European Journal of Pharmaceutics and Biopharmaceutics 154 (2020) 259-269

journal homepage: www.elsevier.com/locate/ejpb

Contents lists available at ScienceDirect

European Journal of Pharmaceutics and Biopharmaceutics

Exosomes as drug delivery systems: A brief overview and progress update R

Suyash M. Patil, Shruti S. Sawant, Nitesh K. Kunda“

Check for
updates

Department of Pharmaceutical Sciences, College of Pharmacy and Health Sciences, St. John's University, Jamaica, NY 11439, USA

ARTICLE INFO ABSTRACT

Keywords:
Exosomes
Drug delivery
Cancer

Gene therapy
Drug carrier

Exosomes are intracellular membrane-based vesicles with diverse compositions that are involved in biological
and pathological processes. Since the discovery of exosomes, they have been used as diagnostic biomarkers and
as potential drug delivery vehicles based on their size and competence to transfer biological materials to re-
cipient cells. The properties of exosomes such as biocompatibility, preferred tumor homing, adjustable targeting
efficiency, and stability make them striking and excellent drug delivery vehicles for use in various diseases and
cancer therapy. In this article, we provide a brief overview of the biogenesis, functions, and contents of exosomes

along with the separation and characterization techniques. Our major focus is on the recent progress made in
application of exosomes as drug delivery systems involving delivery of small molecules, macromolecules, and
nucleotides. Further, we discuss the challenges faced when using exosomes as a drug delivery vehicle.

1. Introduction

“Communication is an art which leads to community.” The cells in
our body communicate, function in unison and are in complete syn-
chrony with each other leading to a cellular community. Cellular
communication plays a pivotal role for the cells to work in coordination
and to effectively carryout their functions.

Intercellular communication occurs due to the presence of connec-
tions such as the gap junctions or by the process of cell signaling. Cell
signaling involves the release of chemical mediators or bioactive mo-
lecules that alter or regulate other cells in the vicinity [1]. For instance,
the hormones and enzymes secreted by a cell produces an effect onto
another cell at a distant location. A peculiar mode of intercellular
communication with distant cells occurs via the extracellular vesicles.
These membrane vesicles serve as cargo transporters and are re-
sponsible for the transport of lipids, proteins, and genetic material to
the recipient cells [2]. Exosomes are a type of extracellular vesicle with
size ranging from 30 to 150 nm. The exosomes can enter the cells, re-
lease its cargo and mediate physiological and pathological processes.
For example, they are capable of regulating the gene expression of the
recipient cell via the delivery of specific mRNA [3], mediate immune
stimulation or repression [4], promote excretion from organs, and the
elimination of waste from the brain [5].

The ability of exosomes to mediate certain physiological and pa-
thological processes is exploited to design the delivery of therapeutic
agents to a specific target with the aim of mitigating the systemic
toxicity. In view of their natural origin, exosomes show little long-term
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accumulation in any organ or tissue thus, resulting in minimal or no
systemic toxicity. Owing to their compatibility with the biological
system and their organotropic behavior [6], exosomes are employed as
natural drug delivery vehicles to deliver a wide range of therapeutics
including genetic material for their inherent ability to transport the
therapeutic cargo into the cells [7]. In addition, the low im-
munogenicity and toxicity make exosomes an ideal candidate for de-
signing novel drug delivery systems.

Currently, liposomes and polymeric nanoparticles are the most
preferred drug delivery systems. Liposome, a synthetic vesicle with a
phospholipid membrane that self assembles into various shapes and
sizes in an aqueous environment. Polymeric nanoparticles, as name
suggests uses polymers to help in the entrapment, encapsulation, or
adsorption of drug molecules. Both these drug delivery systems have
been used to deliver different drugs including proteins and peptides,
anti-cancer drugs and analgesics. Still, the ability of liposomal system to
invade host immune system along with circulating capability and sta-
bility, without toxicity remains incomprehensible. Though polymeric
nanoparticles solve the stability issue, their toxicity and biocompat-
ibility remain a major concern, especially when using nonbiodegrad-
able polymers. Exosomal drug delivery system with minimal toxicity,
biocompatibility, tissue and tumor targeting, and long circulating half-
life emerges to be a superior choice, overcoming the shortcomings of
liposomes or polymeric nanoparticles.

In the last decade, there have been numerous publications exploring
the potential of exosomes as drug carriers. Fig. 1 below shows the
number of publications published per year, as per Pubmed, containing
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Fig. 1. Number of publications containing the search terms ‘exosome’ and ‘drug
delivery’, obtained from Pubmed.

the term ‘exosomes’ and ‘drug delivery’. In this review, we present a
brief overview of exosomes, source, isolation, purification, and char-
acterization. Further, we will focus on the recent progress made in
exosome-based drug delivery.

2. Source/biogenesis of exosomes

The exosomes originate from the endosomal system. The early en-
dosomes mature to form late endosomes, also known as multivesicular
bodies (MVBs). The inward budding of the MVBs produces intraluminal
vesicles (ILVs) in the lumen of organelles. The ILVs are also known as
exosomes. The MVBs fuse with the plasma membrane and release
exosomes into the extracellular environment (Fig. 2) [2,8,9].

The extravascular vesicles released may be classified into three
types based on their origin and size: (a) Exosome (diameter in the range
30-150 nm), (b) Microvesicles (50 nm-1 pm), and (c) Apoptotic body
(50 nm-5 pm). The exosome subpopulation further has large exosomes
(Exo-L; 90-120 nm), small exosomes (Exo-S; 60-80 nm), and exomeres

Exosomes

Fig. 2. Formation of exosomes. Exosomes are derived from the endosome
formed from plasma membrane. As early endosome matures into the late en-
dosomes, inward budding occurs and forms multivesicular bodies (MVB) con-
taining numerous intraluminal vesicles (ILV). The MVBs either get degraded by
lysosomes or fuse with the plasma membrane to release ILVs called exosomes.
Adapted from [2]
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(.35 nm) [9].

