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Recent studies have found that exosomes or extracellular vehicles (EVs) are associated with cancer
metastasis, disease progression, diagnosis, and treatment, leading to a rapidly emerging area of exocrine
vesicle research. Relying on the superior targeting function and bio-compatibility of exosomes,
researchers have been able to deliver drugs to cancer stem cells deep within tumors in mouse models.
Despite significant efforts made in this relatively new field of exosome research, progress has been held
back by challenges such as inefficient separation methods, difficulties in characterization/tracking, and a
lack of specific biomarkers. Therefore, current researches are devoted to combining nanomaterials with

Received 6th December 2021, exosomes to improve these shortcomings. Adding inorganic/organic nanoparticles such as artificial
Accepted 11th January 2022 liposomes and iron oxide can bring more drug options and various fluorescent or magnetic diagnostic
DOI: 10.1039/d1nh00637a possibilities to the exosome system. Moreover, the applications of exosomes need to be further

evaluated under actual physiological conditions. This review article highlights the potential of exosome-
rsc.li/nanoscale-horizons biomimetic nanoparticles for their use as drug carriers to improve the efficacy of anticancer therapy.
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1. Introduction

Cancer is characterized by the US National Cancer Institute-
National Institutes of Health (NIH NCI) as a significant disease
that requires several therapeutic strategies to reduce its current
high mortality. Highly aggressive cancer types such as lung
adenocarcinoma (LUAD), glioblastoma (GBM), and pancreatic
ductal adenocarcinoma (PDAC) originate from organs that are
difficult to diagnose and trace. One of the primary reasons
these cancers have high mortality rates is the lack of treatment
means and diagnosis methods. In an effort to prevent the life-
threatening scenarios caused by these high-fatality cancers,
exosomes are considered as a new generation of nano drugs
with both therapeutic and diagnostic functions.'™ Many
studies have found that exosomes derived from tumor cells
contain an abundance of specific microRNAs, and their bio-
chemical properties render them stable and easy to store.*™®
When exosomes are designed or selectively encapsulated with
unique biologically active molecules, they can be used to deliver
tumor suppressor chemotherapy drugs.”
Moreover, exosomes are considered an excellent candidate for
GBM treatment since they can be developed as a multifunctional
drug system that can penetrate the blood-brain tumor barrier.®
Exosomes have many functions and can penetrate physiological
barriers in the brain and pancreas, and their therapeutic efficacy
has been successfully demonstrated in previous research works.’

Currently, many researchers are developing new technologies
that can produce therapeutic exosomes (tExos) containing multiple
therapeutics and targeting ligands as a new drug platform to treat
cancers.'’ Although exosomes have many advantages, many
challenges remain that need to be overcome for their use in
disease treatment and diagnosis. These problems can be solved
by combining exosomes with inorganic/organic nanomaterials to
optimize the medical application value of exosomes. The following
are several essential issues that such hybrid nanomaterials can
address. (1) The total number of exosomes consumed in the
treatment is too high. Based on current research, exosomes
carrying genes or proteins require a dose of >10" particles per mL
to achieve a therapeutic effect. On the other hand, when combined
with inorganic/organic nanomaterials, only 10 ng mL " of the drug
is necessary to produce the same therapeutic effect." In detail,
compared with other nanomaterials, the drug-carrying capacity of
exosomes is challenging o control. The drugs needed to be sent into
the cell first, then collected and purified the exosome with the drug in
the cell supernatant.

However, inorganic/organic nanomaterials can preferentially
carry and pack medicines with known concentrations in bench
synthesis, protecting the drug molecules that won’t react with the
unpredictable cellular environment, such as protein or nucleic
acid substance and decreasing the drug dose. (2) Exosomes in
circulation are quickly taken up by immune cells in the body and
are difficult to detect."> After modification with specific ligands,
inorganic/organic nanomaterials can prevent the exosome uptake
by immune cells. Moreover, these particles can be detected using
luminescence, ultrasonic signaling, and magnetic properties for
diagnosis. (3) The central core of the exosome is hydrophilic. As a
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result, exosomes cannot load hydrophobic drugs quickly. Since
the center of some inorganic/organic nanomaterials has hydro-
phobic pores or spaces, they thereby allow the particles to carry
hydrophobic drugs, which can then be enveloped with exosomes
for delivery to cancer cells."*'* Inorganic/organic nanoparticles
hybridized with exosomes have unique properties, such as
enhanced permeability and retention (EPR) effect, modifiability,
intelligent responsiveness, and co-delivery of multiple drugs.
These materials play an essential role in the precise and synergistic
treatment of tumors by enhancing efficacy and reducing toxicity
and side effects. Moreover, hybrid nanomaterials are often coupled
with targeting molecules to achieve the targeted delivery of anti-
tumor drugs.”> These biomimetic nanoplatforms combine the
unique functions of natural biomaterials and the versatility of
artificial nanomaterials, resulting in anti-tumor nanomedicines
with five essential characteristics: long circulation time, tumor
targeting, deep tumor penetration, high cellular internalization,
and strong drug release (Fig. 1). In this review, we first introduce
the properties of exosomes, followed by the description of the
cancer applications of exosomes with a deep focus on how exo-
somes are combined with inorganic/organic nanomaterials to
provide multiple and beneficial therapeutic and diagnostic results.

2. Exosomes

2.1. The background of exosomes

Cell-secreted extracellular vehicles (EVs), particularly exosomes
with sizes of 30-150 nm in diameter, encapsulating various
active biomolecules, including nucleic acids, lipids, and
proteins, have emerged as promising therapeutic agents.
Unpurified exosomes belong to a larger group of cell-derived
heterogeneous vesicles defined as EVs produced and released
by cells.

