Familtseva et al™ has also observed siRNA being transported by exosomes to mouse

aortic endothelial cells through fluorescence labeling.

Pros and Cons of Different Exosome Drug Loading Methods
Endogenous Loading Method

The advantages of the endogenous loading method for preparing therapeutic exosomes are attractive. First, these methods
have high safety as endogenously loaded exosomes are produced through the natural secretion process of cells, which
eliminates concerns about potential immune reactions or tumor formation when implanted in the body. Second, they are
highly specific because they use exosomes that originate from autologous cells and share the same surface markers and
membrane structure as their parent cells, which enables them to recognize and target specific cells through surface
interactions. Third, they are highly controllable because they allow the composition of exosomes to be changed by
manipulating the culture conditions of donor cells or using gene editing technology, which gives them flexibility and
plasticity in controlling their composition and function. Lastly, they are diverse and multi-effective because they can
carry various types of cargo, such as proteins, lipids, nucleic acids, and metabolites, and exert different biological effects
on recipient cells.*** Therapeutic exosomes can originate from other types of cells, so the contents of exosomes from
various cell sources vary, resulting in different effects on target cells. In clinical practice, the method of preparing
exosomes can be selected based on the type of disease.*®

However, those drug-loaded exosomes prepared through endogenous loading methods still have challenges in clinical
applications.””* For example, the preparation of exosomes requires a lot of time and resources, making it difficult to achieve
industrial-scale production. Additionally, the type and quantity of exosomes from different cell sources vary and may affect their
therapeutic effects. Moreover, the stability of exosomes is poor since these exosomes are prone to rupture and degradation during
storage and transportation. Due to the poor uniformity and complex content of exosomes, there are safety concerns, such as
potential immune reactions and bacterial and viral contamination. Therefore, further improvements in preparation, storage,
transportation, and safety are urgently needed for endogenous loading drugs into exosomes.

Exogenous Loading Method
Co-incubation is a common technical approach for the exogenous loading of drugs into exosomes. This method has several
advantages, such as high drug-loading efficiency, low toxicity, strong controllability, and low cost.”®>* Co-incubation allows
exosomes to protect and transport drugs to target cells stably and has better biocompatibility in the human body than traditional
synthetic nanoparticles. Co-incubation also enables adjusting the surface proteins and contents of exosomes by changing the co-
incubation conditions. Moreover, co-incubation is a simple and relatively economic process for preparing exosomes. However,
co-incubation also has some disadvantages, such as requiring a high level of technical expertise and equipment support, having
a limited drug loading capacity due to the small size of exosomes, and having poor storage stability, as exosomes are prone to
aggregation and degradation during long-term storage.

The ultrasonic incubation method is a viable method for drug loading into exosomes with numerous advantages. One
of them is that ultrasound enhances drug-loading efficiency by facilitating drug penetration into exosomes. Another one
is that this method does not require any surface or chemical modification, which reduces the risk of toxic and
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immunogenic effects from modifications. Furthermore, this method has a wide range of applicability, as it can be used for
different types of cells.™*>* However, this technique also has some limitations that need to be considered. For instance,
ultrasound may damage the structure or viability of exosomes, which lowers the drug loading capacity. Also, preparing
different batches of exosomes under different conditions may cause variations in size, distribution, drug loading amounts,
and other characteristics, which affects the reproducibility of drug loading effects for different batches of exosomes.

Compared with other methods for drug loading into exosomes, the electroporation method has several advantages, such as
strong controllability, high efficiency, and broad applicability. > It allows adjusting various parameters, such as voltage, current,
and pulse, to achieve the desired quantity and quality of exosomes. It also extracts exosomes with high yields and can prepare
diverse sources of exosomes from different types of cells. However, this method also has some drawbacks, such as high cost, high
technical threshold, strict control, potential damage, and complex experiments.'®” In detail, it requires specialized and costly
electroporation instruments that pose a high technical challenge, and it needs technical support and experimental experience to
control the pulse parameters and processing time. Besides, it may induce damage to exosomes, especially the membrane structure,
leading to irreversible rupture and lowering the quality and yield of the extracted exosomes. Moreover, it needs a sterile
environment and sufficient cell numbers, which increases the experiment’s complexity and difficulty.