Exosomes are membrane derived, homogenous vesicles having
multiple origins and can be classified as ectosomes (exosomes secreted
by neutrophils or monocytes) or cardiosomes (exosomes produced by
cardiomyocytes) [1]. The released exosomes generally loaded with
genetic and proteomic information acts as a cargo transporter by three
mechanisms. Firstly, ligand receptor binding — the exosomes activate
the target cells by binding with specific ligands on their receptors.
Secondly, the exosomes may transfer surface receptors from one cell to
another target cell by budding followed by fusion with the plasma
membrane. The third mechanism involves horizontal transfer of cyto-
solic contents from donor cell to the target cell by fusion of the mem-
brane or internalization [10]. The exosome uptake by a recipient cell is
highly cell-specific and the specificity depends on the interaction be-
tween the surface molecules of the recipient cell and the exosomes. This
attributes to the cell targeting and adhesion property of the exosomes.

3. Contents of exosomes

Since exosomes are derived from endosomes, they have intercellular
material derived from the parent cells. Exosomes have wide array of
constituents such as surface proteins, heat shock proteins, lysosomal
proteins, tumor sensitive gene, fusion proteins and nucleic acids, each
exhibiting certain functions (Table 1). The lipid bilayer of the exosome
is rich in cholesterol and diacylglycerol [6]. Lipids such as sphingo-
myelin and monosialo tetrahexosylganglioside (GM3) determine the
rigidity of the exosomes. In addition, the different types of phospholipid
transportation enzymes in exosomes are expressed by phosphati-
dylserine [11]. Other functions of lipids include docking outer proteins
and fusion of exosome to plasma membrane and signaling [12]. Pros-
taglandins are reported to be involved in the biological responses and
inflammatory processes [13].

Proteins in exosomes exhibit a distinct function in biogenesis and
transport mechanisms. The intracellular assembly and trafficking in

Table 1
Composition of exosomes, functions of components and examples [14].
Composition Function Example
Lipids and Vesicle formation Glycosphingolipids
Metabolites Biogenesis Monosialotetrahexosylganglioside
Release & Interaction (GM3)
with target cells Sphingomyelin
Pathophysiological Cholesterol
conditions Phosphatidylserine
Inflammatory Prostaglandins
processes Glycerophospholipids
Rigidity Organic acids, alcohols, steroids,
phenols and amino acids conjugates,
sugar and conjugates
Proteins Transporters ATP7A, ATP7B, MRP2, SLC1A4,
SLC16A1, CLIC1
Receptors CD46, CD55
Heat Shock Proteins Hsc70, Hsp70, Hsp90
Tetraspanins CD9, CD81, CD82

Nucleic Acids

Metabolic enzymes
Antigen Presentation
Proteins

Lysosomal markers
Membrane Adhesion
Proteins

Mediator of
horizontal transfer of
genetic information
Gene regulation
Target Cells

Gene Silencing
Carcinogenesis and
cancer progression

GAPDH, Pyruvate
HLA Class I & II, Peptide complexes

CD63, Lysosome membrane protein 2
Integrins

mRNA

Non-Coding RNA
miRNA

Long Non-Coding RNAs
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exosomes are carried out by heat shock proteins (Hsc70, Hsp70,
Hsp90). Tetraspanins (CD9, CD81, CD82) mediate signaling, cell fusion,
and migration. Membrane adhesion proteins and integrins adhere the
vesicles to their target cells. Transporters (ATP7A, ATP7B, MRP2,
SLC1A4, SLC16A1, CLIC1) and receptor (CD46, CD55) proteins carry
out their function of communication and cargo transport [14-16].

Exosomes contains various nucleic acids to carry out a definite
purpose. Messenger RNA (mRNA) is the mediator of horizontal transfer
of genetic information in exosomes [17]; whereas micro RNA (miRNA)
serves the function of cell targeting and gene silencing [18]. Exosomes
also have noncoding RNA out of which shorter ones regulate the gene
[19] and long non-coding RNAs are involved in carcinogenesis and
cancer progression [20]. Circulating DNA (cDNA), a heterogenous po-
pulation of genomic and mitochondrial DNA, contains genetic altera-
tions and reflects mutations, rearrangements and amplifications in
tumor tissues [21]. Table 1 lists the different components of exosomes
and their functions.

The natural exosomal cargo such as lipids, metabolites, functional
proteins, and nucleic acids (mRNAs, miRNAs, DNA) play an important
role in inter and intracellular communication and shows the possibility
for using exosomes as drug delivery systems to deliver therapeutic
drugs. However, in order to use exosomes as biomarkers and drug de-
livery systems, their isolation, purification, and characterization is ex-
tremely important and can be improved by innovative technologies.