EVs are distinct in size and biogenesis, and there are three
main types of double-layer vesicles: exosomes, apoptotic
bodies, and microvesicles. Apoptotic bodies are 0.5-5 um in
diameter; they are produced and released by dying cells that
undergo apoptosis. Microvesicles are 50-1000 nm in diameter
and are formed by “pinching off” from the plasma membrane.
Exosomes are 30-200 nm in diameter. They are intraluminal
vesicles (ILVs) in multivesicular bodies (MVBs), which are
organelles involved in the intracellular traffic of biomolecules
and released via inward budding at the plasma membrane
(Fig. 2)."® Exosomes were first reported 30 years ago. In the
1980s, exosomes were discovered by researchers working with
maturing reticulocytes.'”” They observed that small vesicles
created by inward budding in the intracellular endosome would
form a multivesicular body (MVB). The MVB would then fuse
with the cell plasma membrane (PM). The internal vesicles
would be secreted from cells as exosomes.’®! In the past,
exosomes were considered to be the dustbins of cells, but due
to recent discoveries of their desirable features for use in cell
communication, they are expected to become a new type of
biomarker for disease diagnosis and drug nanocarriers.
In addition to their biocompatibility (due to their presence in
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Fig. 1 Exocytosis refers to the process in which nanomaterials in cells fuse with the plasma membrane through vesicles and are released into the
extracellular matrix with the help of the fusion protein. These nanomaterials are released into the extracellular matrix using the fusion protein.
The process can be regarded as the reverse effect of cellular endocytosis. Exocytosis can occur spontaneously or be triggered by other signals. After
encapsulating an exosome membrane, the hybrid particles can track the tumor via specific surface proteins.
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Fig. 2 Biogenesis and application of exosomes. Biogenesis of exosomes. Three routes of exosomal biogenesis. Exosome composition, including (1)
MFGES8: milk fat globule-EGF factor 8 proteins; (2) ICAM-1: intercellular adhesion molecule 1; (3) LAMPL,2: lysosomal-associated membrane protein 1, 2;
(4) MHC |, II: major histocompatibility complexes |, Il; (4) MAPK: mitogen-activated protein kinase; ERK: extracellular signal-regulated kinase; (5) GAPDH:
glyceraldehyde 3-phosphate dehydrogenase; PGK1: phosphoglycerate kinase 1.

many body fluids and tissues), exosomes have intrinsic trans- prolonged blood circulation and promote tissue-directed delivery
membrane and membrane-anchored proteins that provide and cellular uptake of their internal contents. Exosomes are
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usually formed in three steps: (1) endocytosis of extracellular
material, (2) maturation, and (3) exocytosis.

2.2. Isolation, purification, and analysis of exosomes

How to obtain and confirm high-purity exosomes is currently a
hot research topic. Most of the current methods of combining
nanoparticles with exosomes as a composite nano-platform are
first to use cells as providers of exosomes, then add target
nanomaterials to the cells for cell uptake, and finally release the
package through exocytosis. After these procedures, a compo-
site carrier covered with exosomes and target nanomaterials
was born. Therefore, isolation, purification, and analysis of
exosomes are also important topics. Here is a brief description
of several popular ways to connect the hybrid inorganic/organic
nanoparticles with exosomes. High-speed UC, which is
regarded as the most common isolation method, mainly
depends on vesicle size and density. Gradient-based UC can
also be applied further to purify the exosomes to a narrower
distributed population.?® Ultrafiltration membranes, including
tangential flow filtration (TFF), can also be used to isolate
exosomes based on vesicle sizes.>’ Depending on the size
of the membrane, this method allows for the separation of
exosomes from proteins and other macromolecules.
Immunoaffinity methods utilize interactions between antibodies
and selective exosome surface proteins to isolate the exosomes or
exosome subpopulations.”" Size exclusion chromatography (SEC)
relies on resin-filled porous columns to sort EVs and exosomes
into fractions based on their different retention times in the
column.? In the precipitation method, exosomes can be isolated
from biological fluids by changing their solubility.?*

Other techniques apply polymers to precipitate exosomes
based on their surface features and polymer molecular
weights.>® After exosomes are sorted and collected from a
sample, and they are characterized by size, protein expression,
RNA content, and lipid composition. Several techniques can be
applied, such as nanoparticle tracking analysis (NTA), dynamic
light scattering (DLS) and nanoscale flow cytometry for exosome
size and number quantification, LC-MS, western blot, and ELISA
for protein profiling and characterization, Next Generation
Sequencing (NGS), microarray, and qPCR for RNA profiling and
characterization, and several microscopy techniques for exosome
morphology characterization.”*® In the following, we briefly
describe several widely used methods for exosome analysis.
Nanoparticle Tracking Analyzer (NTA) uses laser light to irradiate
a nanoparticle suspension. The particle size, scattered light
intensity, quantity, concentration, and dynamic images of moving
particles under Brownian motion can be obtained at the same
time (Fig. 3a).””*® The working principle of the Transmission/
Scanning Electron Microscope (TEM/SEM) is the use of an
electron beam with an energy of 1-30 kV to irradiate the surface
of the analyzed sample in the raster scan mode.*® Secondary
electrons and backscattered electrons are imaged to obtain
information on the microstructure and morphology of the
sample surface and have high resolution (Fig. 3b). Dynamic light
scattering (DLS) is a technique that collects fluctuations in the
intensity of the scattered light of particles undergoing Brownian
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motion in the solution.?® These light intensity fluctuations are
converted into a correlation curve through an appropriate
instrument, thereby obtaining their speed (Fig. 3c).

In addition, in 1989, Sidney Altman and Thomas Cech
discovered that small RNA or DNA has functions such as ligand
binding, activation, and gene regulation. They can be screened
for secondary structure RNA or single-stranded DNA that
specifically binds to the target protein. These specialized small
molecule nucleic acids are called aptamers. Aptamers can also
be used for exosome detection, such as the fluorescence
method for exosome competitive detection of CD63-specific
aptamers (Fig. 3d). In the presence of exosomes, CD63 on the
exosomes binds to the aptamer, resulting in the shedding of
short sequences into the supernatant. The number of exosomes
can be estimated by detecting the fluorescence intensity in
the supernatant. Compared with conventional methods, the
detection cost and difficulty are significantly reduced, while the
sensitivity is guaranteed, which provides a basis for
subsequent detection of specific cancer cell exosomes.

These standard analysis methods have their advantages and
drawbacks. Therefore, evaluating exosomes from multiple
perspectives is necessary, especially for hybrid exosomes where
inorganic/organic nanoparticles may lead to significant exo-
some size and morphology changes.

3. The cancer applications of
exosomes and hybrid with inorganic/
organic nanoparticles

At first, exosomes were considered excess membrane proteins
released by the regulating membrane function during cell
maturation. They were characterized as organelles that remove
cell debris and eliminate cell surface molecules. Later, an
increasing number of studies found that exosomes play essential
roles in mediating inflammation and cell proliferation, regulating
the extracellular microenvironment, and inducing the body’s
immune response.®” At present, exosomes are considered
biomarkers and prognostic factors of diseases, and they have
the potential to serve as carriers for gene and drug delivery, which
have important clinical significance.***

3.1. Diagnostic and prognostic markers of cancer

Because exosomes can be detected in body fluids (blood, urine,
saliva, and cerebrospinal fluid), they are considered non-
invasive or minimally invasive biomarkers for disease diagnosis.
They can detect many pathological conditions, including cancer
potential (Fig. 4a).>*° The current focus of genomic medicine is
to develop tests based on personalized and precision medicine.
Therefore, a liquid biopsy that uses body fluids (mainly blood
and urine) instead of tissue samples obtained through surgery
for diagnosis is rapidly attracting attention. This method is
convenient for patients with minimal harm. The liquid biopsy
covers three significant types, including circulating tumor cells
(CTCs), free DNA (cfDNA), and exosomes (or EVs). Exosomes are
the most attractive type in liquid biopsy due to their high

Nanoscale Horiz., 2022, 7, 352-367 | 355


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nh00637a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 January 2022. Downloaded on 3/15/2026 4:02:17 AM.