The saponin method has simple steps and low equipment requirements compared to the ultrasound and freeze-thaw methods.
Also, this method has high loading efficiency, which enables an efficient loading of drugs within exosomes. Moreover, it does not
interfere with the biological function of exosomes, such as cell signaling and immune regulation. However, the drawbacks of this

3839 wwhich are mainly low stability, high toxicity, and additional

method are also well documented by previous studies,
purification. It may affect the exosomes’ stability, causing the release of loaded substances to mix with membrane fragments,
which degrades the biological activity of loaded substances. It also uses saponin, a surfactant that has potential physical toxicity,
causing cell death or toxic effects on organisms. Furthermore, it damages the exosome membrane, which requires additional
purification steps to remove membrane fragments and residual surfactants.

The freeze-thaw cycle method can effectively encapsulate drugs into exosomes without causing damage to their structures,
and it also avoids using any organic solvents or chemical crosslinking agents, which makes it more environmentally friendly,
economical, and easy to operate. Moreover, this method uses temperature differences to regulate drug loading and release rates,
which enhances drug loading efficiency.**®' However, the shortages of this method are low production efficiency, exosome
instability, and limited applicability. Besides, this method requires a long preparation time due to the continuous cooling and
heating process, which may disrupt exosome stability and quality, causing the loss of their original function. Furthermore, it is only
suitable for certain types of drugs and requires careful consideration of drug adaptability issues.

The extrusion method provides better control over the yield and quality of drug-loaded exosomes and produces relatively pure
specimens. Compared with other exosome preparation techniques, the extrusion method is relatively gentler and can reduce the
physical damage to cells in the process. Furthermore, it is also easy to standardize and verify through repeated experiments, which
makes this method highly repeatable. Still, there are some unavoidable drawbacks of this method, which include high equipment
requirements, low production efficiency, and limited application. Besides, this method also requires specialized membrane
filtration equipment, which increases the burden on the laboratory. The low production efficiency of this method is caused by step-
by-step screening and purification procedures, which intrinsically limit the number of exosomes produced. Moreover, some types
of cells are not suitable for the extrusion method because they secrete unstable exosomes.**%

Transfection is a promising method for preparing drug-loaded exosomes with several benefits over other methods. For
example, the transfection method has higher purity and stability, and it can directly load biologically active substances such as
drugs and siRNAs into exosomes without needing other media. Also, it has better biocompatibility and lower immunogenicity
than traditional nanoparticles such as liposomes, which results in lower potential side effects.®*> Nonetheless, the drawbacks of
this method can be shown as the relatively complex process, difficult control, and uncertain effectiveness. Besides, it consumes
more time and effort and may also be difficult to control the encapsulation efficiency and drug release rate.

The Optimal Drugs for Encapsulation in Exosomes

Given the structure of exosomes that are constructed of phospholipid bilayer, they provide a strong affinity for
hydrophobic compounds. Essentially, hydrophobic small molecules have strong lipophilicity and high lipid solubility,
making them easily penetrable through cell membranes. However, the relatively low delivery efficiency in vivo is
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hampered by enzymes in the body that degrade those drugs, thus limiting their clinical applications.®’°® As a result of
their inherent instability and low bioavailability, hydrophobic small molecule drugs require drug carriers for sustained
benefit. The co-incubation of drugs and exosomes can encapsulate hydrophobic small molecule drugs either within
exosomes or on the surface of the exosome bilayer, establishing exosome drug loading and improving water solubility
and bioavailability while decreasing in vivo degradation. Furthermore, the cell-membrane-penetrating deficiencies of
hydrophilic drugs can be overcome by fusing them with the exosome membrane. Facilitated by exosomes, larger proteins
that are difficult to cross cell membranes can enter target cells through fusion.

In addition to the co-incubation strategy, the commonly used ultrasonic incubation method can break the exosome
membrane and load hydrophilic drugs or larger protein molecules into exosomes.’>” In this case, exosomes act as
carriers to deliver drugs to target cells and regulate their biological functions. Therefore, using the ultrasonic incubation
method to prepare exosomes loaded with hydrophilic drugs or larger protein molecules is a promising biological therapy.
Similarly, electroporation is a molecular introduction technique that increases cell membrane permeability to introduce
DNA, RNA, or other molecules into cells. It is extensively used to prepare nucleic acid-loaded exosomes,>***%%¢° from
which nucleic acid molecules can be efficiently introduced to cells through electroporation, and loading them into
exosomes can prevent premature degradation and maximize their likelihood of arriving at the targeted cell.

