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Exosomes are extracellular nanovesicles. They innately possess ideal structural and 
biocompatible nanocarrier properties. Exosome components can be engineered 
at the cellular level. Alternatively, when exosome source cells are unavailable for 
customized exosome production, exosomes derived from a variety of biological 
origins can be modified post isolation which is the focus of this article. Modification 
of exosome surface structures allows for exosome imaging and tracking in vivo. 
Exosome membranes can be loaded with hydrophobic therapeutics to increase drug 
stability and efficacy. Hydrophilic therapeutics such as RNA can be encapsulated in 
exosomes to improve cellular delivery. Despite advances in post isolation exosome 
modification strategies, many challenges to effectively harnessing their therapeutic 
potential remain. Future topics of exploration include: matching exosome subtypes 
with nanomedicine applications, optimizing exosomal nanocarrier formulation and 
investigating how modified exosomes interface with the immune system. Research 
into these areas will greatly facilitate personalized exosome-based nanomedicine 
endeavors.
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Exosomes are cell-derived nanovesicles. They 
relay information between tissue microen-
vironments [1] and can influence target cell 
function and differentiation [2]. They contain 
and protect valuable mRNA and miRNA 
information which corresponds to source cell 
normal or pathogenic processes.

The use of exosomes as nanocarriers pro-
vides a number of advantages over many 
artificial nanovesicles. For one, exosomes 
naturally carry RNA, lipid, protein and 
metabolite cargo [1,3–5] which enables their 
use as drug delivery vehicles. Additionally, 
similar to cells, exosomes contain a deform-
able cytoskeleton and ‘gel-like’ cytoplasm-
derived core [1]. Conceivably, these biophysi-
cal properties enhance exosome structural 
integrity and resistance to rupture during 

trafficking in vivo. This may explain in part 
the resistance of exosomes to osmotic lysis 
during hypotonic dialysis [6,7].

Exosome deformability should further 
facilitate exosome uptake into tissue microen-
vironments such as tumors via the enhanced 
permeability and retention effect. The aver-
age gap distance between endothelial cells in 
fenestrated tumor vasculature is ∼400 nm [8]. 
In general, nanocarriers with diameters less 
than 400 nm can be passively taken up by 
tumors. Exosomes can function essentially as 
nanoscale erythrocytes engaged in nanoscale 
diapedesis. Exosomes being <400 nm in 
diameter can easily traverse fenestrated capil-
laries to access tissue sites [1].

The near neutral, slightly negative zeta 
potential exhibited by exosomes [9–11] is ideal 
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for longer circulation in vivo as demonstrated in lipo-
somal studies [12]. Liposomes with positive zeta poten-
tials can aggregate with negatively charged circulatory 
proteins reducing their circulation time [12] and access 
to target sites.

Additional privileged access to tunneling nanotube 
conduits may further allow exosomes to deliver cargo 
deep within tissue microenvironments [1,13]. Tunnel-
ing nanotubes can transport vesicles between cells and 
could provide a means for exosomal nanocarriers to 
uniquely move cargo up concentration gradients which 
is a difficult feat for synthetic nanocarriers.

Exosomes also exhibit biocompatibility properties 
such as immune tolerance [1]. This allows exosomes to 
be essentially ignored by the immune system. They can 
avoid adaptive immunity-mediated clearance obstacles 
associated with the use of synthetic nanoparticles 
in vivo [1]. They also express a multitude of complex 
targeting ligands including integrins, tetraspanins and 
receptors in native conformations. This includes core-
ceptors required for appropriate signaling in vivo [1]. 
Attempting to duplicate the breadth, complexity, orga-
nization and natural conformation of functional sur-
face molecules expressed on exosomes is not currently 
feasible for synthetic nanovesicles from a technical or 
economic standpoint. Collectively, the natural proper-
ties of exosomes make them ideally suited to serve as 
biologic nanocarriers.

Developing means to modify exosomes to serve as 
nanocarriers facilitates exosome-based nanomedicine. 
Exosomes might be modified to serve as nanocarri-
ers either endogenously at the cellular level or exog-
enously following cell culture production [1], collection 
from body fluids or even plant-based materials [14,15]. 
Endogenous exosome modification typically relies 
on molecular biology approaches to manipulate exo-
some components such as proteins at the source cell 
production level. Such technologies are useful for 
understanding exosome cell biology, function and bio-
marker packaging. They may also one day provide for 
personalized cellular exosomal nanofactories to treat 
disease [1]. However, exogenous exosome post isola-
tion strategies are also required to provide knowledge 
as to how to interact with exosomes on the nanoscale. 
This is important for determining the extent to which 
the content and function of exosomes obtained from 
various biological origins can be manipulated when 
exosome source cells are unavailable for customized 
exosome production. This includes understanding 
how the structure and content of exosomes might be 
modified with artificial components to enable novel 
exosome-based diagnostic and therapeutic applica-
tions. For example, testing exogenous modifications 
to exosomes can provide information on how exo-

somes traffic, target and interface with specific tissue 
microenvironments in vivo. Such experimentation also 
enables the implementation of future therapeutics that 
have been designed with consideration to the existence 
of exosome trafficking and function in vivo. It further 
contributes to new biology inspired design strategies 
for synthetic nanovehicles.