(cc)

View Article Online

Nanoscale Horizons Minireview

R (b)
Electron gun
\

S
e Magnetic lens

Secondary
electron detector

(@)

Particles scatter
laser beam

Particles to be viewed
are suspended in liquid

Scanning coils

Laser beam Backscattered
(Approximately 50 pm wide) electron detector
Glass Metallised surface
(C) Stage
Photon

detector

N

Lens I
Sample

A8 O
\ & /bg% aptamer ,m fluorophore
W ®
: ‘ exosome marker

Fig. 3 Different methods of analyzing exosomes. (a) Nanoparticle Tracking Analysis (NTA) has become essential for exosome research. NTA technology
provides dynamic visual images, (b) scanning Electron Microscope (SEM) offers morphological identification of exosomes. (c) Dynamic light scattering
(DLS) is a physical characterization method used to measure the particle size distribution in a solution or suspension. (d) Employing a specific aptamer for
exosome detection with a fluorophore.

Laser Diode

© L <

Substrate
)k Normal N\
I\ higG R Endocytcsns ‘%
) 3 Olb
/)k\ anti-exosome 155 \, o 2
antibody N & "‘\s;,,\/ @
g )N %
l) \Y ,A\ 2" anitibody g
@ exosome )‘
¢ T~
&,
< 00
L4 ESCRT-independent
J: > pathway
> > I
Necrosis 1 q //
. 5 \<: (57
Quiescence % 5 %<
h b ESCRT-dependent | i %
\ pathway A y
# S A §C %
J +
{ a2 I

Fig. 4 Applications of exosomes. (a) Diagnosis: exosomes from patients can be used for disease diagnosis. (b) Drug delivery: therapeutic drugs such as
chemicals, peptides, and siRNA can be delivered to patients. (c) Therapy: exosomes from MSCs can be used to treat various diseases. (c) Reproduced with
permission.>* Copyright 2020, Wiley Online Library.

356 | Nanoscale Horiz., 2022, 7, 352-367 This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nh00637a

Open Access Article. Published on 18 January 2022. Downloaded on 3/15/2026 4:02:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Minireview

stability and ease of collection from body fluids such as urine
and blood. miRNAs are considered potential diagnostic biomarkers
because they play a regulatory role in the body. Changes in
exosomal miRNA enrichment can reflect physiological and patho-
logical changes, indicating their possible use as diagnostic biomar-
kers. According to reports, miR-23b-3p, miR-10b-5p, and miR-21-5p
are promising prognostic biomarkers for non-small cell lung cancer
(NSCLC) patients.””™** In addition to miRNA, exosomes also
contain proteins from host cells, so they have potential functions
as biomarkers. Analysis of the entire proteome of exosomes by
mass spectrometry has highlighted various biomarkers in prostate
and bladder cancer.”® A study involving 276 NSCLC patients
identified NY-ESO-1, EGFR, PLAP, EpCAM, and Alix in exosomes
as protein biomarkers for overall survival** Plasma-derived
exosomes have been successfully used to evaluate multi-label
models using the EV Array system, consisting of 37 antibodies
against lung cancer-related proteins.*’ This method uses only 10 pL
of plasma samples for analysis. Exosomal IncRNA is also defined as
a new tumor biomarker.*®

3.2. Drug delivery vehicles

One of the most promising drug delivery systems is liposomes.
Liposomes are artificial vesicles with a phospholipid membrane
self-assembled into different sizes and forms in an aqueous milieu.
Liposomes allow for long circulation and a wide range of
techniques for high concentration drug loading, and they can
be prepared easily. However, the immunocompatibility of
liposomes is debatable, and their targeting capability in vivo
is often insufficient.”” Compared to liposomes, exosomes are
more stable in circulation because of their endogenous nature
and unique surface content.”® Due to their small size and
bubble shape, exosomes can move from one cell to another,
release their contents through the cell membrane. Due to their
protein content and genetic material, biological and small
drugs can be incorporated into exosomes. An example of such
a system is doxorubicin-loaded exosomes.*> Once exosomes have
been internalized into recipient cells, and their cargo can exert its
effects. In a 2007 study, the authors prove that exosome mRNA
can be translated into recipient cells.”® They first collected exo-
somes from mice and then incubated them with human cells.
After incubation, three different mouse proteins were found in
human recipient cells, indicating that exosome cargos can be
transferred into cells.>® Exosome-based therapy has several sig-
nificant advantages: (1) low immunogenicity; (2) no vascular
occlusion; and (3) systemic injection of exosomes can cross the
blood-brain barrier and enter the brain parenchyma.>®

Recently, post-insertion of siRNA into exosomes by conventional
bulk electroporation has been developed and demonstrated suc-
cess; the performance was superior to that of synthetic nanocarriers
in several mouse models for central neuron and cancer
treatment.* > Many clinical trials on exosome therapy have also
been launched worldwide.>® Despite their many advantages, the
application of exosomes in gene delivery for clinical use has been
slow because producing sufficient quantities for large-scale in vivo
use is technically challenging. Even though the exosome dose
(~50 pg kg™ " or ~1 pg exosomal RNA from ~10° exosomes in
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one injection per mouse, similar to an adeno-associated virus dose)
is lower than using synthetic RNA and nanocarriers (~1 mg kg™ ),
large numbers of cell cultures are required. It takes days of incuba-
tion, followed by purification and nuclei acid loading, to generate
gene-containing exosomes in sufficient quantities for repeated use
in human therapy because 150-200 times more exosomes are
needed for a patient than for a mouse. Only a few cell types, such
as mesenchymal stem cells (MSCs) and dendritic cells (DCs), are
known to secrete relatively high numbers of exosomes, e.g., >5 x
10* per cell in 1-2 days, but the strong electric field required to
insert RNAs would damage many exosomes, leading to a low yield.
Post-insertion of large biomolecules into nano-sized exosomes is
also inefficient. New technologies to generate many exosomes with a
high loading of RNAs and targeting peptides in exosomes are
essential for nucleic acid-based exosome therapy.