The freeze-thaw cycle method for preparing drug-loaded exosomes has a wide range of applicability, including water-
soluble drugs, low molecular weight compounds, protein and peptide drugs, as well as DNA or RNA nucleic acid
drugs.”® 7 Using the freeze-thaw cycle method to prepare drug-loaded exosomes can prevent related drugs from being
degraded before reaching their target organs, increasing drug bioavailability and thereby improving therapeutic effects.

Different from the above-mentioned drug-loading strategies, the extrusion method is a straightforward and cost-effective
approach for producing drug-loaded exosomes on a mass scale. Nevertheless, this method requires high pressure and can lead to
drug oxidation and degradation. Thus, drugs with hydrophobicity, liposolubility, small molecular weight, and nucleic acids are
ideal for the extrusion method.®>”* Usually, these drugs are encapsulated within the oil/water interface, which can effectively
suppress the drugs from oxidation and degradation, thus enhancing their therapeutic effectiveness and stability.

The saponin method is a simple and low-cost approach for preparing drug-loaded exosomes, which is ideal for drugs with
hydrophobic, biological macromolecular, hydrophilic, and high molecular weight characteristics.”"”> The biological function and
structure of these drugs are optimally protected when they are encapsulated in exosomes, thereby enhancing their therapeutic
effectiveness. Also, the transfection method for preparing drug-loaded exosomes is simple to operate and can be easily produced
on a large scale. It is suitable for a wide range of molecules, including nucleic acids, proteins, peptides, hydrophobic molecules,
and drugs with high molecular weights.”” When using the transfection method to prepare drug-loaded exosomes, it is important to
consider the properties and intended applications of the drug to meet the purpose of the study better.

Clinical Application of Drug-Loaded Exosomes

The past decade has witnessed the burgeoning and maturation of exosome drug delivery, a field that has evolved into
a promising biological treatment modality. Contemporary techniques enable researchers to load therapeutic agents either
within or onto the surface of exosomes, thereby facilitating targeted therapy with precision. Recent investigations
underscore the broad applicability of engineered exosomes for drug delivery in the treatment of specific diseases, with
its range of applications continually broadening (Figure 4, Table 1 and Table 2).

As previously discussed, drug encapsulation in exosomes can significantly enhance drug utilization and minimize side
effects. For instance, familial hypercholesterolemia, a prevalent genetic disorder characterized by dysfunctional low-
density lipoprotein receptor (LDLR) and elevated blood cholesterol levels, poses an increased risk of cardiovascular
diseases. In a study, Li et al®? loaded normal Ldlr into exosomes and administered them to mice with an LDLR defect.
The results showed that exosomes carrying the Ldlr gene reduced blood cholesterol levels, improved vascular function,
and decreased the formation of atherosclerotic plaques. In another study by Wan et al,”* they pioneered the packaging of
the CRISPR/Cas9 system into exosomes and then introduced them into liver cancer cells. Surprisingly, these specific
exosomes effectively inhibited the growth and invasion of liver cancer cells without causing significant toxicity to
healthy cells, which underscores the potential of exosome-based drug delivery in liver disease treatment.
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Figure 4 Clinical applications of drug-loaded exosomes. Engineered exosomes can deliver drugs or nucleic acids to target cells or tissues, modulating their biological functions and
achieving therapeutic effects. Drug-loaded exosomes have been tested in preclinical or clinical trials for various diseases, such as liver diseases, cardiovascular diseases, cancer, immune
system diseases, neurodegenerative diseases, and AIDS. Therefore, drug-loaded exosomes offer a novel and promising drug delivery system for a wide range of diseases.