Structurally, an exosome is composed of a lipid 
membrane bilayer expressing surface ligands and 
receptors [1]. The exosome lipid membrane surrounds 
and contains a hydrophilic core. Within the core, 
RNA, proteins and other source cell-derived compo-
nents are found. In general, the exosomal structure 
provides for three exogenous modification strategies. 
Exosome surface molecules can be adapted to enable 
exosome imaging or specific targeting. Hydrophobic 
therapeutics can be loaded into exosome membranes. 
Hydrophilic drugs or therapeutic cargo can be loaded 
into the exosome core. Exogenous modification of one 
or more exosome structural components facilitates the 
use of exosomes for nanomedicine purposes. In the fol-
lowing sections, these exogenous modification strate-
gies will be discussed. The intent is not to provide an 
extensive review of the literature. The purpose is to 
highlight examples of different post isolation modifi-
cation strategies (Table 1). This includes some examples 
of post isolation modifications to pre-existing engi-
neered exosome components. Future considerations for 
 enhancing their utility will also be explored.

Adapting exosome surface structures
Modification of exosome surface 
macromolecules for imaging & tracking
Currently, a number of reports demonstrating post iso-
lation strategies to modify exosome surface structures 
have described means to more effectively track exo-
somes in vivo. One example of this approach, relying 
on modification of engineered exosomal components 
(Figure 1A), was recently described by Lai et al. [16]. 
Researchers’ engineered human embryonic kidney 
293T exosomes expressing a membrane-bound Gauss-
ian luciferase fused to a biotin receptor domain. Fol-
lowing isolation of the engineered exosomes, research-
ers complexed the biotin expressed on the exosomes 
with fluorescent Alex Fluor® 680-Streptavidin. This 
allowed the exosomes to be tracked in vivo either by bio-
luminescence or fluorescence. Dual labeling increased 
spatial and temporal imaging resolution of exosome 
circulatory half-life as well as enabled  tracking their 
delivery to tumor sites in vivo.

Alternatively, rather than using molecular cell biol-
ogy approaches to enable downstream modifications 
of exosome surface macromolecules, ‘click chemistry’ 
can be used to directly attach molecules to the sur-
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Table 1. Examples of post isolation modifications to exosomes for nanomedicine purposes.

Exosome type Modification Strategy Purpose Ref.

Human embryonic 
kidney 293T

Engineered structure 
modification

Attach fluorescent Alex Fluor® 
680-Streptavidin to luciferase-
biotin surface fusion protein

Enable dual bioluminescent 
and fluorescent imaging

[16]

Mouse 4T1 breast 
cancer

Natural structure 
modification

Conjugate surface protein amine 
groups to Azide-Fluor 545 using 
‘click chemistry’

Enable fluorescent imaging of 
exosomes

[17]

Mouse MSC Natural structure 
repurposing

Transfer bioactive PD-L1 to 
autoreactive T cells

Inhibit autoreactive T cells in 
an EAE mouse model

[18]

Mouse N2a 
neuroblastoma

Natural structure 
repurposing

Transfer aβ aggregates on 
glycosaminoglycans to brain 
microglial cells for removal

Evaluate a new therapeutic 
approach for Alzheimer’s 
disease using a mouse model

[19]

Mouse EL-4 T-cell 
lymphoma

Passive loading of 
hydrophobic cargo

Load anti-inflammatory curcumin 
into exosome membranes

Increase curcumin stability and 
efficacy in a septic shock model

[20]

Mouse EL-4 T-cell 
lymphoma

Passive loading of 
hydrophobic cargo

Load anti-inflammatory 
curcumin or JSI-124 into exosome 
membranes

Test intranasal therapy for 
inflammatory brain conditions 
in mouse models

[21]

Mouse DC Electroporation of 
hydrophilic cargo

Load siRNA to BACE1 into 
exosomes expressing RVG-Lamp2b 
which binds to ACh receptors

Deliver siRNA to BACE1, an 
Alzheimer’s disease target, 
across the blood–brain barrier 
in a mouse model

[22]

Mouse DC Electroporation of 
hydrophilic cargo

Load siRNA to α-synuclein into 
exosomes expressing RVG-Lamp2b 
which binds ACh receptors

Deliver siRNA to α-synuclein, 
a Parkinson’s disease target, 
across the blood–brain barrier 
in a mouse model

[23]

Human plasma 
exosomes

Electroporation of 
hydrophilic cargo

Load siRNA to MAPK-1 into 
exosomes

Suppress MAPK-1 in monocytes 
and lymphocytes

[24]