4. Isolation & separation

Exosomes are always associated with cellular components and
hence, isolation of exosomes becomes vital to understand their me-
chanism and application in biologics. Many methods have been devel-
oped to facilitate the isolation of exosomes from body fluids. However,
similar morphology to that of other extracellular vesicles, overlapping
size range, and exceedingly smaller size makes it difficult to isolate
exosomes. To achieve high recovery rate, high purity and high
throughput separation, researchers have implemented various methods
and each method has its advantages and disadvantages that are dis-
cussed below (Table 2).
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4.1. Ultracentrifugation-based separation

The most common isolation technique is centrifugation.
Ultracentrifugation is based on the sedimentation coefficient difference
between exosomes and other extracellular content. Ultracentrifugation
can be further classified as differential ultracentrifugation and gradient
density ultracentrifugation. Differential ultracentrifugation involves
sequential differential velocity centrifugation with low-speed, high-
speed, followed by ultracentrifugation. At low-speed centrifugation, the
cell debris is removed and the cells are separated. At high-speed cen-
trifugation, large extracellular vesicles, apoptotic bodies, and micro-
vesicles are separated and removed. Finally using the ultracentrifuga-
tion, exosomes are sedimented and collected. However, this method has
low purity of separation that can be overcome by gradient ultra-
centrifugation. This method uses two or more different gels or solutions
of different densities. The EVs are separated according to their densities
and hence, achieve high separation rate. However, this method is time
consuming since it takes a while to attain equilibrium of solutions
[22,23].

4.2. Immunological separation

The principle of immunological separation is based on the antigen-
antibody reaction to capture exosomes. This method exploits the pre-
sence of various proteins on exosomes membrane to capture them.
Recent studies involve antibody-coated plates, chromatography ma-
trices and beads for immunological separation with high purity and less
time consumption. It is an expensive method as it involves special re-
agents and cell free samples and limits its use in large scale samples
[22,24].

4.3. Ultrafiltration

Ultrafiltration is a membrane separation technique that works on
the principle of separation based on size and molecular weight of
exosomes and other contents. Exosomes can be separated from mac-
romolecules using membranes containing pores equivalent to exosomes
size of 100 nm so that it passes through and other contents are retained
on the membrane. Ultrafiltration is often applied in combination with
ultracentrifugation to decrease the process time and ease of operation.

Table 2
Advantages and disadvantages of different isolation methods for exosomes.
Method Principle Advantages Disadvantages
Ultracentrifugation Sedimentation coefficient of Can produce large number of exosomes, Unsuitable for clinical diagnosis due to time required

Immunological Separation

Ultrafiltration

Size-Exclusion Chromatography

Polymer-based Precipitation
Separation

Magnetic Separation

Acoustic Fluid Separation

Dielectrophoretic (DEP) Separation

Deterministic Lateral Displacement
(DLD) Separation

exosomes and other substances in
sample

Antigen-antibody reaction to
capture exosomes

Size and molecular weight

Pore size of gel and size of
exosome

Hydrophobicity

Magnetic Force

Size-based separation

Size and electric properties of
polarized particle

Critical size for particle separation

high separation purity

Time-saving method, can directly
separate from body fluids, high-purity
isolation, simple procedure

Simpler and faster procedure, lack of
special equipment

High purity and yield

Small sample volume and simplicity of
operation

Contactless, high specificity and high-
throughput separation

Label-free, contactless and fast technique

Label-free, contactless, rapid and high-
throughput characteristics

Label-free, easy to use

(> 4h), low recovery rate (5-25%), and poor repeatability

The requirements of nonphysiological salt and pH
conditions, costly reagents, cannot be used for large scale
exosome separation

Clogging and trapping of exosomes in filters results in low
recovery rate, deformation and damage of larger EVs due
to force to drive through filters

Expensive, column contamination, time consuming post-
isolation analysis

Low specificity and high cost

Magnetic labelling

Not widely applied for separation yet

Low resolution, low purity, drawbacks of Joule and
electrothermal heating

Low separation purity, clogging
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But, multiple membrane washing steps will significantly increase the
process time, and the possibility of clogging of membrane pore limits
the use of this process [25].

4.4. Size exclusion chromatography

Size exclusion chromatography separation is based on the relative
pore size of gel and that of the sample to separate under gravitational
force. It preserves the biological activity and integrity of exosomes as no
external driving force is used for separation. It is an expensive method
to implement but has high purity and yield [25].

4.5. Polymer-based precipitation separation

The polymer-based precipitation separation method employs the
hydrophobicity of exosomal membrane and other water-soluble com-
pounds to bind water molecules and precipitate exosomes. Polyethylene
Glycol (PEG) method is widely used for exosome separation. Separation
kits are available commercially which requires small sample volume
but possess low specificity [26].

4.6. Magnetic separation

Magnetic separation requires antibody-modified magnetic beads
(magnetic labelling) to capture and separate exosomes. This method is
mostly used owing to its contactless, high-throughput and specific se-
paration. The exosomes are retained by immunomagnetic beads while
other contents are washed away by PBS. The antibody-labelled mag-
netic beads are lysed, captured and analyzed in the chamber [27].

4.7. Acoustic fluid separation

Acoustic fluid separation is another method that is based on the
principle of size-based separation. In acoustics, particles are subjected
to different acoustic force depending on their size and can be separated
accordingly. It is a contactless and label-free technique, but needs to be
validated and exploited for different sample separation [28].

4.8. Dielectrophoretic (DEP) separation

Dielectrophoretic separation works on the principle of polarized
particles experiencing dielectric force in a nonuniform electric field.
The magnitude of the forces exerted on particles via DEP is dependent
on the cells’ intrinsic dielectric properties and size as well as applied
electric field magnitude and frequency. Exosomes, a nano-sized particle
are attracted towards the high electric field regions while larger parti-
cles migrate towards low electric field. This method needs electro-
thermal heating which limits its use but can be explored for positives of
rapid and high-throughput characteristics [29,30].

4.9. Deterministic Lateral Displacement (DLD) separation

Devices or chips that facilitate DLD separation have specific critical
sizes for particle separation. The principle is that the flow path of
particles greater than the critical size will be changed and rest will flow
unaltered. Though it is easy to use and is label free, researchers are
facing challenges on separation and clogging [31,32].