As aleading global cause of death, cardiovascular disease is often associated with focal vascular inflammation, ischemia, and

necrosis. Exosomes carrying miRNA or siRNA have been shown to regulate inflammatory responses and are demonstrated to

promote vascular regeneration and repair. For instance, Gao et al’**> extracted exosomes from the cultured cardiac progenitor

cells and found reduced infarct areas after injecting those exosomes into a pig model of acute myocardial infarction. In another

Table | Summary of the Application of Engineered Exosome Drug Delivery in Specific Diseases

Disease Area First Year | Disease Model Prepare Drug Results
Author Strategy
Cancer Pascucci’® 2014 | Pancreatic cancer | Drug co- PTX The authors demonstrated for the first time that drugs could
incubation be packaged and transported by exosomes in vitro by
incubation with bone marrow mesenchymal stem cells. MSCs-
derived exosomes loaded with PTX exhibit strong anti-
proliferative activity against pancreatic cancer.
Kim”’ 2015 | Lung cancer Drug co- PTX Exosomes loaded with paclitaxel can target and deliver to
incubation cancer cells, inhibiting their proliferation and overcoming drug
resistance.
Lou”® 2020 | Liver cancer Transfection miRNA- Exosomes can mediate the transfer of miRNA-199a-3p
199a-3p between adipose stem cells and liver cancer cells, increasing
the sensitivity of liver cancer cells to chemotherapy drugs by
targeting the mTOR pathway.

(Continued)
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Table 1 (Continued).

Disease Area First Year | Disease Model Prepare Drug Results
Author Strategy
Du”® 2021 Liver cancer Transfection Erastin Exosomes are loaded with iron ion inducers and

photosensitizers, and they can induce ferroptosis in
coordinate with chemotherapy drugs.

Dumontel® | 2022 | Lymphatic cancer | Freeze-thaw ZnO Zinc oxide-loaded exosomes can specifically target lymphoma
cycle cells through surface modification with CD20.
Wang®' 2023 | Nasopharyngeal Transfection EBV-miRNA- | miRNA-BART I-5p antagonist-loaded exosomes inhibit
carcinoma BART I-5p- angiogenesis and induce cell apoptosis in tumor tissues.
antagonist
Cardiovascular Gray®? 2015 | Myocardial Drug co- miRNA Co-incubation of drugs and parental cells under hypoxic
diseases infarction incubation conditions increases angiogenic miRNA levels in exosomes,

which induces angiogenesis.

Youn®? 2019 | Myocardial Electroporation | miRNA-322 Administering miRNA-322-loaded engineered exosomes
infarction reduces the infarcted area and encourages post-infarction
myocardial angiogenesis.

Wang84 2021 Myocardial Transfection HIF-la HIF-10-overexpressing exosomes inhibit myocardial cell
infarction apoptosis, stimulate endothelial cell angiogenesis, and
decrease cardiac fibrosis area in myocardial infarction rats.

Tissue repair Chen® 2019 | Segmental bone Transfection miRNA-375 By transfecting miRNA-375 into human adipose mesenchymal
defect stem cells, the miRNA-375-rich exosomes can be used to
treat bone defects in mice, with significant effects on
promoting osteoblast proliferation and differentiation and
promoting bone regeneration.

Lianga6 2020 Osteoarthritis Transfection miRNA-140 miRNA-140-loaded exosomes, surface-modified with
cartilage cell-targeting peptides, can notably decelerate the
progression of osteoarthritis in rats.

Neurodegenerative | Alvarez®’ 2011 | Alzheimer Transfection siRNA The first engineered exosomes with the unique ability to
diseases disease cross the blood-brain barrier
Zhuang® 2011 | Autoimmune Drug co- Curcumin Following intranasal administration, engineered exosomes
encephalomyelitis | incubation promptly penetrate the brain and are selectively absorbed by

microglia. These exosomes induce microglial apoptosis and
prevent the growth of brain tumors.

Didiot® 2016 | Huntington’s Drug co- siRNA Exosomes carrying siRNA enter primary neurons, inducing
disease incubation the silencing of approximately 35% of the mRNA related to
Huntington’s disease, providing a new target for the treatment
of degenerative brain diseases.

Riazifa”® 2019 | Multiple sclerosis | Drug co- Interferon y Engineered exosomes improve functional outcomes in
incubation experimental autoimmune encephalomyelitis mouse models
by reducing demyelination and alleviating neuroinflammation.