3.3. Anticancer vaccine for cancer immunotherapy

Recently, the success of immune checkpoint therapy in several
cancer types has increased people’s interest in the further
exploration of immune disorders in tumors, including exosomal
tumor immunotherapy, which is expected to produce anticancer
vaccines (Fig. 4b).>” Tumor-derived exosomes carry antigens and
have been used as a source of specific stimulation of the immune
response against tumors. One study found that B cells trans-
formed with Epstein-Barr virus released exosomes containing
major histocompatibility complex (MHC)-II, thereby activating
CD4+ T cells and the exosomes secreted by dendritic revealed to
express MHC-I, which activates CD8+ T cells.”® Subsequent
studies found that those exosomes can induce anti-tumor
immunity in experimental animal models and human clinical
trials, including colorectal cancer, metastatic skin cancer,
and non-small cell lung cancer.’**" In mice, tumor-derived
exosomes can serve as an antigen delivery system and prevent
the development of autologous tumors in a CD4+ and CD8+
T cell-dependent manner.®? In phase I clinical trial, patients with
advanced non-small-cell lung cancer or metastatic melanoma
were vaccinated with dendritic cell-derived exosomes and
showed an anti-tumor immune response and tumor regression.
Recent evidence showed that dendritic cells loaded with tumor
exosomes effectively produce an anti-tumor response against
autologous tumor cells in patients with malignant glioma.®

Researchers believe ascites-derived exosomes are as effective
as dendritic cells or tumor-derived exosomes in sensitizing
dendritic cells and the primary cytotoxic T lymphocytes,
thereby killing autologous tumor cells in vitro.* Moreover,
exosomes derived from the malignant effusion of ovarian
cancer patients have been prepared and will undergo clinical
trials.®® It was found that the combination of ascites-derived
exosomes from colorectal cancer patients and granulocyte-
macrophage colony-stimulating factors can effectively induce
effective carcinoembryonic antigen-specific anti-tumor immunity
in patients with advanced colorectal cancer.®®

3.4. Inhibition of exosomes

Elevated levels of exosomes are usually associated with the
progression of different types of cancer. Some researchers hope
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to prevent poor patient prognosis by reducing tumor exosomes
to normal levels (Fig. 4c).™®” From this perspective, many
ongoing studies aim to regulate the release of exosomes by
modulating the process of exosome secretion or by explicitly
targeting their components to inhibit their interaction with
target cells. Currently, our understanding of exosomal mechanisms
and functions under different physiological and pathological
conditions is increasing. Although its biological functions have
not yet been fully resolved, researchers have conducted in-depth
explorations in many fields. Exosomes are not waste particles but a
key medium for cell-to-cell communication. As the satellites of host
cells, exosomes contain a large amount of biological information,
and their functions exceed initial expectations. Host cells control
the contents of exosomes, thus changing their fate or that of other
cells. Secondly, exosomes have a strong influence on tumor
progression and metastasis, and they can be used to predict the
location of metastasis and to establish a pre-metastasis niche.
Additionally, the exosomes secreted by tumor cells can either block
tumor growth by promoting the anti-tumor immune response or
induce tumor growth by weakening anti-tumor immunity or pro-
moting angiogenesis.*®

In the late stage, cancer cell-derived exosomes produce
much stronger immunosuppressive effects than immune
activation, and vaccines based on antigen-carrying exosomes
are also in clinical trials.®

Although the use of exosomes for diagnosis and treatment is
still in its infancy, their use as a carrier combined with gene
therapy has excellent clinical application potential with the
deeper understanding and systematic evaluation of exosomes.

3.5. Advantages of exosomes-inorganic/organic nanoparticles
hybrid system

Organic/inorganic nanocomposites are usually organic polymer
composites with inorganic nanoscale structural units. They
combine the advantages of inorganic materials (such as rigidity,
thermal stability) and organic polymers (such as flexibility,
dielectric properties, elasticity, and processability). Exosomes
themselves is multifunctional organic carrier, and their lipid
bilayer structure is like liposomes. It has excellent compatibility
in a biological environment. Combining inorganic materials can
significantly improve the biocompatibility of inorganic materials
and reduce the release of metal ions generated when inorganic
materials are degraded into the biological environment to cause
physical toxicity. In addition, the inherent characteristics of
inorganic materials, such as fluorescent development, magnetic
tracking, etc., also provide exosomes with tracking and monitoring
effects. In addition to combining with inorganic nanomaterials,
Exosomes can also be easily integrated with organic nanoparticles
such as liposomes for membrane fusion. Liposomes are prepara-
tions formed by encapsulating drug molecules in vesicles formed
by phospholipid bilayer membranes. Since the basic structure of
the biological plasma membrane is also a phospholipid bilayer
membrane, liposomes have a design similar to exosomes.
They both have good biocompatibility that can be easy for the
bioapplications. By incorporating targeted substances or chemo-
therapeutic drugs into the liposome membrane, this artificial

358 | Nanoscale Horiz., 2022, 7, 352-367

View Article Online

Minireview

organic nanoparticle can deliver the cargos in the cavity to the
exosome.*” The modified exosome can also carry medicines and
post-modified targeted substances.

Mixed functional materials composed of inorganic/organic
ingredients are considered a potential platform for expanding
the diversified fields of medicine. Combining exosome and
organic/organic nanoparticles can produce innovative materials
by modifying the composition on the molecular scale. And
balance the advantages between the two to adjust the size,
design, function, and form. The following chapters are the
critical part of this manuscript. We will describe and discuss
the contributions of various exosome hybrid organic-inorganic
composite materials in the past five years.

4. Hybrid inorganic/organic
nanoparticles with exosomes

Due to their unique properties, hybrid nanomaterials have
recently been studied as promising platforms for imaging and
therapeutic applications (Table 1). Since the hybridization of
inorganic/organic nanoparticles with exosomes is still a relatively
novel technology, many novel types of research have been
developed in 2021. This table has sorted out the relevant
literature published in the past five years and selected several
representative works for in-depth review. Nanotechnology offers
great potential for future biomedical applications.®® Such nano-
particles can retain the valuable features of their inorganic and
organic parts and systematically modify the properties of hybrid
exosomes through the combination of functional elements.
Furthermore, the conjugation of targeting moieties on the
surface of these nanomaterials or exosomes provides a nanoplat-
form with specifically targeted imaging and therapeutic properties.
This section summarizes the latest studies on synthesizing inor-
ganic/organic nanoparticles with exosomes and their applications
in the biomedical field. This paragraph integrates some relevant
references that point out those specific nanoparticles can be used
to optimize the functions of exosomes and improve their
shortcomings to obtain a more complete clinically applicable
nanotherapeutic theranostic platform.

4.1. Exosome-liposome hybrid nanoparticles

Liposomes are formed by encapsulating drug molecules in
vesicles formed by a phospholipid bilayer membrane.®* Since
the basic structure of the biological plasma membrane is also a
phospholipid bilayer membrane, and liposomes have a structure
similar to biological cells, so they have good biocompatibility
(Fig. 5a).”° After entering the human body, liposomes act as an
“invader” to activate the immune mechanism. They are swallowed
by the reticuloendothelial system, thereby causing targeted
enrichment in tissues such as the liver, spleen, lung, and bone
marrow. This phenomenon is known as the passive targeting of
liposomes. Certain targeting substances can be incorporated
into the liposome membrane; in this way, liposomes can be
targeted to a specific site through biological or physical factors.