5. Characterization techniques

Characterization of exosomes is essential to understand the exo-
somal properties and functions along with size range, structure, and
surface proteins as they influence drug loading and delivery. The con-
ventional exosomes characterization techniques can detect the mor-
phology, size, quantity, and surface protein contents. However, the
conventional exosome characterization techniques still have
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shortcomings, such as complicated equipment, low sensitivity, and high
reagent consumption. These conventional exosome detection techni-
ques are classified as optical methods namely dynamic light scattering
and nanoparticle tracking analysis whereas non-optical methods in-
clude transmission electron microscopy, atomic force microscopy and
enzyme-linked immunosorbent assay. Fortunately, with the rapid de-
velopment of microfluidics detection techniques, we can achieve high
throughput with high precision and low reagent consumption.
Microfluidics-based exosome detection techniques include fluorescence
correlation microscopy (FCM), colorimetric detection, surface plasmon
resonance (SPR) detection, and nuclear magnetic resonance (NMR)
detection.[33]. Listed below are some of the common techniques used
in the characterization of exosomes.

5.1. Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS), known as photon coherence spec-
troscopy, is a physical characterization method used to measure particle
size and distribution in suspension. DLS works on the principle of light
scattering by particles detected by a camera and optical signal is ana-
lyzed to detect the particles. This technique is used to determine the
size of exosomes but cannot be employed to obtain source information.
If sample contains uniform exosomes, this method can be used to obtain
accurate size information. However, limitation of this method is for
samples with different particles sizes, larger particles interfere with
small particles detection and thus obtaining size distribution is not ideal
using this method [34,35].

5.2. Nanoparticle Tracking Analysis (NTA)

Nanoparticle Tracking Analysis (NTA) is combination of light scat-
tering and Brownian motion of particles to analyze the particle size of a
sample. It tracks the Brownian motion of particles individually and si-
multaneously estimates the hydrodynamic diameters. It can detect
different sizes in the samples as each particle is imaged in different
regions. Also, NTA can analyze fluorescence and hence can detect the
antigen present on exosomes by fluorescence labelling [36,37].

5.3. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) uses accelerated electron
beam to determine the structure and morphology of particles. TEM
gives the image of exosomes and hence size can be measured from it.
However, morphology of exosomes can be affected during TEM sample
preparation. Cryo-TEM is upgradation which eliminates sample pre-
paration effects [38,39].

5.4. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is used to measure the relative size
distribution and map the mechanical properties of exosomes. AFM uses
surface scanning with tip of cantilever beam and provides sub-nan-
ometer resolution imaging. AFM can be used to quantify and detect the
structure, biomechanics and abundance simultaneously [40].

5.5. Engyme-linked Immunosorbent Assay (ELISA)

ELISA is plate-based assay for detection and quantification of pep-
tides, proteins, antibodies and hormones. Recently, it has been used to
detect exosomes but requires large volumes of samples and has low
sensitivity. Immunosorbent assay using ELISA has been developed
which gives absolute cancer exosome count with high accuracy [41].

5.6. Fluorescence Correlation Microscopy (FCM)

Microfluidics-based Fluorescence Correlation Microscopy (FCM)
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groups such as polyethylene glycol (PEG), specific ligands can be expressed to obtain a targeted exosome.

Adapted from [3]

uses specific antibody to capture exosomes, captured exosomes are
stained with fluorescent dye and are quantified using plate reader.
Microfluidic chip can be fabricated for immunocapture and quantitative
analysis of exosomes based on FCM [42].

5.7. Colorimetric detection

Colorimetric detection is based on the color depth of a chromogenic
substance to detect a sample. It is used in association with microfluidic
systems to capture the exosomes or ELISA for detection and quantifi-
cation of exosomes. Researcher have successfully applied this method in
detection of exosomes from cancer cells [43,44].

5.8. Surface Plasmon Resonance (SPR) detection

Surface Plasmon Resonance (SPR) is based on resonant oscillation
between conduction electrons at the interface between negative di-
electric constant material and a positive dielectric constant material. To
enhance the detection performance, a nano plasmonic exosome
(nPLEX) made by optimizing a nano substrate is used to detect exo-
somes. Based on nPLEX chip, we will be able to functionalize each nano
pore with antibodies so that distinct nanopores can bind certain exo-
somes. It detects various exosomes and quantifies multiple exosomal
proteins by microfluidics based SPR chip [45,46].

5.9. Nuclear Magnetic Resonance (NMR) detection

Nuclear Magnetic Resonance (NMR) is widely used in chemical
analysis. However, researchers have developed microNMR systems to
quantify the number and the proteins present in exosomes. Systems
captures the microvesicles with immunomagnetic nanoparticles and
can be used to detect the exosomes after concentrating it by filtration.
Signal-to-noise ratio is used to estimate the number of exosomes
[47,48].