Lo®! 2023 | Spinal cord injury | Transfection netrin-| netrin-1 modRNA-loaded exosomes can reduce inflammatory
modRNA response and cell apoptosis while promoting neuronal axon
growth and nerve regeneration in mice with spinal cord injury.

Abbreviations: PTX, Paclitaxel; HIF- 10, Hypoxia inducible factor | alpha; INF-y, Interferon y.

study by Cao et al,”® it was demonstrated that exosomes derived from MSCs, rich in miRNA-125b-5p, can repair kidney damage
caused by ischemic injury. Specifically, once these exosomes are incorporated into damaged renal tubular cells, they can inhibit
p53 expression, thereby preventing apoptosis and promoting cellular regeneration.

Neurodegenerative diseases are marked by lethal nerve cell death and dysfunction.”” The blood-brain barrier, however,
prevents large molecule drugs from penetrating brain tissue, thus limiting their effectiveness in treating these diseases. In contrast,
exosomes have shown promise in repairing brain tissues since they can mitigate neuroinflammation and damage by controlling the
production and release of bioactive molecules. These molecules can not only regulate immune cell activity but suppress

inflammatory responses and foster neuronal growth and repair.”® Nevertheless, it’s worth noting that an increase in exosome
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Table 2 Clinical Trials Registered in ClinicalTrial.gov Regarding Exosomes

Derived Exosome

No | Title Conditions Interventions
| Exosome Effect on Prevention of Hairloss Hair Loss | Alopecia Device: Exosome
2 Safety and Tolerability Study of MSC Exosome Ointment Psoriasis Drug: Exosome ointment
3 Safety of Injection of Placental Mesenchymal Stem Cell-Derived Exosomes for Treatment | Perianal Fistula in Patients | Other: placental MSC-derived
of Resistant Perianal Fistula in Crohn’s Patients With Crohn’s Disease exosomes
4 Safety and Efficacy of Injection of Human Placenta Mesenchymal Stem Cells Derived Fistula Perianal Other: placenta-MSCs derived
Exosomes for Treatment of Complex Anal Fistula exosomes
5 A Pilot Clinical Study on Inhalation of Mesenchymal Stem Cells Exosomes Treating Severe | Coronavirus Biological: MSCs-derived exosomes
Novel Coronavirus Pneumonia
6 The Pilot Experimental Study of the Neuroprotective Effects of Exosomes in Extremely Premature Birth Other: Exosomes derived from
Low Birth Weight Infants MSCs
7 A Phase Il Randomized, Double-blind, Placebo-controlled Study to Evaluate the Safety and | COVID-19 Disease Drug: Exosomes overexpressing
Efficacy of Exosomes Overexpressing CD24 to Prevent Clinical Deterioration in Patients CD24
With Moderate or Severe COVID-19 Infection
8 The Use of Exosomes for the Treatment of Acute Respiratory Distress Syndrome or COVID-19 | Acute Drug: MSC-exosomes
Novel Coronavirus Pneumonia Caused by COVID-19 Respiratory Distress
Syndrome
9 Safety and Efficacy of Umbilical Cord Mesenchymal Stem Cell Exosomes in Treating Long COVID-19 Biological: MSC-derived exosomes
Chronic Cough After COVID-19 Syndrome
10 Co-transplantation of Mesenchymal Stem Cell-Derived Exosomes and Autologous Myocardial Infarction Biological: mitochondria and MSC-
Mitochondria for Patients Candidate for CABG Surgery derived exosomes
I Efficacy and Safety of EXOSOME-MSC Therapy to Reduce Hyper-inflammation In SARS-CoV2 Infection Drug: Exosome-MSC
Moderate COVID-19 Patients
12 Intra-articular Injection of MSC-derived Exosomes in Knee Osteoarthritis (ExoOA-1) Osteoarthritis, Knee Biological: Exosomes (sExosomes)
13 Exosome of Mesenchymal Stem Cells for Multiple Organ Dysfunction Syndrome After Multiple Organ Failure Biological: Exosome of MSC
Surgical Repair of Acute Type A Aortic Dissection
14 A Clinical Study of Mesenchymal Progenitor Cell Exosomes Nebulizer for the Treatment | Drug-resistant Biological: MPCs-derived exosomes
of Pulmonary Infection
15 Application of Circulating Exosomes in Early Diagnosis and Prognosis Evaluation After Intracerebral
Intracerebral Hemorrhage Hemorrhage; Circulating
Exosomes
16 Analysis of Circulating Exosomes in Melanoma Patients Melanoma
17 Study Investigating the Ability of Plant Exosomes to Deliver Curcumin to Normal and Colon Cancer Supplement: Curcumin conjugated
Colon Cancer Tissue with plant exosomes
18 Intra-discal Injection of Platelet-rich Plasma (PRP) Enriched with Exosomes in Chronic Chronic Low Back Pain| Biological: Platelet-rich plasma (PRP)
Low Back Pain Degenerative Disc with exosomes
Disease
19 Construction of Microfluidic Exosome Chip for Diagnosis of Lung Metastasis of Pulmonary Metastases
Osteosarcoma
20 Mesenchymal Stem Cells Derived Exosomes in Skin Rejuvenation Anti Aging Combination Product: exosome
injection
21 Immune Modulation by Exosomes in COVID-19 COVID-19 | Lung Fibrosis | Biological: Application of exosomes
in a whole blood assay
22 Exosome-based Nanoplatform for Ldir mRNA Delivery in FH Familial Biological: Low-density lipoprotein
Hypercholesterolemia Receptor mRNA Exosomes
23 Multicenter Clinical Research for Early Diagnosis of Lung Cancer Using Blood Plasma Lung Cancer Diagnostic Test: Exosome sampling