This journal is © The Royal Society of Chemistry 2022
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Table 1 The list of hybrid inorganic/organic nanoparticles with exosomes for biomedical applications

Biological target (source of

Combination nanoparticles exosomes)

Theranostic methods

Cancer type Ref.

Liposome Exosome (HEK293T)

RT-PCR

Mesenchymal stem cell 2018, Lin et al.”’

Runx2 expression (cell)

Exosome (Fibroblasts)

NBD (Liposome)

Metastatic peritoneal 2020, Lv et al.”*

CD47-SIRPa CD9 antibody cancer

(Exosome)

DIR (gETL)
Exosome (HT29) DOX Colorectal cancer 2021, Kwon et al.”
Exosome (CT26) CD9 Colorectal cancer 2021, L. Cheng et al.”

CD47-SIRPa Photothermal therapy
ICG/R837
Exosome (Fibroblast) CD9, Calcein Pulmonary fibrosis 2021, L. Sun et al.”*
Clodronate
CXCR4, miRNA, Antagomir-188  CXCR4, CD9 Osteolytic cancer 2021, Y. Hu et al.””
Exosome (NIH-3T3)
Metal-organic Zn Exosome (MDA-MB-231) FluoBSA Breast cancer 2018, Cheng et al.”®
framework (MOF) pH change (cell)
Fe Exosome (HeLa) Calcein Cervical cancer 2017, 1lles et al.””
Folate
Inorganic Porous silicon Exosome (H22 or Bel7402) DOX Liver cancer 2019, Yong et al.”®
nanoparticles Lung cancer
CD54 Breast cancer
Melanoma
Quantum dots Exosome (LLC cells or Hepal-6) DIR Lung cancer 2020, Liu et al.”®

(black tumor antigen Liver cancer
phosphorus)
MnCO Exosome (4T1) CD63 antibody Breast cancer 2021, Zhu et al.®°
CD9 antibody
Fe;0, Exosome (Rat) RhB Myocardial infarction 2020, Liu et al.®!
MLC and CD63 antibody PKH26
Urinary exosome UV-Vis Prostate cancer 2021, Pan et al.®
DOX
Gold (Au) Exosome (HEK293T) Dil Brain cancer 2019, Khongkow et al.®®

RVG Lamp2b
Exosome (MSC)
Exosome (B16-F10)

CD63 antibody
PKH67

Mesenchymal stem cell 2019, Sancho-Albero et al.®*
Melanoma 2019, Sancho-Albero et al.®®

Temperature (cell)

Exosome (FBS)

The adding ligands provide the active targeting of liposomes,
and it has emerged as an essential mechanism in drug delivery.

Techniques include heat-sensitive liposomes, magnetically guided
liposomes, and antibody-guided liposomes (Fig. 5b and c).”*%
However, at present, several limitations remain. First, its pre-
paration technology introduces specific difficulties to indus-
trial production; additionally, the encapsulation rate is low for
some water-insoluble drugs, which easily leak from liposomes.
Poor stability is also a problem in the commercialization of
liposomes. The current freeze-drying method may be an effec-
tive way to extend the storage period of liposomes. Identifi-
cation by the immune system is also a challenge encountered
by liposomes. The exosome itself can evade immune identifi-
cation, combined with the active targeting of liposomes to
create a new drug hybrid carrier system. Exosomes are a
promising drug delivery vehicle. However, it is challenging to
encapsulate large nucleic acids in exosomes due to their small
sizes. The current reports on exosomes as drug delivery vehicles
are mainly related to small nucleic acids such as miRNA, siRNA,
or low-molecular-weight drugs, which are much smaller than
large plasmids, such as those expressing Cas9, with a minimum

This journal is © The Royal Society of Chemistry 2022

PH change (cell)

Colon cancer 2021, Lee et al.®®

Breast cancer
Cervical cancer

size of 5-6 kb. Therefore, there is an urgent need to find a
suitable method to encapsulate the CRISPR/Cas9 system into
exosomes. Lin et al. successfully encapsulated large nucleic
acids, including CRISPR/Cas9 expression vectors, into hybrid
exosomes produced by incubating primitive exosomes with
liposomes (Fig. 5d and e).”® The loaded hybrid exosomes can
be endocytosed by mesenchymal stem cells (MSCs) and
release cargo.

The hybrid exosome delivery CRISPR/Cas9 system has been
verified to be capable of expression in MSCs and regulate the
expression of target genes. These target genes provide a new
strategy for delivering the CRISPR-Cas9 system to MSCs for
gene manipulation. Further research has shown that liposomes
can offer additional advantages to exosomes. To improve the
therapeutic effect of exosome-liposome hybrid nanoparticles,
hyperthermic intraperitoneal chemotherapy (HIPEC) was
recently developed. Lv et al synthesized a genetically
engineered exosome-thermosensitive liposome hybrid (gETL).
They loaded it with docetaxel (DTX) to analyze its characteristics
in cell line-derived (CDX) and patient-derived tumor xenografts
(PDXs) for MPC treatment.’” They found that when gETL was

Nanoscale Horiz., 2022, 7, 352-367 | 359


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nh00637a

Open Access Article. Published on 18 January 2022. Downloaded on 3/15/2026 4:02:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Horizons

(@ (b) i ) (©)
6 @ Y Exosome
; —— Liposome

\ Hybrid exosome

3

+

o

Intensity (%)

Liposome l Exosome

0 \
10 100 1000

Size(nm)

(d) Hybrid Exosome (c)
Alix TSG101 CD63 GAPDH
iR 95kDa g—

50kDa —
40kDa —

36kDa

Before After

Relative Egfp mRNA level

Q
-]
€
s
2
—~
[c)
~ o

Hybrid Exosome

] Lips
i JETL NPs

=
13 i
3 %‘5 GETL NPs

& %< I

~§' Max & Fio
25 ]
S ald g M
®
ga i i
g gl o

< £ g alf 11| o] AT )

z LT e o e

- [

] E —TT
2 i
oo [hk e

& 5 ‘.‘. — TN

a 5 i + r

2 § wooll X g

E Min B X ¥ I
2 \

B 8 w Y 1
s " s
S g %

Time (h)

Fig. 5 Assessment of hybrid exosomes encapsulating large plasmids.
(a) Ilustration of the procedure to produce hybrid exosomes. The isolated
exosomes were incubated with liposomes for 12 h at 37 °C to induce
fusion. (b) The combination of exosome and liposome under SEM. (c) DLS
measures exosome and liposome and hybrid exosome, respectively.
(d) Hybrid Exosome and Exosome have the same surface integral protein.
(e) The cargo in the Liposome can be fused with the Exosome so that the
Hybrid Exosome contains the target drug or gene. (f) In addition to carrying
cargo, the surface modification can also deliver the target molecule or
antibody into the hybrid exosome through lipid fusion. (g) Target
modification enhances metabolism and enhances therapeutic efficacy. Repro-
duced with permission.”>”* Copyright 2018 and 2019, Wiley Online Library.

loaded with DTX, the results revealed significantly inhibited
tumor progression. The anti-tumor effect of HIPEC was
enhanced when combined with the treatment (Fig. 5f and g).