6. Exosomes as drug delivery system

For exosomes to be effectively used as drug delivery systems, ther-
apeutic agents need to be efficiently loaded into the exosomes.
Therapeutic agents are incorporated into exosomes by two key ap-
proaches: active or passive loading/encapsulation [49-51]. Passive
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drug loading methods are relatively simple and straightforward. Passive
loading can be achieved either by incubation of drug with exosomes or
incubation of drug with donor cells. In incubation with exosomes, the
drugs diffuse into the exosomes based on concentration gradient
whereas in incubation with donor cells, the cells are initially treated
with drugs and these cells later secrete exosomes loaded with the drug.
Active drug loading method offers enhanced drug loading efficiency
and facilitates loading of large molecules. Active drug loading can be
achieved either by sonication, extrusion, electroporation, or drug con-
jugation techniques [52]. In the sonication method, the membrane in-
tegrity of exosomes is compromised to allow the drug to diffuse into
exosomes without affecting membrane-bound proteins. Similarly, ex-
trusion also disrupts membrane diffusion that is enabled by syringe-
based lipid extruder. In the electroporation method, the exosomes are
suspended in a conductive solution and subjected to an electric field.
The electric field disrupts the phospholipid bilayer and introduces
temporary small pores through which the drug diffuses into the exo-
somes. Alternatively, drugs can be conjugated to the surface of exo-
somes via click chemistry or antibody binding. In click chemistry, the
drug molecules are directly attached to the surfaces of exosomes via
covalent bonds whereas in antibody binding highly specific antibodies
are used to bind to a specific antigen on the exosome surface. The
above-mentioned drug loading methods all produce different loading
capacities and the choice to be employed is dependent on the properties
of the cargo such as hydrophilicity, lipophilicity, and molecular weight.
Also, apart from the loading efficiency, exosome membrane integrity
and stability are of utmost importance in drug delivery [50-52]. Fig. 3
below shows a schematic of exosomes with different components that
can be loaded into the exosome using the different methods discussed
above. We will briefly discuss recent research articles that employed
various approaches to load and deliver drugs using exosomes as drug
delivery systems. Table 3 below lists recent research publications
wherein exosomes were used as drug delivery vehicles against different
diseases.

6.1. Small molecules

Extensive research has been done using exosomes as a vehicle for
therapeutic drug delivery. Particularly, exosomes isolated from cancer
cells were loaded with anti-cancer agents and explored for their po-
tential as anti-cancer drug delivery systems. Doxorubicin (Dox) is an
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anti-cancer agent commonly used to treat a broad range of cancers.
However, prolonged exposure to Dox causes significant cytotoxicity and
limits its continued use. Schindler et al. have shown that Dox loaded
exosomes (Exo-Dox) were readily up taken by cells and re-distributed
from the endosomes to nucleus as compared to free Dox and liposomal
Dox (Myocet® and Doxil®). Further, the Exo-Dox displayed enhanced in
vitro potency in multiple cell lines including human embryonic kidney
cells (HEK293), human umbilical vein endothelial cell (HUVEC), and
hiPS cardiomyocytes, compared to free Dox and liposomal Dox [53]. In
another recent study by Li et al., antibody-functionalized exosomes for
targeted delivery of Dox against colorectal cancer were developed and
evaluated in vivo. In this study, exosomes were isolated from A33-po-
sitive colorectal cancer (LIM1215) cells (A33-Exo) by ultracentrifuga-
tion and loaded with Dox. Additionally, super magnetic iron oxide
nanoparticles (US) with A33 antibodies were bound to A33-positive
exosomes to form complex exosomes (A33Ab-US-Exo/Dox) that target
A33-positive colon cancer cells. After administration of the modified
exosomes, the results showed good affinity and anti-proliferative effect
in LIM1215 cells. In vivo studies exhibited excellent tumor targeting
ability and tumor inhibition with prolonged survival of mice and re-
duced cardiotoxicity after intravenous administration. They success-
fully demonstrated that exosomes functionalized with targeting ligands
and high-density antibodies can be an effective approach for cancer
targeting [54].

Gomari et al. used mesenchymal stromal cells derived exosomes
modified by loading Dox to target breast cancer cells in vivo. For tar-
geting HER2+ TUBO breast cancer cells, the authors expressed the li-
gand, LAMP2b-DARPin, on the surface of exosomes as it is known to
bind to HER2+ but not HER2- cells. In a HER2+ TUBO breast cancer
model, the authors show that the modified exosomes led to an increase
in the accumulation of Dox in tumor site and resulted in a significant
tumor growth reduction compared to untargeted Dox-loaded exosomes
and free Dox [55,56]. Yong et al. developed biocompatible tumor-cell-
exocytosed exosome-biomimetic porous silicon nanoparticles (PSiNPs)
as drug carriers for targeted cancer chemotherapy. Exosome-enclosed
doxorubicin loaded PSiNPs (Dox@E-PSiNPs) were generated by exo-
cytosis of the endocytosed DOX-loaded PSiNPs from tumor cells. In vivo
studies showed an increase in anti-cancer activity and tumor growth
reduction in subcutaneous (H22 tumor bearing mice), orthotopic (4T1
breast cancer) and metastatic (B16-F10 lung metastasis cancer) tumor
models supporting the efficiency of this system [57].

Various researchers evaluated the exosomal drug delivery of pacli-
taxel (PTX), another commonly used anti-cancer agent. Kim et al. used
macrophage-derived exosomes for PTX delivery to pulmonary metas-
tases. They used exosomes released by primary bone-marrow derived
macrophages and incorporated aminoethylanisamide-polyethylene
glycol (AA-PEG) moiety to target the sigma receptor, which is over-
expressed in lung cancer cells. Experimental results showed that en-
gineered exosomes possessed a high loading capacity (~33%) along
with cancer targeting, potent inhibition of pulmonary metastases
growth and prolonged survival compared to non-targeted exosomes
[58]. In another study by Wang et al., exosomes derived from M1-po-
larized macrophages were loaded with PTX and administered to treat
breast cancer (4T1 cells) in a mouse model. M1-Exos provided pro-in-
flammatory environment which enhanced the anti-tumor activity via
caspase-3 mediated pathway [59]. In another example, exosomes de-
rived from human bone marrow-derived mesenchymal stem cells were
used for PTX loading and were tested against triple negative breast
cancer (TNBC) (MDA-MB-231) cells. In vitro and in vivo results showed
significant cytotoxicity and tumor growth inhibition [60]. Zhu et al.
focused on assessing the effect of PTX drug alone and with exosome
system (cCRGD-Exo-PTX) on glioblastoma. For the glioblastoma therapy,
the authors used embryonic stem cells-derived exosomes and loaded
them with PTX. In vitro and in vivo results summarized that the cRGD-
Exo-PTX significantly improved curative effects of PTX via enhanced
targeting in glioblastoma therapy [61]. Various other studies show the
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specific and efficient targeting of exosomes loaded with small molecules
including PTX against lung cancer (A549) [62], ovarian cancer
(SKOV3) [63] and breast cancer (MDA-hyb1) cells [62].