(Continued)
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Table 2 (Continued).

No | Title Conditions Interventions
24 Safety and Efficacy of Pluripotent Stem Cell-derived Mesenchymal Stem Cell Exosome Dry Eye Disease Drug: Pluripotent Stem Cell-derived
(PSC-MSC-Exo) Eye Drops Treatment for Dry Eye Diseases Post Refractive Surgery and Mesenchymal Stem Cell Exosome
Associated With Blepharospasm
25 Clinical Efficacy of Exosome in Degenerative Meniscal Injury Knee; Injury, Meniscus Drug: SF-MSC-EX|Drug: SF-MSC
(Lateral) (Medial) et al
26 Exercise-induced Changes in Exosomes Exosomes|Connective Procedure: Resistance Exercise
Tissue|Exercise
27 The Effect of Stem Cells and Stem Cell Exosomes on Visual Functions in Patients With Retinitis Pigmentosa Biological: Wharton jelly-derived
Retinitis Pigmentosa mesenchymal stem cell exosomes
28 Clinical Validation of a Urinary Exosome Gene Signature in Men Presenting for Suspicion | Prostate Cancer Other: ExolntelliScore Prostate
of Prostate Cancer
29 Interrogation of Exosome-mediated Intercellular Signaling in Patients with Pancreatic Pancreatic Cancer|Benign
Cancer Pancreatic Disease
30 Exosomes and Immunotherapy in Non-Hodgkin B-cell Lymphomas Aggressive Non-Hodgkin Other: blood sample
(B-NHL)
31 Molecular Profiling of Exosomes in Tumor-draining Vein of Early-staged Lung Cancer Lung Cancer Biological: Blood samples
32 Circulating Exosome RNA in Lung Metastases of Primary High-Grade Osteosarcoma Lung Metastases| Other: Blood samples
Osteosarcoma
33 Effect of UMSCs Derived Exosomes on Dry Eye in Patients With cGVHD Dry Eye Drug: Umbilical Mesenchymal Stem
Cells derived Exosomes
34 The Role of Acupuncture-induced Exosome in Treating Post-stroke Dementia Post-stroke Dementia Device: Acupuncture
35 iExosomes in Treating Participants With Metastatic Pancreas Cancer With KrasG 12D Metastatic Pancreatic Drug: Mesenchymal Stromal Cells-
Mutation Adenocarcinoma at al derived Exosomes with KRAS G12D
siRNA
36 Effect of Dietary Protein on the Regulation of Exosome microRNA Expression in Patients | Insulin Resistance Other: Vegetal protein
With Insulin Resistance.
37 Pilot Study of Human Adipose Tissue-Derived Exosomes Promoting Wound Healing Wounds and Injuries Procedure: Adipose tissue-derived
exosomes
38 Evaluation of Safety and Efficiency of Method of Exosome Inhalation in SARS-CoV-2 COVID-19 Drug: EXO 1 inhalation
Associated Pneumonia.
39 A Companion Diagnostic Study to Develop Circulating Exosomes as Predictive Renal Cell Carcinoma Other: Other: Blood and Urine
Biomarkers for the Response to Immunotherapy in Renal Cell Carcinoma Collection
40 Safety and Efficacy of Exosomes Overexpressing CD24 in Two Doses for Patients With COVID-19 Drug: CovenD24
Moderate or Severe COVID-19
41 The Influence of High and Low Salt on Exosomes in the Urine Healthy Dietary Supplement: High salt diet
followed by low salt diet
42 A Tolerance Clinical Study on Aerosol Inhalation of Mesenchymal Stem Cells Exosomes In | Healthy Biological: 1X level of MSCs-Exo
Healthy Volunteers
43 The Effects of Exosomes in Otitis Media With Effusion Otitis Media With Effusion | Procedure: Adenoidectomy
44 Omics Sequencing of Exosomes in Body Fluids of Patients With Acute Lung Injury Acute Lung Injury Diagnostic Test: The lungs causes
and extrapulmonary factors
45 The Study of Exosome EML4-ALK Fusion in NSCLC Clinical Diagnosis and Dynamic Advanced NSCLC Drug: ALK inhibitor
Monitoring Patients|
46 LRRK2 and Other Novel Exosome Proteins in Parkinson’s Disease Parkinson’s Disease
(Continued)
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Table 2 (Continued).