In terms of the mechanism, treatment with therapeutic
gETL could induce macrophage polarization, enhance
macrophage-mediated tumor cell phagocytosis, and induce
apoptosis. This study provides a new direction for treating
metastatic peritoneal cancer through the combination of
drug-loaded gETL and HIPEC.

4.2. Exosome-coated metal-organic framework nanoparticles

Metal-organic framework (MOF) materials are an essential
classification of new metal-organic materials (MOMs). MOF
is one of the most popular research fields in new inorganic-
organic materials science because it combines two chemical
disciplines, inorganic chemistry and organic chemistry, which
are often separated.

MOF consists of metal atoms or clusters of atoms coordinated
by organic ligands to form a one-, two-, or three-dimensional
structure.”® MOF can be used in gas adsorption, gas storage, gas
separation, catalysts, and other fields. MOF nanoparticles
can form a porous three-dimensional framework. Due to this
construction principle, the composition and structure of these
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materials are highly adjustable. Additionally, the inner and outer
surfaces can be independently functionalized. With such char-
acteristics, MOF nanoparticles (NPs) can be designed to meet the
specific requirements of the desired application. In the field of
drug delivery, a so-called “composite material” with exosomes has
been synthesized (Fig. 6a).”>

Compared with the artificial lipid layer as a closed system,
exosomes provide significant advantages: for example, they are
non-immunogenic and used by cells for communication
purposes. Combined with the high porosity provided by MOF,
the composite material can achieve a high drug loading. They
are also designed to be biodegradable because they are coated
with exosomes. Illes et al. were the first to report that MOF
nanoparticles encapsulated by exosomes are an efficient drug
delivery system with an “onboard trigger” function (Fig. 6b-e).
This approach synergistically combines the characteristics of
MOF NPs and exosomes to produce a promising system that
promotes easy and efficient loading and sealing. Moreover, it
has high treatment efficiency, and medicine does not leak
prematurely.”” Subsequent articles related to exosome-coated
MOF have been published in recent years.”®*°

A biomimetic nanosystem was designed to assemble cargo
proteins in the pH-responsive metal-organic framework (MOF)
nanoparticles and use the extracellular vesicle membrane
(EVM) to camouflage them.'”®"'°* The protein is immobilized
in the MOF (ZIF-8) matrix through the self-assembly of the
metal node (Zn>*) and the blocking of the organic ligand. MOF
has a large internal surface area and non-covalent affinity,
significantly improving the protein loading efficiency and
loading capacity. After the exosome-coated MOF is internalized
by the recipient cell, the pH responsiveness of the metal-ligand
bond causes the release of the protein in acidic endosomes and
lysosomes. Additionally, the exosome may contain the integrin-
related transmembrane protein CD47, which mediates a ‘“do not
eat me” signal to avoid phagocytosis, allowing the composite
material to undergo specific endocytosis.'

4.3. Exosome-coated inorganic nanoparticles

The development of inorganic nanotechnology has diversified
research in chemistry, physics, materials science, engineering,
biology, and medicine. Taking biomedicine research as an
example, nanomaterials exhibit unique physical and chemical
properties at the nanoscale, such as magnetic, optical, thermal,
and biomolecule-like properties, which are widely used in
biomedical imaging research and development to assist
nanomedicine.'®* Nanomaterials have also been used for diag-
nosis, treatment, and prevention purposes. In recent years,
combining two (or more) functional nanocomposites (bi-
functional or multifunctional nanocomposites) has advanced
the development of nanomedicine platforms, such as those
used to study the growth and aging of the human body, and
biochemical manipulation of mechanism and scale has
become the driving force for accelerating multimodal
imaging.'® Next, we enumerate the combinations of common
inorganic nanomaterials and exosomes and their related appli-
cations in the biomedical field. We briefly describe their

This journal is © The Royal Society of Chemistry 2022
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applications’ current status and prospects in biomedical
imaging.

4.3.1. Silica nanoparticles. Nano silicon dioxide is a non-
metallic material that is odorless, non-toxic, and non-polluting.
Its particle structure is predominantly network-like, and the
basic particle shape is spherical. All silicon dioxide crystals
have silicon atoms as the core, and four oxygen atoms are
connected to form the tetrahedron. Each oxygen atom is bound
to two silicon atoms to create a network structure compound.
Nanosilica has high activity and can possess remarkable properties,
such as easily modified silanol groups on the surface, optical
shielding properties, and chemical stability."% Silica does not react
with acids, alkalis, reducing agents, or oxidants at room tempera-
ture. Hydrofluoric acid is the leading solution that dissolves the
structure of silicon dioxide. The reaction of silicon dioxide with
hydrofluoric acid to form SiF, can detect the content of other
substances in silicon dioxide. Silica nanoparticles combined with
exosomes can provide the entire nanocomposite with good bio-
compatibility, prolong circulation, and tumor targeting capacity
through the specific protein on the lipid-based structure of
the exosome. In addition, the exosome shows effective cellular
uptake and targeted homing ability, which depends on the
particular protein composition on their membranes. Since the
surface protein composition of exosomes may be critical to its
function, maintaining the integrity and stability of the exosomal
membrane is very important for its application in drug delivery.
In recent years, neatly arranged mesopores have been prepared
by exploiting the self-assembly capabilities of different
surfactants; thus, mesoporous materials have received signifi-
cant attention. Their properties include a stable and consistent
pore structure, high surface area, adjustable pore size, precise
and adaptable surface properties, non-toxicity, and good
biocompatibility."”

This journal is © The Royal Society of Chemistry 2022

At present, many published reports describe using
mesoporous silicon materials or modified mesoporous silicon
materials as carriers, along with their applications in drug
delivery systems. Yong et al. proposed using porous silicon
nanoparticles (PSiNPs) as drug carriers to deliver into tumor
cells and generate PSiNPs (E-PSiNPs) through exosomes as a
drug carrier for targeted cancer chemotherapy. When tumor
cells are incubated with doxorubicin-loaded PSiNPs (DOX@
PSiNPs), they will pass by the exocytotic pathway to generate
exosome-encapsulated DOX-loaded PSiNPs (DOX@E-PSiNPs).
DOX®@E-PSiNPs also possess the characteristics of exosomal
targeting, drug loading, and biological diagnostics, which leads to
applying biomimetic nanoparticles as drug carriers to effectively
deliver anticancer drugs (Fig. 7a). The biodistribution evaluation
also demonstrates E-PSiNPs can be used as a targeting flatform
for drug accumulation (Fig. 7b).'°*'% In addition to their drug
delivery functions, mesoporous materials can be modified
through functional groups on their surfaces to provide them with
different properties, which can be applied to various types of
biomedicine and biotechnology. For example, cell type identifi-
cation, disease diagnosis, intracellular visualization, and drug and
gene delivery have been researched, and results confirm that
mesoporous materials can enter cells through endocytosis
(Fig. 7c). The authors also revealed that E-PSiNPs could send
the whole nanosystem to enter the core of cells (Fig. 7d). These
grafted molecules can use various environmental factors, such as
light-cutting effects, redox reactions, the presence of enzymes, or
different pH values, to produce different chemical reactions, and
then control the opening and closing of holes to achieve the effect
of controlled drug release (Fig. 7e and f).