Other drugs used for exosomes drug delivery are gemcitabine (Gem)
for pancreatic cancer and dopamine for treating Parkinson’s disease.
Exosomes loaded with gemcitabine (Exo-Gem) were evaluated in pan-
creatic tumor-bearing mice and results showed suppressed tumor
growth with prolonged survival and minimal damage to normal tissues
[64]. Parkinson’s disease, most common neurodegenerative disorders is
challenging to treat owing to blood-brain barrier blocking passage for
most of the drugs. Exosomes, besides enhancing the drug properties, are
employed to carry small-molecules across the blood-brain barrier. In
vitro and in vivo studies of dopamine-loaded exosomes showed better
therapeutic efficacy in Parkinson’s disease mouse model and lower
systemic toxicity after intravenous administration compared to dopa-
mine alone [65].

6.2. Large molecules

In addition to small molecules, exosomal drug delivery systems are
used to deliver large molecules such as proteins and peptides. In a re-
cent study by Tian et al., exosomes were used for the treatment of is-
chemic stroke in which the artery of brain is blocked. Briefly, exosomes
were conjugated with c(RGDyK) peptide on the surface using bio-or-
thogonal chemistry to target the lesion region of the ischemic brain.
Curcumin was loaded into these engineered exosomes to suppress the
inflammatory response and cellular apoptosis in the lesion region. In
vivo results showed encouraging targeting ability and therapeutic effi-
cacy of the cRGD-Exo delivery system [66]. Another study by Liu et al.
investigated the use of exosomes in neuronal recovery in ischemic
stroke by inhibiting neuronal p53/Caspase-3. Enkephalin, a pentapep-
tide, is a neurotransmitter and is used to promote neuron regeneration.
In vivo delivery of exosomal system in rats carried out using a transient
middle cerebral artery occlusion (tMCAO)/reperfusion model showed
exosomes to cross the blood-brain barrier and decrease the levels of
lactate dehydrogenase (LDH), p53 and caspase-3. In addition, it im-
proved brain neuron density and neurological score suggesting neuro-
logical recovery after stroke [67].

Kim et al. evaluated whether genetic modification of exosomes to
express a targeting ligand will enhance the delivery to the target tissue
and reduce systemic toxicity. To investigate this theory, exosomes were
modified to express the cardiac-targeting peptide and their ability to
deliver to heart cells and tissues in both in vitro and in vivo was eval-
uated. Exosomes were isolated from HEK293 cells by differential cen-
trifugation. After isolation, exosomes were genetically modified by in-
troducing cardiac-targeting peptide (CTP)-Lamp2b on the exosomal
membrane (CTP-Exo) and expression of CTP-Lamp2b peptide was sta-
bilized by attaching glycosylation sequences. They used exosomes ex-
pressing only Lamp2b on exosomal membranes (CTL-Exo) as a control.
In vitro studies showed a significant increase in delivery of CTP-Exo in
HO9C2 rat cardiomyocytes compared to CTL-Exo. Moreover, in vivo
studies showed significant increase in delivery of CTP-Exo (15% more)
than CTL-Exo suggesting that genetic modification with targeting pep-
tides does increase exosomes delivery, reduce systemic toxicity (similar
accumulation levels in spleen and liver between CTL and CTP-Exo), and
can be explored as therapeutic tool for heart diseases [68].

Delivery of trastuzumab-emtansine (T-DM1), an antibody-drug
conjugate, was examined against HER2-postive cancer by Barok et al.
Exosomes were isolated from several HER2+ (SKBR-3 and EFM-192A
breast cancer), HER2- (MCF-7 breast cancer) and gastric cancer (SNU-
216) cell lines via ultracentrifugation and were treated with T-DMI.
The results showed that T-DM1 exosomes bind to HER2+ but not
HER2- cancer cells. Further, T-DM1-containing exosomes resulted in
growth inhibition and activation of caspases-3 showing the binding of
T-DM1 to HER2 + cancer cells [69].
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6.3. Nucleic acids

Exosomes naturally carry nucleic acids such as DNA and RNA to
targeted cells and induces genetic modifications in both biological and
pathogenic processes as we discussed earlier. Because of the natural
ability to carry genetic material, exosomes drew major interest in drug
delivery strategies involving genetic therapy that alter gene expression
in certain diseases and improve genetic therapy.

6.3.1. Small interference RNA (siRNA)

In genetic therapy, siRNA is used to disrupt genes of interest, but
they have low stability and tend to degrade in systemic circulation.
Exosomes, however, help in overcoming this challenge by protecting
and delivering siRNA to targeted cells and act as therapeutic vehicles.
Several studies have been performed to investigate successful delivery
of siRNA to target cells. In a recent study by Faruqu et al., siRNA was
loaded into exosomes and successfully delivered to cancer cells in vitro.
Exosomes were collected from HEK-293 cells by differential cen-
trifugation and ultracentrifugation onto sucrose cushion. siRNA was
fluorescently labeled and loaded into exosomes by electroporation and
excess siRNA was removed using gel filtration. In vitro results showed
promising exosome yield, encapsulation efficiency of siRNA, and ability
of exosomes to deliver into cancer cells [70]. Similar exosomal system
(LAMP2B-DARPin bearing exosomes) was developed by Limoni et al. to
bind specifically to HER2/Neu and deliver the siRNA molecule against
TPD52 gene into SKBR3 cells. The siRNA loaded exosomes successfully
downregulated the TPD52 gene expression by 70% [71].