Mouse M12.4 
B lymphocyte

Electroporation of 
hydrophilic cargo

Load miRNA-155 inhibitor into 
exosomes

Suppress LPS-induced TNF-α 
production in macrophages

[25]

Human MDA-MB231, 
HUVEC, hMSC, hESC

Electroporation of 
hydrophilic cargo

Load porphyrin model drugs into 
different types of exosomes

Test encapsulation efficiency 
of porphyrins based on 
hydrophobicity and loading 
method

[7]

Mouse immature DC Electroporation of 
hydrophilic cargo

Load doxorubicin into Lamp2b-
αV-integrin-specific iRGD peptide 
expressing exosomes

Target and treat αV-integrin 
expressing breast tumors in 
mice

[26]

Human MDA-MB231 
breast cancer, HCT-116 
colon cancer

Electroporation of 
hydrophilic cargo

Load doxorubicin into exosomes Improve doxorubicin efficacy 
and reduce cardiotoxicity in a 
breast cancer model

[27]

Mouse aortic primary 
endothelial cell

Electroporation of 
hydrophilic cargo

Load siRNA to luciferase into 
exosomes

Determine autocrine uptake 
efficiency of endothelial 
exosomes by endothelial cells

[28]

Mouse B16-F10 
melanoma

Electroporation of 
hydrophilic cargo

Load 5 nm superparamagnetic 
iron oxide nanoparticles (SPION5) 
into exosomes using trehalose 
pulse media

Develop a trehalose pulse 
media to maximize exosome 
colloidal stability during cargo 
loading via EP

[11]

Mouse B16-F10 
melanoma

Electroporation of 
hydrophilic cargo

Load theranostic SPION5 cargo 
into exosomes

Track exosome homing to 
lymph nodes in mice using MRI

[29]

DC: Dendritic cell; EAE: Experimental autoimmune encephalitis; LPS: Lipopolysaccharide; MSC: Mesenchymal stem cell.
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face of exosomes via covalent bonds (Figure 1B). Click 
chemistry is defined as an azide-alkyne cycloaddition 
catalyzed by copper [30]. An alkyne chemical group 
and an azide chemical group react to form a triazole 
linkage [17]. The reaction is quick and efficient com-
pared with traditional cross-linking reactions such as 
maleimide–thiol coupling and provides better con-
trol over the conjugation site [30]. It is also suitable for 
modification of biological macromolecules since it can 
occur in aqueous media [17].

Recently, Smyth et al. attached fluorescent molecules 
to the surface of mouse 4T1 breast cancer exosomes 
using click chemistry [17]. Exosome surface protein 
amine groups were functionalized with terminal alkynes 
followed by conjugation to Azide-Fluor 545. The result-
ing formulation of 1.5 alkyne groups per 150 kDa of 
exosome protein was found to have no significant effect 
on cellular uptake of exosomes or exosome size. Control 
exosomes labeled with fluorescent DiD lipophilic tracer 
and azid-fluor 545 conjugated 4T1 exosomes were 
120 ± 54 and 128 ± 60 nm, respectively. These mini-
mal alterations to exosome size with surface modifica-
tion would be expected to ensure retention of naturally 
 efficacious exosome trafficking properties.

Utilization of exosome surface molecules for 
therapeutic applications
Pre-existing exosome surface receptors might also be 
adapted for use in specific therapeutic applications. 
For example, Mokarizadeh et al. demonstrated that 
mesenchymal stem cell (MSC) exosomes could trans-
mit membrane receptors and ligands to attenuate the 
function of autoreactive CD4 lymphocytes isolated 
from experimental autoimmune encephalitis (EAE) 
mice [18]. Programmed death ligand 1 (PD-L1), TFG- 
β and galectin-1 were transferred to T cells as dem-
onstrated by flow cytometry. Bioactivity of the mol-
ecules inserted into T-cell membranes was confirmed 
by ∼50% decrease in IL-17 and IFN- γ secretion by the 
lymphocytes post-MSC exosome treatment.

Another direct use of pre-existing exosome sur-
face components is to ameliorate the build-up of 
amyloid-β (aβ) in the brain which is known to drive 
the pathogenesis of Alzheimer’s disease. Yuyama et al. 
repeatedly injected neuroblastoma (NB) exosomes 
into the brains of transgenic aβ expressing mice [19]. 
The aβ aggregates bound to glycosphingolipid glycan 
groups located on the surface of NB exosomes. The 
NB exosomes shuttled aβ aggregates to brain microg-
lial immune cells. The microglial cells removed the 
NB exosomes and the exosome bound aβ aggregates. 
Use of exosomes to facilitate removal of aβ aggre-
gates could become an effective approach for treating 
Alzheimer’s disease.