4.3.2. Quantum dots. Fluorescent nanomaterials have
become widely used in biological applications, including
biosensors, drug delivery, and bioimaging."'° The development
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Fig. 7 Schematic illustration of E-PSiNPs as drug carriers for targeted
cancer chemotherapy. (a) Schematic illustration of the preparation of
DOX@E-PSiNPs. DOX@PSiNPs are endocytosed into cancer cells after
incubation and localized in multivesicular bodies (MVBs) and autophago-
somes. After MVBs or amphisomes fuse with the cell membrane, DOX@E-
PSiNPs are exocytosed into extracellular space. (b) Schematics showing
how DOX@E-PSiNPs efficiently target tumor cells after intravenous
injection into tumor-bearing mice. (c) The confocal images and (d) signal
quantification of DOX@E-PSINPs accumulation. The DOX accumulation
under (e) neutral and (f) low pH values. Reproduced with permission.”®
Copyright 2019, Springer Nature Limited.

of fluorescent nanomaterials is of great interest to scientists;
these materials are classified as conductors (gold nanoclusters),
insulators (upconversion nanoparticles), and semiconductors
(quantum dots and carbon dots) based on different conductivities.
Among these materials, quantum dots (QDs) have undergone
rapid growth because of the tunable emission range from the
blue to near-infrared region due to quantum confinement,
narrow full width at half maximum (FWHM), and high
photostability.''* Based on various compositions of QDs, QD
nanomaterials can be divided into four classes: II-VI, IV, III-V,
and I-III-VI, QDs. I-III-VI, ternary QDs are fabricated by two
cations (I = Cu” and Ag"; I1I = AI**, Ga®", or In**) and one anion
(VI =8>, Se*”, or Te*")."* Lannoo et al. used QDs as a model
to investigate the influence of the quantum confinement effect,
which results in an energy gap between the valence band and
the conduction band. Eqn (1-1) reflects the relationship
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between the change in size and the energy gap."*?

h?

En:Eg+W.

(1-1)
E,: energy gap of nanomaterials; E,: energy gap of bulk materials;
w: electron-hole pair condensation of quality; A: Planck’s
constant; R: radius of the nanomaterials.

As illustrated in the above formula, the energy gap of
nanomaterials is inversely proportional to their size. In modern
biological analysis, various kinds of organic dyes are used.
However, as technology advances, greater flexibility in these
dyes is being sought.

To this end, quantum dots have quickly filled this role, as
they are superior to traditional organic dyes on several counts,
with brightness being among the most immediately obvious
(owing to the high extinction coefficient combined with a
comparable quantum yield to fluorescent dyes) as well as their
stability (leading to much less photobleaching). It has been
estimated that quantum dots are 20 times brighter and
100 times more stable than traditional fluorescent reporters.
For single-particle tracking, the irregular blinking of quantum
dots is a minor drawback. However, several groups have
developed quantum dots that are essentially nonblinking.
Their utility in single-molecule tracking experiments has been
demonstrated."™""> However, the toxicity and stability of
quantum dots are still shortcomings that need to be overcome
in current research. Liu et al. proposed a method of coating
exosomes on the periphery of black phosphorus quantum dots
(BPQDs). The author first took out the mouse blood to purify
the exosome, and then added BPQDs to the exosome (Fig. 8a).
Quantum dots with exosomes on the surface have better
dispersion than simple quantum dots (Fig. 8b and f). Next,
the thickness and element distribution of the material was
analyzed through an atomic force microscope (Fig. 8c-e), con-
firming that the size of the material is close to the same,
reflecting the potential strength of exosome to optimize nano-
materials. Then analyze the material size (Fig. 8g) and the total
BPQDs carried by the exosome (Fig. 8h). Finally, to confirm that
the outer layer is an exosome membrane, a western blot was
used to analyze the markers of the composite material (Fig. 8i).

4.3.3. Transition elements nanoparticles. The electronic
configurations of transition elements are rich and diverse.
When there is a single electron in the electronic orbital of the
transition element, the resulting complex can provide the
material with different magnetic properties. For example, iron
metal has a variety of metal ions that exist stably, exhibit
ferromagnetic properties, and even has superparamagnetism
at the nanometer size. The manganese family is particularly
prominent in the single-electron valence state, with the d’-
configuration. It can form coordination with various elements,
such as MnCO. Since transition metals have variable valence
states, they usually exist in the natural environment in several
different stable oxidation states, such as Fe;O,.

In addition, the electron-ion pairs in these elements can
correspond to the absorption of photons in the visible electro-
magnetic spectrum, resulting in colored compounds. Due to

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Schematic representation of black phosphorus quantum dots
through exosome coating. (a) Graphic illustration describes the structure
of exosome-encapsulated black phosphorus quantum dots (hEX@BP) and
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BPQDs: black phosphorus quantum dots. Transmission electron micro-
scopy images of (b) BPQDs and (f) hEX@BP. The atomic force microscope
indicated the (c) linear depth, (d) Raman shift, and (e) height of BPs. The (g)
size distribution, (h) BPQDs loading ratio, and (i) western blot of hEX@BP.
Reproduced with permission.”® Copyright 2020, Royal Society of Chemistry.

these behaviors, transition metals exhibit rich and fascinating
chemical properties. In 2021, Pan et al. designed a nanocarrier
based on the exosome-embedded and dox-loaded phosphomo-
lybdic acid/Fe;O, nanoparticles (Exo-PMA/Fe-HSA@DOX,
Fig. 92).%° They use the urinary exosomal membrane as a
nano-platform for chemical/chemokinetic therapy and targeted
homogenous prostate cancer diagnosis. The nanocarriers of
urinary exosomes do not contain intracellular substances such
as histone 3 and COX IV (Fig. 9b). Successfully achieved
excellent synergistic low-dose chemical/chemical kinetic
performance in vivo. In addition, the increased intracellular
PMA/Fe-HSA@DOX nanoparticles (NPs) greatly enhance the
bypass of the EGFR/AKT/NF-KB/IKB signaling pathway. The
in vivo mice model is used to verify its therapeutic effect, which
shows that the targeted homologous cancer therapy based on
the urine exosomes of cancer patients embodies a new type of
targeted anticancer program in an efficient and straightforward
method (Fig. 9c). In the same year, Zhu et al developed
exosomal nanovesicles (MMV) loaded with manganese carbonyl
(MnCO) to overcome this tumor treatment problem (Fig. 9d).*>
MMV has a uniform size and good dispersion (Fig. 9e and f).
After administration, MMV has shown admirable performance
in actively targeting tumors, mitochondrial damage, and radio-
sensitization therapy and can promote 90% tumor growth
inhibition under very low dose (only 2Gy) radiotherapy
(Fig. 9g). Overall, this study emphasizes a novel and practical
way to improve the efficacy of tumor radiotherapy.