Park et al. determined the efficiency of serum-derived exosomes in
delivering tyrosinase-related protein-2 (TRP-2) peptides to lymph
nodes. Exosomes loaded with TRP-2 shows strong release of proin-
flammatory cytokines (TNF-a and IL-6) from both macrophages
(RAW264.7) and murine dendritic cell (DC2.4 [72]. Serum-derived
exosomes were loaded with siRNA, functional in modulating lipopoly-
saccharide (LPS)-induced lung inflammation in vivo, and were delivered
via intratracheal instillation into lung macrophages avoiding the im-
mune system which is major challenge in deliver [73]. Zhao et al. de-
veloped biomimetic nanoparticles (cationic bovine serum albumin
(CBSA) conjugated siRNA, siS100A4, and exosome membrane coated
nanoparticles, CBSA/siS100A4@Exosome) to deliver to the lung pre-
metastatic niche. Exosomes were isolated by ultracentrifugation and
BSA-siRNA-Exo were prepared by incubation and extrusion method.
The exosomal system exhibited gene-silencing effects that significantly
inhibited the growth of malignant breast cancer cells [74].

6.3.2. microRNA (miRNA)

miRNA is non-coding RNA and with non-protein nucleotides is
found in eukaryotic cells. They bind to complementary sequences on
targeted mRNA and control the post-transcriptional gene expression.
Since, miRNA is naturally present in exosomes, they are used as ther-
apeutic vehicles to carry miRNA.

In a recent study, Gong et al. investigated the exosomal delivery
facilitated by co-administration of Dox and -cholesterol-modified
miRNA 159 (Cho-miR159) to TNBC cells. Exosomes (Exo) were derived
from continuous protein kinase C activation in monocyte-derived
macrophages. These exosomes had the modified version of disintegrin
and metalloproteinase 15 (A15) on membranes (Al5-Exo). In vitro
studies showed synergistic therapeutic effect of A15-Exo co-loaded with
Dox and Cho-miR159 in MDA-MB-231 TNBC cells whereas in vivo stu-
dies showed effective silencing of TCF-7 gene and demonstrated im-
proved anti-cancer effects and low cytotoxicity [75]. Liang et al. en-
gineered exosomes to co-administer 5-Fluorouracil (5-FU) and
microRNA-21 inhibitor oligonucleotide—(miR-21i) to HER2 expressing
cancer cells. After systemic administration, the dual drug loaded exo-
somes downregulated miR-21 induced cell cycle arrest, reduced tumor
proliferation, increased apoptosis and rescued PTEN and hMSH2 ex-
pressions, regulatory targets of miR-21. Further, the combinational
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delivery of miR-21i and 5-FU within exosomes effectively reversed drug
resistance and significantly enhanced the cytotoxicity in 5-FU-resistant
colon cancer cells [76]. Another study used exosomes derived from
MDA-MB-231 cells for treating NSCLC. Exosomes (231-Exo) were spe-
cifically internalized by NSCLC via interaction between overexpressed
integrin 34 (on exosomes) and surface protein C (SPC) on cancer cells.
miRNA-126 was loaded in exosomal carriers (miR-126:231-Exo) and
suppressed cell proliferation and migration through interrupting PTEN/
PI3K/AKT signaling pathway. In vivo study showed the inhibition of
lung cancer metastasis in mice [77].

Hepatocellular carcinoma (HCC) displays high resistance to com-
monly used chemotherapeutic agents (e.g. doxorubicin) hence new
therapeutic approaches to enhance HCC chemosensitivity is the need of
the hour [78]. Lou et al. developed adipose tissue-derived MSCs
(AMSCs) to deliver miRNA-199a (miR-199a) for improving HCC che-
mosensitivity. Experimental studies such as cell proliferation and
apoptosis assays for chemosensitivity and mTOR levels in HCC cells by
western blot analysis showed that Exo-miR-199a significantly sensitized
HCC cells to Dox by targeting mTOR and subsequently, inhibiting the
mTOR pathway [79]. Another study by O’Brien et al. focused on deli-
vering potential tumor suppressor microRNA, miR-379 for in vivo
therapy of breast cancer. They administered extracellular vesicle en-
capsulated miR-379 and found significant reduction in the rate of tumor
formation and growth in T47D breast cancer cells expressing miR-379
[80]. Naseri et al. used exosomes isolated from bone marrow-derived
mesenchymal stem cells (MSCs) and delivered anti-miR-142-3p. They
observed reduction in the mi-R142-3p and miR-150 levels and increase
in the transcription of the regulatory genes, APC and P2X7R, in TUBO
breast cancer cell lines. The MSC derived exosomal system penetrated
the tumor site and were able to deliver the inhibitory oligonucleotides
by downregulating the expression levels of the above mentioned mi-
croRNAs [81].