Combined, these strategies for repurposing exosome 
surface receptors further highlight a unique advantage 
of exosome-based nanotherapeutics over synthetics 
in that exosomes innately possess natural functional 
receptors. Functional exosome receptors can poten-
tially be transmitted to target cell membranes or 
can enable efficient exosome capture of ligands and 
addressing to appropriate target cells for processing. 
This further suggest that receptor signal transduction 
machinery if transmitted by the exosomes to target 
cells is also compatible with target cells. Such com-
plex macromolecular machinery would be difficult to 
efficiently design or duplicate using existing synthetic 
nanomedicine approaches.

Loading exosome membranes with 
hydrophobic cargo
The lipid membrane bilayer of exosomes can be used 
for passively loading hydrophobic cargo (Figure 1C). A 
good example of this approach is the use of exosomes to 
carry the hydrophobic molecule curcumin. Curcumin 
is a natural polyphenol derived from Curcuma longa 
(Turmeric). It possesses powerful therapeutic attributes 
including antineoplastic, anti-inflammatory and anti-
oxidant properties [20]. However, because it is relatively 
unstable and highly hydrophobic, making it poorly sol-
uble in aqueous buffers, it has been difficult to harness 
its therapeutic potential for clinical purposes. To over-
come curcumin stability and hydrophobic limitations, 
Sun et al. developed curcumin-loaded mouse lymphoma 
EL-4 exosomes [20]. Loading was achieved by mixing 
exosomes with curcumin in phosphate-buffered saline 
followed by isolation using sucrose density gradient cen-
trifugation. EL-4 exosome loading increased thermal 
stability of curcumin and circulatory half-life in mice in 
vivo. Intraperitoneal administration of curcumin EL-4 
exosomes in mice provided protective anti-inflammatory 
activity in a lipopolysaccharide (LPS)-mediated septic 
shock mouse model. Curcumin-loaded EL-4 exosome 
anti-inflammatory effects were superior to curcumin-
loaded liposome controls. It follows that the presence 
of innate exosome macromolecules facilitated curcumin 
efficacy. Further, this study demonstrates the impor-
tance of selecting the appropriate exosome subtype for 
the nanomedicine application. Based on the previous 
example, some exosome subtypes may possess innate 
components or trafficking properties that enhance the 
efficacy of the therapeutic cargo.

Following the success of the original curcumin-
loaded exosome concept the researchers proceeded to 
test the therapeutic approach to treat three inflamma-
tory brain conditions including myelin oligodendro-
cyte glycoprotein peptide induce EAE, LPS-induced 
brain inflammation and GL26 brain tumors in 
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Figure 1. Post isolation modification of exosomes for nanomedicine applications. (A) Engineered exosome membrane fusion 
proteins can be further modified post exosome isolation. One example is the expression of membrane-bound Gaussian luciferase 
fused to a biotin receptor domain [16]. This allows exosomes to be tracked in vivo either by bioluminescence or fluorescence 
following biotin complex formation with Alex Fluor® 680-Streptavidin. (B) Modification of natural exosome surface proteins using 
‘click chemistry’ can also be used to track exosomes using fluorescent imaging [17]. (C) Exosome membranes might also be passively 
loaded with lipophilic fluorescent carbocyanine dyes [9] for imaging and tracking purposes and/or hydrophobic drug cargo such as 
curcumin [20]. (D) Electroporation can be used to load exosomes internally with hydrophilic cargo such as siRNA [22] or even theranostic 
superparamagnetic iron oxide cargo [29].
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mice [21]. The researchers tested intranasal adminis-
tration of exosomes loaded with curcumin or another 
hydrophobic compound JSI-124 (cucurbitacin I). JSI-
124 is an inhibitor of signal transducer and activator of 
transcription 3 (STAT3). Both curcumin and JSI-124 
were loaded with mixing. Administration of both exo-
some variants resulted in protection from LPS-induced 
brain inflammation as well as reduced EAE progres-
sion and GL26 tumor growth. The results supported 
a mechanism of therapeutic efficacy whereby selective 
delivery of the exosomal cargo to brain microglial cells 
resulted in decreased inflammation through increased 
microglial immune cell apoptosis. Interestingly, the 
exact route of exosome trafficking to the brain was 
not discovered. The authors speculated based on the 
rapid 1 h brain delivery time that the exosomes likely 
traveled along the olfactory pathway. The mechanism 
of action may be bulk flow transport within perivas-
cular or perineuronal channels. These studies serve to 
highlight the promising potential for exosomal nano-

carriers to uniquely access tissue microenvironments 
 previously inaccessible to artificial nanocarriers.