No | Title Conditions Interventions
47 Exosomes Detection for the Prediction of the Efficacy and Adverse Reactions of Anlotinib | Non-Small Cell Lung Drug: Anlotinib
in Patients with Advanced NSCLC Cancer
48 A Clinical Study on Safety and Effectiveness of Mesenchymal Stem Cell Exosomes for the | COVID-19 Pneumonia Biological: Extracellular Vesicles
Treatment of COVID-19. from Mesenchymal Stem Cells
49 Identification and Characterization of Predictive Factors of Onset of Bone Metastases in Bone Metastases
Cancer Patients
50 Inflammation, NK Cells, Antisense Protein and Exosomes, and Correlation with Immune HIV Infections Biological: 20 mL blood test
Response During HIV Infection

biogenesis under asthmatic conditions has been linked to pulmonary inflammation.”® Studies have shown that exosomes derived
from MSCs can reduce the expression of B-amyloid precursor protein enzyme 1 (BACE1) by carrying miRNA-29¢c-3p, which
leads to decreased production of B-amyloid at the protein level and thus highlight a potential solution for Alzheimer’s disease.'®
Furthermore, exosomes can promote neuronal growth and differentiation via the Wnt/B-catenin signaling pathway, thereby
improving conditions in Alzheimer’s disease.

Rheumatoid arthritis and systemic lupus erythematosus are common autoimmune diseases for which effective
treatments are currently lacking. However, exosomes, capable of carrying anti-inflammatory molecules, offer
a promising avenue for the precise delivery and treatment of these diseases. As stated above, MSCs are a type of
adult stem cell, and they possess multi-differentiation characteristics and exhibit immunomodulatory and anti-
inflammatory properties.'®! Studies show that exosomes derived from MSCs can disseminate bioactive molecules and
play crucial roles in immunomodulation and regeneration.'® Interestingly, those exosomes not only mimic the ther-
apeutic impact of MSCs but also adeptly evade issues related to immune rejection, which highlights the potential of
exosomes as a novel therapeutic strategy in the management of autoimmune diseases.

Different from autoimmune diseases, acquired immune deficiency syndrome (AIDS) is a perilous infectious disease caused by
the human immunodeficiency virus (HIV). Studies'® have shown that exosomes could be used to inhibit the replication of HIV or
kill the virus by transporting antiviral drugs or gene editing systems. Specifically, exosomes have the potential to carry antiviral
proteins and RNAs to inhibit the virus’s replication and transmission. By regulating the host immune response, those exosomes
enhance host resistance to HIV-1. Shrivastava et al'®* developed a zinc finger protein named ZFP-362 that could target the HIV-1
promoter through exosome transporting. By binding to the active structural domain of DNA methyltransferase 3A, ZFP-362
induced stable, long-term epigenetic inhibition of HIV-1. Besides, delivering ZFP-362 through exosomes also resulted in the
inhibition of HIV replication in mouse bone marrow, spleen, and brain, and transporting recombinant ZPAMt through exosomes
silenced HIV-1-related epigenetic characteristics.