Also, exosomal delivery of miRNA proves boon for angiogenic
therapy. In particular, miR-210 has shown improvement in angiogen-
esis for brain tissue repair after cerebral ischemia. Zhang et al. for-
mulated exosomes conjugated with ¢(RGDyK) peptide and loaded with
cholesterol modified miR-210 (RGD-exo: miR-210). The intravenous
administration of the exosomal system resulted in increase of miR-210
in the lesion region of the ischemic brain. Furthermore, it was observed
that repeated administration of RGD-exo: miR-210 every alternate day
for 14 days resulted in the upregulation of integrin (3, vascular en-
dothelial growth factor (VEGF), and CD34 which promotes wound-
healing in ischemia. They also observed enhancement in animal sur-
vival rate advocating the targeted delivery of miR-210 to ischemic brain
and acting as angiogenic agent [82].

Recent studies demonstrated role of exosomes in cartilage re-
generation and enhancing their regenerative effect. In one of the stu-
dies, they combined exosomes with microRNA-140 (miR-140) to en-
hance the cell differentiation by inducing membrane fusion and
consequent miR-140 release into the cytoplasm. The Exo-miR-140
system was formulated by the freeze and thaw method. The effects of
exosomal system on bone marrow stem cells (BMSCs) was evaluated by
cell adhesion and morphology, and their uptake efficiency by real-time
polymerase chain reaction (RT-PCR). The RT-PCR results showed the
differentiation of BMSCs into chondrocytes involved in cartilage
healing process exploiting the tissue engineering route [83]. A similar
exosomal system loaded with miR-375 (Exo-miR-375) was formulated
to facilitate the bone regeneration in rat model of calvarial defect.
Administration of Exo-miR-375 improved the osteogenic differentiation
of BMSCs to promote bone regeneration [84].

6.3.3. Clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) system

In recent years, researchers have used CRISPR/Cas9 systems to treat
various genetic diseases such as cancers via repairing, deleting or si-
lencing certain genetic mutations relating to the disease. For the
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CRISPR/Cas9 system to be efficient in editing the gene, targeted de-
livery of CRISPR/Cas9 system to the receptor cells is essential. Lin et al.
used exosome-liposome hybrid nanoparticles to deliver CRISPR/Cas9
system into MSCs. Exosomes were derived from HEK293FT cells and
isolated by ultracentrifugation. Hybrid exosomes were produced via
simple incubation of exosomes with liposomes and large DNA molecule
was encapsulated into exosomes and transferred exosomes to MSCs.
They were successful in using the hybrid nanoparticles to deliver into
MSCs and regulate the target gene expression [85]. Another study by
Kim et al. suggests that cancer-derived exosomes possessed better
tumor targeting potential compared to epithelial cell-derived exosomes.
Briefly, delivery of CRISPR/Cas9 was evaluated using exosomes derived
from SKOV3 cells and HEK293 cells and found that cancer-derived
exosomes serve as potential vehicles for effective in vivo delivery via
selective accumulation because of cell tropism. CRISPR/Cas9-loaded
exosomes inhibited expression of poly (ADP-ribose) polymerase-1
(PARP-1), resulting in the induction of apoptosis in ovarian cancer. The
CRISPR/Cas9-mediated genome editing enhanced the chemosensitivity
to cisplatin, showing synergistic cytotoxicity [86].

7. Challenges in using exosomes for drug delivery

Contrasting conventional nanoparticulate systems such as liposomes
or polymeric nanoparticles, exosomes can possibly avoid the endosomal
pathway and lysosomal degradation and deliver cargos directly into the
cytoplasm. However, inefficient understanding of exosome nature and
their role in overall disease and health conditions makes it difficult to
foresee long-term safety and therapeutic effect. There exist many
challenges in a clear understanding of exosomes regarding therapeutic
cargo loading and assembly for drug delivery.

Isolation and separation of exosomes with high purity on a large
scale is essential if exosomes are to be used as drug delivery carriers in
large-scale. Presently, there is no distinct ideal purification technique
for isolation and separation of exosomes with high purity [87]. The
multitude of existing separation and isolation techniques not only yield
low quantities of exosomes but also are expensive for large scale pro-
duction [88]. To achieve targetability of exosomes, ligands are attached
to the surface through chemical conjugation and these active targeting
molecular combinational techniques and systems needs to be examined
for safety and efficacy.

Even though extensive biology is known, exosomes consist of het-
erogenous components that exhibit different cellular functions. If in-
appropriate donor cells are chosen to derive exosomes they may show
immunogenicity effects. Further, exosomes contribution in tumor pro-
gression or membrane antigens release is of huge interest in tumor
growth. For example, exosomes that transport caspase-3 may inhibit
cell death by apoptosis or enhance tumor cell survival by averting
chemotherapeutics drug accumulation [89]. Exosomes role in disease
must be investigated in detail to enable clinical translation and allow
for safe use of exosomes as drug delivery vehicles in cancer treatment.
Clearly, further research is required into the composition of exosomes
and their efficacy as a drug carrier.

8. Conclusions and outlook

The advent of exosomes and their functions in biology are one of the
most exciting breakthroughs in the medical field in recent years.
Exosomes, a nano-vesicle produced by most cell types, performs an
exceptional role in cell-cell communication and can deliver various
cargos of drug molecules, proteins, and nucleotides. As a relatively new
carrier system, exosomes have various advantages such as unique
structure, distinct physiochemical characteristics, low immunogenicity
and toxicity and inherent targeting ability. Few exosomal systems have
entered clinical trials but component characterization and immune re-
actions need to be clearly identified. Despite the great development, to
realize the full potential of exosomes as drug carriers, there are many
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challenges to address which include standardized separation and pur-
ification method, low yield after isolation, and poor stability. Recent
literature shows continued exploration and promise of exosomes as
drug delivery carriers for various diseases including solid tumors, bone
regeneration, cardiac diseases, Parkinson’s amongst others. With in-
creased research on exosomes, we are hopeful that the challenges will
be addressed soon and the clinical translation realized.
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