Encapsulating cargo in exosomes
RNA cargo
A large number of exogenous exosome modification 
strategies have focused on exosome mediated siRNA 
delivery. This is largely based on the natural abil-
ity of exosomes to relay mRNA and miRNA content 
between cells [31]. Exogenous loading of siRNA into 
exosomes has predominately relied on electroporation 
(EP) approaches to introduce transient pores into exo-
some membranes (Figure 1D). A first example of the EP 
approach was reported by Alvarez-Erviti et al. whereby 
dendritic cell exosomes were cleverly engineered to 
express the exosomal Lamp2b protein fused to the 
neuron-specific rabies viral glycoprotein (RVG) pep-
tide [22]. Exosomal surface expression of RVG allows 
the exosomes to specifically target the acetylcholine 
receptor. The authors demonstrated that electropo-
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retic loading of the exosomes with siRNA to BACE1, 
an Alzheimer’s disease target, reduced BACE1 mRNA 
and protein expression in brain cortical tissues after 
systemic exosome administration. The study high-
lights the potential use of exosomal nanocarriers to 
naturally deliver therapeutics across the blood–brain 
barrier. This has not been previously achievable with 
the use of other systemically administered macromo-
lecular therapeutics.

In a similar study, Cooper et al. loaded exosomes with 
α-synuclein siRNA [23]. Accumulation of α-synuclein 
aggregates in the brain is a pathological finding in 
Parkinson’s disease. Intravenous administration of 
the α-synuclein siRNA-loaded exosomes expressing 
RVG protein on their surface resulted in brain-specific 
uptake. A week after injection, the therapeutic exo-
somes were found to decrease protein aggregates in the 
brain including those associated with dopaminergic 
neurons of the substantia nigra which participate in 
Parkinson’s disease pathogenesis. This study further 
confirms the utility of exosomes as nanocarriers for 
moving cargo across the blood–brain barrier.

Other applications of exosome-based siRNA nano-
carriers have also been described. Wahlgren et al. com-
pared the efficiency of two methods for loading plasma-
derived exosomes with siRNA to MAPK-1 [24]. The 
two loading methods included chemical transfection 
using HiPerFect commercial transfection reagent and 
EP. The chemical transfection approach resulted in the 
generation of contaminating MAPK-1 siRNA contain-
ing micelles that formed inseparable complexes with 
the exosomes. The chemical transfection approach was 
thus abandoned as a strategy for loading the exosomes 
with siRNA. EP was used instead. EP loading efficiency 
was found to be dependent on exosome concentration 
and applied EP voltage. The researchers discovered 
that plasma-derived exosomes loaded with siRNA to 
MAPK-1 were capable of suppressing MAPK-1 mRNA 
levels in monocytes and lymphocytes.

In another study, Momen-Heravi et al. loaded 
B-cell-derived exosomes with miRNA-155 inhibitor 
using EP [25]. When cells are stimulated with LPS, 
miRNA-155 enhances their production of TNF-α. 
The exosomes modified with miRNA-155 inhibitor 
were able to significantly reduce TNF-α production 
by macrophages treated with LPS. This could be a 
viable strategy for reducing the negative inflammatory 
component of a variety of disease processes. Interest-
ingly, isolation of the modified B-cell exosomes was 
performed using anti-CD63 immunomagnetic beads. 
Immunomagnetic exosome isolation is well suited to 
concentrate exosome subtypes for biomarker studies. 
However, removal of the exosomes from the magnetic 
beads can require stringent chemical conditions that 

could potentially disrupt exosome macromolecular 
structures and impede downstream functional studies 
depending on the application. The process may also 
omit legitimately modified exosomes lacking or mini-
mally expressing CD63. For some exosomes types, 
CD63 is not expressed on all exosomes [32] and mark-
ers presumably specific to exosomes may also be found 
on other types of vesicles [33].

This study further highlights the importance of 
choosing the correct exosome subtype for the therapeu-
tic application of interest. Otherwise, unmodified exo-
somes, may innately carry conflicting RNA cargo that 
could confound experimental results. In this instance, 
B-cell exosomes loaded with miRNA-155 inhibitor did 
not naturally contain significant levels of miRNA-155 
prior to modification.

Other cargo
Exosome encapsulation can increase cellular delivery of 
hydrophilic molecules besides RNA. Fuhrmann et al. 
tested passive and active loading processes for encapsu-
lating porphyrin model drugs of differing water solu-
bilities [7] within ∼150 nm exosomes. No difference 
in loading efficiency was observed comparing passive 
incubation to EP for loading exosomes with hydropho-
bic porphyrin. In contrast, the EP loading efficiency 
for intermediately hydrophobic (more hydrophilic than 
hydrophobic) and hydrophilic porphyrins was higher 
than passive loading. EP loading efficiency was also 
influenced by exosome zeta potential (electrokinetic 
mobility). Exosomes with higher negative zeta potentials 
were more efficiently loaded with porphyrins using EP.

Differences in the hydrophobicity of porphyrins also 
influenced exosomal EP loading efficiency. The EP load-
ing efficiency for the intermediately hydrophobic por-
phyrin was higher than the more hydrophilic porphyrin. 
Hypothetically, the intermediately hydrophobic porphy-
rin may more effectively juxtaposition itself nearer to 
the exosome membrane than the hydrophilic porphyrin 
before and after the EP process resulting in more effi-
cient loading and/or more efficient post-EP retention. 
Future experiments comparing a wider hydrophobicity 
range of intermediately hydrophobic  porphyrins could 
provide further insight into the findings.