4.3.4. Gold nanoparticles. Gold nanoparticles, one of the
noble metal nanomaterials, are the most well-known nanomaterial
in colloidal solutions. In 2009, Palui et al. attributed the red color of
matter to Au nanoparticles, and he synthesized this nanomaterial
using a wet chemical synthesis method."*® Since then, gold

This journal is © The Royal Society of Chemistry 2022
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nanoparticles have been a popular material because of their unique
optical properties, resulting from their localized surface plasmon
resonance (LSPR).""” LSPR occurs at the nanoscale because the
incident light is far more significant than the nanomaterials, and
as a result, all free electrons on the surface react together.

This unique physical phenomenon occurs only for metallic
elements with an abundance of free conductive electrons that
are easily affected by irradiating light, for example, Au, Ag, and
Cu. The SPR effect for metallic colloid nanoparticles displays a
unique physical impact and corresponds to the color of the
solution. For example, 13 nm gold nanoparticles exhibit a
red color in solution because their LSPR peak is 520 nm. The
wavelength of SPR in the previously mentioned study can be
derived from eqn (1-2), as shown below.'*® The SPR frequency
wgp of metal nanoparticles is related to their geometry factor «
and the dielectric constant ¢, of the surrounding medium.
Wavelength and frequency are reciprocally related.

2
ne
Wy = || ————— — T2,
P \/moso(soo—i-ksm)

wgp: surface plasmon resonance wavelength; n: free carrier
density; mg: the effective mass of charge carrier; ¢y: dialectic
constant of free space; ¢,,: medium dielectric constant; ¢, : high
dielectric constant of the mediuml; k: geometry of nanomaterials;
I': damping constant.

From this equation and the literature, the most convenient
factor for changing the peak site of SPR is the geometry
factor.’*® For gold nanoparticles of various sizes, the SPR peak
slightly shifts from about 520 to 540 nm as the particle size
increases from 5 to 100 nm.

Therefore, the geometric structures of gold nanorods, gold
nanoshells, and gold nanocages are commonly used to

(1-2)
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Fig. 10 Schematic representation of gold nanoparticle surface functionali-
zation through exosome coating. (a) The brain-targeting property of AuNPs
after fabrication with neuron-targeted exosomes. Signals of fluorescently
labeled nanoparticles in the basal chamber were measured in 0.5 mL aliquots
at different time points. (b) A microinjection device was used to deliver
exosome/AuNPs systematically. (c) Quantification of exosome/AuNPs and
determining the degree of phagocytosis of the material by various cell lines.
Confocal microscope (d) image analysis of cell uptake and (e) quantifying the
endocytosis effect of cells on exosome/AuNPs under transwell incubation.
Reproduced with permission.®®> Copyright 2018, Royal Society of Chemistry.

determine the difference in SPR peaks. Based on the SPR effect
of the gold nanomaterial, Sancho-Albero et al. proposed a
technique of exosome embedding gold nanoparticles. In
Fig. 10a, the exosome is first released from the cells. The
medium is extracted to purify the exosome, which is mixed with
gold nanoparticles and fabricated to produce a gold nanoparticle
surface-functionalized exosome. Moreover, the authors tested
different cell lines and confirmed that exosomes could lead gold
nanoparticles to target and accumulate in the cancer cells after
pumping the exosome/AuNPs (Fig. 10b). To quantify the
accumulation effect of exosome/AuNPs, they chose different cell
lines to show that exosomes can actively carry AuNPs into the
cancer cells (Fig. 10c). The gold nanoparticles are sent into the
cells through transwell co-culture at different time points for
Confocal (Fig. 10d) and Time course (Fig. 10e) analysis.®

5. Conclusions and future
perspectives

Recent studies have found that exosomes or EVs are associated
with cancer metastasis, disease progression, diagnosis, and
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treatment, leading to a rapidly emerging cell research area.
Cells secrete exosomes via exocytosis. This has also been
observed for other rigid nanoparticles, such as silica and
carbon. Relying on the superior targeting function and biocom-
patibility of cancer exosomes, researchers have been able to
deliver drugs to cancer stem cells deep within tumors in mouse
models. Despite significant efforts made in this relatively new
field of exosome research, progress has been held back by
challenges such as inefficient separation methods, difficulties
in characterization, and a lack of specific biomarkers.

Moreover, the applications of exosomes need to be further
evaluated under actual physiological conditions. Inorganic/
organic nanoparticles, on the other hand, produce powerful
in vivo near-infrared fluorescence, thus generating remarkable
tumor imaging tracking ability in subcutaneous, orthotopic,
and metastatic tumors. This review describes an approach to
cancer therapy that uses exosome-biomimetic nanoparticles.
Hybrid inorganic/organic nanoparticles with exosomes can be
applied as drug carriers to deliver anticancer drugs to the
centers of cancer cells efficiently. Biocompatible hybrid inor-
ganic/organic nanoparticles with exosomes have been synthe-
sized for targeted cancer chemotherapy. Following intravenous
injection, nanocomposites actively accumulate in the tumor
site. They are subject to cross-reactive cellular uptake by cancer
cells, resulting in augmented in vivo drug delivery enrichment
in tumor cells. At present, diversified hybrid inorganic/organic
nanoparticles with exosomes for both therapy and diagnosis
are still in urgent need of development.

This combination can achieve theranostics on the same
platform and provide advantages such as targeting, improved
dispersion, and avoiding immune system clearance. However,
as in most clinical applications, the biological application of
nanomaterials still needs more research to optimize and
improve their performance in vivo. The complexity of hybrid
inorganic/organic nanoparticles with exosomes will require
more attention to their safety and biocompatibility, even
though they may provide excellent therapeutic and diagnostic
functions. In addition, its biodegradability also needs to be
evaluated to ensure that the inorganic/organic materials will
not accumulate in the body. Therefore, it is believed that hybrid
inorganic/organic nanoparticles with exosomes will become a
hot topic for future research after being baptized by scientists’
brainstorming.
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