Cancer cells, characterized by high proliferation, self-renewal, stemness, metastatic potential, and drug resistance,
pose a significant challenge to anticancer drugs. However, exosomes offer a promising solution by directly targeting
cancer cells to deliver drugs since they can bypass processing by immune cells.'®® This property of exosomes not only
enhances the sensitivity of cancer cells to chemotherapy drugs but also amplifies the potency of anticancer drugs.
A recent study by Fu et al'® has demonstrated the potential of this approach. By utilizing exosomes, they successfully
delivered siRNAs to pancreatic cancer cells, where the siRNA-loaded exosomes were found to inhibit KRAS expression,
thereby suppressing cancer cell proliferation and metastasis.

Advantages and Limitations

Compared to existing reviews on engineered exosomes, which primarily focus on exosome preparation, isolation,
purification, and their applications in the treatment of diseases, there is a lack of systematic and comprehensive
summarization on exosome drug loading strategies and their advantages and disadvantages, as well as an analysis of
the applicability of different drug loading strategies. In this paper, we systematically outline the drug-loading strategies
for different engineered exosomes, compare the advantages, disadvantages, and applicability of each drug-loading
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method, and discuss the potential for their use in treating specific diseases. The content provides a comprehensive
summary of current research in this field and offers emerging clinical research ideas and important references for future
research. Nonetheless, there is no unified standard for evaluating the drug-loading efficacy of engineered exosomes, so
we do not discuss it in detail. Hopefully, we believe that, with the development of this field, exosome-based drug loading
and delivery strategy will become an insightful choice for targeted biological therapy.

Although this review provides an overview of the recent advances and challenges in the translation of engineered exosomes
for drug delivery, there are still some limitations and uncertainties that need to be addressed. First, the production and purification
of exosomes are time-consuming and costly, and there is a lack of standardized protocols and quality control criteria for exosome
engineering. Second, the loading efficiency and drug release kinetics of exosomes are influenced by various factors, such as the
type and size of drugs, the loading methods, and the exosome source and stability. Third, the biodistribution, pharmacokinetics,
and immunogenicity of exosomes are not fully understood, and there is a need for more in vivo studies and clinical trials to
evaluate the safety and efficacy of exosome-based drug formulations. Fourth, the ethical and regulatory issues of exosome
engineering are complex and challenging, and there is a need for clear and consistent guidelines and policies for exosome research
and development. Therefore, future studies should focus on improving the production, characterization, and optimization of
engineered exosomes, as well as exploring their mechanisms of action, therapeutic potential, and possible risks in various
diseases.

Significance and Prospects
To sum up, engineered exosomes have emerged as a novel and promising platform for targeted drug delivery due to their
natural origin, low toxicity, and excellent biocompatibility. Various methods have been explored to load drugs into exosomes,
which include endogenous loading approaches based on donor cell engineering and direct exogenous loading techniques.
Each drug loading strategy has its own pros and cons regarding encapsulation efficiency, exosome yield, scalability, cargo
type, and ease of operation. To achieve optimal drug delivery, researchers should be careful in selecting the drug-loading
method, which is tailored based on the physicochemical properties of the drug payload and intended therapeutic application.
While still facing challenges in large-scale production, storage stability, and clinical translation, engineered exosomes
represent an exciting frontier in nanomedicine. With continuous advances in this field, exosome-based drug formulations
shine an emerging light on the targeted therapy of cancer, neurological, cardiovascular, immune, and infectious diseases.
For prospects of engineered exosomes as completely new drug delivery systems, here we list the critical future directions
for research, including optimizing exosome isolation and purification methods, standardizing exosome characterization
techniques, elucidating exosome uptake and trafficking mechanisms, developing efficient exosome loading strategies,
functionalizing exosome surface with targeting ligands, enhancing exosome stability, and testing exosome toxicity. These
continuous efforts will help advance the field of exosome-based therapeutics and pave the way for clinical applications.
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