Comparing passive to active processes for loading 
exosomes with porphyrins of intermediate hydropho-
bicity (more hydrophilic than hydrophobic) revealed 
additional findings. Encapsulation via hypotonic dial-
ysis or treatment with the surfactant saponin (0.01%) 
significantly increased the loading efficiency of MDA 
exosomes over 11-fold. Loading through size extru-
sion or EP did not significantly influence loading effi-
ciency compared with passive loading. Further, EP or 
saponin treatment did not significantly influence exo-
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some size distribution or zeta potential. Extrusion and 
dialysis influenced size distribution indicated by peak 
broadening. This suggest that these methods may have 
influenced the structural integrity of the exosomes 
conceivably resulting in fragmentation and/or aggre-
gation effects. The extrusion method also resulted in 
an increase in exosome negative zeta potential com-
pared with passive, EP, saponin and dialysis loading 
methods. Both EP and saponin methods resulted in 
a four-fold increase in cellular drug uptake versus free 
drug. Overall, EP or saponin might be useful methods 
for encapsulating hydrophilic cargo in exosomes and 
the method of choice may depend on the exosome-
based nanomedicine application. Comparing the exo-
some sizing curves post saponin versus EP treatment 
more closely revealed that the EP sizing curve best 
overlapped the sizing curve for passive treatment. This 
could have implications for exosome modifications 
where size-dependent trafficking in vivo is an issue. 
Further, EP might be preferred for applications where 
saponin biocompatibility is a concern.

Exosomes can also be used as immunotolerant nano-
carriers for water-soluble chemotherapeutic cargo such 
as doxorubicin [26]. Tian et al. engineered immune 
tolerant immature dendritic cell (iDC) exosomes to 
express a chimeric fusion protein of exosomal Lamp2b 
and αV-integrin-specific iRGD peptide. Exosomes 
were then loaded with doxorubicin using EP. The 
encapsulation efficiency was 20%. The iDC exosomes 
were able to target and accumulate in αV-integrin 
expressing breast tumors in mice and inhibit their 
growth. In contrast, no effect on tumor growth was 
observed for equivalent dosing of free doxorubicin 
or nontargeted doxorubicin containing exosomes. 
Tumor growth inhibition resulted in no observed 
toxicity which validated the use of iDC exosomes as 
 biocompatible  nanocarriers.

More recently, Toffoli et al. demonstrated in a 
mouse breast cancer model that loading doxorubicin 
into exosomes maintained doxorubin chemothera-
peutic efficacy while reducing doxorubicin cardio-
toxicity [27]. Exosome-mediated delivery of doxorubin 
reduced accumulation of doxorubicin in the heart by 
approximately 40%.

Future perspective
Inherent structural and biocompatible properties of 
exosomes make them ideally suited as therapeutic 
nanocarriers with great potential to serve a multitude 
of nanomedicine applications. Nevertheless, many 
challenges to effectively harnessing their therapeutic 
potential remain. In general, three topics of explora-
tion to be pursued in the coming years include: select-
ing the appropriate exosome subtype for the nanomed-

icine application, optimizing formulation of exosomal 
nanocarriers and investigating how modified exosomes 
interface with the immune system.

Selecting the appropriate exosome subtype for 
the nanomedicine application
Natural exosome function remains mysterious given 
the breadth of natural cargo permissible in exosomes 
including mRNA, miRNA, proteins, receptors, 
ligands, lipid microdomains and others [1]. Continued 
efforts toward elucidating the endogenous function of 
exosome subtypes is crucial and must be performed in 
parallel with modification strategies to ensure thera-
peutic efficacy. This issue is of particular importance 
when designing exosomal nanocarriers from poten-
tially pathogenic tumor exosome subtypes given that 
pathogenic cargo (miRNA etc.), if not identified and 
neutralized, may persist beyond nanocarrier modifi-
cations [1] and impede therapeutic efficacy in certain 
applications. For example, exosomes have been demon-
strated to carry pro-angiogenic factors [34]. Therefore, 
using tumor exosomes to carry angiogenesis inhibitors 
to tumor neovasculature may be impeded if the modi-
fied exosomes still retain proangiogenic cargo. In con-
trast, retention of tumor antigens might be beneficial 
for the development of tumor exosome-based immu-
notherapies [35]. Certain exosome subtypes might 
also possess natural properties beneficial to a number 
of cell types. MSC exosomes in particular appear to 
play a role in restoring tissue homeostasis in general by 
 facilitating tissue repair and regeneration [36].

Specific therapeutic applications will require selec-
tion of the appropriate exosome subtype for nanocar-
rier conversion. DC exosomes for instance express the 
tetraspanin CD9 on their surface [37]. This allows DC 
exosomes to avoid the endocytic pathway and undergo 
membrane fusion with cellular membranes. Utilization 
of DC exosomes to deliver cargo to target cells might 
be useful for delivering pH-sensitive therapeutics that 
would otherwise be rapidly inactivated within lyso-
somes. Additionally, differential expression of antigen 
presentation and costimulatory molecules on mature 
and immature DC exosome subtypes can dictate 
whether baseline DC function is immunostimulatory 
or immunosuppressive [38]. Baseline DC exosome sub-
type function becomes particularly relevant if one is 
developing a new tumor vaccine versus an innovative 
treatment for autoimmune disease.

Further, endothelial cells comprising extensive vascu-
lar networks throughout the body are ideally juxtaposi-
tioned to and participate in the pathogenicity of a num-
ber of disease microenvironments. Cancer is one such 
disease benefiting from pro-tumor angiogenic processes. 
Moreover, endothelial exosomes being readily acces-
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sible via patient plasma provide for a potentially scalable 
exosome-based delivery system. In a recent study, Ban-
izs et al. reasoned that endothelial exosomes would be 
most appropriate for delivering foreign nucleic acid cargo 
to endothelial cells [28]. Endothelial CD9+CD63+ exo-
somes (92 ± 38 nm) were loaded with luciferase siRNA 
using EP. The modified exosomes reduced luciferase 
expression in target endothelial cells by 40%.

Without understanding the normal function of 
exosomes, it will be difficult to predict the function of 
modified exosomes. The type of exosome is important 
as it may effect generalizations with regards to exo-
some circulatory half-life studies. Liver or kidney exo-
some clearance for example may differ from melanoma 
or breast cancer exosome clearance. Liver and kidney 
exosomes may naturally interact in an autocrine fash-
ion more readily with liver or kidney cells. This in 
turn may influence their rate of uptake and clearance 
 compared with other exosome types.

To scale up exosome production for nanocarrier pur-
poses, exosome rich body fluids such as plasma might be 
processed to produce large amounts of material such as 
endothelial exosomes as described previously. Alterna-
tively, cellular culture conditions might be optimized. 
For example, Momen-Heravi et al. reported that cultur-
ing B lymphocytes in the presence of IL-4 and CD40 
increased exosome production by over 200-fold [25]. 
Large numbers of exosomes might then be isolated from 
culture or biological fluids using advanced microfluidic 
isolation strategies [39]. Other potential options to scale 
up exosomal nanocarrier production include the use of 
bovine milk-derived [40] or plant-derived [14,15] exosomes 
following biocompatibility testing.

Nontoxic, nonhuman sources of exosomes might be 
used to simultaneously improve scalability and thera-
peutic efficacy. This could be particularly relevant in the 
case of developing exosome-based therapies for cancer. 
A recent study by Raimondo et al. demonstrated that 
lemon juice-derived exosome-like nanovesicles naturally 
induce TRAIL-mediated apoptosis in different cancer 
cell lines in vitro and inhibit human CML tumor growth 
in NOD/SCID mice in vivo [15]. Therefore, lemon juice 
derived or similar exosome-like nanovesicles may be 
converted into suitable nanocarriers to deliver cancer 
chemotherapeutics. The inherent anticancer properties 
of the lemon exosome-like nanovesicles could be addi-
tive or synergize with that of anti-cancer drug cargo. 
Additionally, the possibility of scalable production of 
lemon juice derived exosome-like nanovesicles exist.

Optimizing formulation of exosomal 
nanocarriers
Developing means to program exosome surface mol-
ecules will facilitate efficacy of exosomes as therapeu-

tic nanocarriers. Earlier exosome display technology 
work by Delcayre et al. demonstrated that the C1C2 
domains of lactadherin preferentially localize to exo-
some membranes [41]. Exosomes expressing lactadherin 
were more effective at immunizing mice against lacta-
dherin than free lactadherin. Use of the C1C2 domain 
to localize other chimeric protein cargo including 
somatostatin receptor 2 [42] to exosome surfaces was 
promising as well. Additionally, other researchers have 
shown that proteins can be targeted to exosome sur-
faces via plasma membrane anchors [43]. Such strategies 
highlight the extent to which exosome surfaces might 
be specifically engineered for various applications. 
Undoubtedly, additional modification options will 
become readily available as our understanding of how 
exosomes are constructed at the cellular level and can 
be modified post isolation advances.

Investigating new strategies to remove inherent 
internal pathogenic exosome cargo will be advanta-
geous as well. This might ultimately be performed 
using EP approaches. Beyond loading RNA cargo into 
exosomes, EP can also be used to electroextract innate 
RNA cargo [11]. Endogenous pathogenic cargo might 
therefore be extracted prior to loading with therapeutic 
cargo. Analysis of residual exosome RNA content post 
electroextraction can be used to monitor the successful 
removal of endogenous pathogenic RNA.

Cataloguing exosome cargo loading parameters will 
be of great benefit for formulating effective exosomal 
nanocarriers. For example, the EP loading efficiency of 
B-cell exosomes with miRNA-155 mimic was found to 
be dependent on voltage but not capacitance [25]. How-
ever, under certain conditions, EP can induce aggre-
gation of siRNA cargo [44]. This occurs via complex 
formation between electrode-derived metal ions and 
hydroxide ions found in EP buffers such as OptiPrepTM. 
The result can be an overestimation of RNA load-
ing efficiency given that insoluble siRNA aggregates 
precipitate out of solution and co-isolate with exo-
somes [44]. This finding is supported by another EP 
study demonstrating a low 15–25% loading efficiency 
for endothelial exosomes [28]. To reduce EP induced 
RNA aggregation, metal chelators such as ethylene-
diaminetetraacetate (EDTA) or citrate or EP cuvettes 
containing nonmetallic polymer electrodes can be 
used [44]. However, the choice of metal chelator should 
be made with consideration to downstream nanocar-
rier applications. EDTA carry over, for example, has 
the potential to be toxic in vivo. Alternatively, removal 
of hydroxide ions in the EP buffer might work as well.

When using EP to load exosomes with RNA, it is 
also important to consider that EP pores created in 
exosome membranes allow for bidirectional movement 
of RNA [11]. Internal exosomal RNA can move out of 
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the exosomes while external RNA moves in. The pres-
ence of endogenous internal exosomal shuttle RNA 
could inhibit external RNA loading efficiency. This 
could occur if the pre-existing internal RNA resist 
vacating the exosome core or complexes with external 
RNA upon release. In either scenario, the movement of 
external RNA into the exosome core is impeded. Resis-
tance to EP-mediated exogenous RNA loading might 
be further exacerbated if the exosome core is densely 
packed with internal RNA resulting in a more gel-like 
than liquid consistency [1] that resist flow.

The EP loading process can also result in exosome 
aggregation or fusion [11,28]. To overcome EP induced 
exosome aggregation effects, Hood et al. recently devel-
oped a biocompatible trehalose-based EP pulse media 
to maximize exosome colloidal stability during EP [11]. 
Using this unique pulse media, the researchers were able 
to load melanoma exosomes with 5 nm superparamag-
netic iron oxide cargo (SPION5) while minimizing EP-
induced aggregation effects. Subsequent investigations 
revealed that SPION5-loaded melanoma exosomes 
could be tracked to lymph nodes with MRI [29]. Because 
SPIONs can mediate magnetic hyperthermia, this study 
highlights the future potential for exosomes to be used 
as theranostic nanocarriers to simultaneously detect 
and treat tumor microenvironments using conventional 
clinical imaging modalities such as MRI.

Investigating how modified exosomes interface 
with the immune system
The immune system interfaces with all disease pro-
cesses thus effecting natural and modified exosome 
nanocarrier utility. Ideally, the process of convert-
ing exosomes into therapeutic nanocarriers will be 
expected to retain naturally beneficial exosome prop-
erties such as immune tolerance while incorporating 
targeting selectivity for specific tissue destinations 
depending on the application of interest.

However the benefits of immune tolerance to exo-
somes must be weighed against the risk of exosome-
mediated immune suppression. This is especially 
true for tumor exosome-based therapeutic applica-
tions. Some mechanisms of tumor exosome-mediated 
immune suppression include: induction of apoptosis 
in cytotoxic antitumor T lymphocytes, impairment of 
monocyte differentiation into antigen presenting den-
dritic cells, induction of pro-tumor myeloid-derived 
suppressor cells or induction of regulatory T cells [45]. 
In contrast, it might be preferable to use normal 
immunotolerant exosome subtypes. For example, the 
inherent macromolecules comprising the structure of 
normal B-cell exosomes would be expected to be bet-
ter tolerated by the immune system given their role in 
normal B-cell functions.

The addition or modification or exosome biochemi-
cal surface structures or use of existing structures to 
capture other macromolecules may also influence 
natural exosome trafficking and function in vivo. The 
number of surface macromolecules modified might 
also influence exosomal nanocarrier immunogenicity 
or clearance by the liver and spleen. This is particu-
larly true if modification results in increased aggrega-
tion of exosomes. As the average diameter of aggregates 
exceeds 250 nm, modified exosomes will be more read-
ily phagocytosed by antigen presenting cells [1]. Large 
multi-exosome complexes might be preferentially 
taken up by macrophages via phagocytosis whereas 
individual cargo-bearing exosomes may still engage in 
membrane fusion resulting in differential cell signal-
ing events. This could abrogate the intended function 
of engineered exosomes if their therapeutic applica-
tion requires exosome-mediated cargo delivery via cell 
membrane fusion.

Increased phagocytosis of modified exosome aggre-
gates would also be expected to increase the immuno-
genicity of modified exosome components via process-
ing through antigen presentation pathways. Further, 
generalized expression of phosphatidyl serine in exo-
some membranes may facilitate cellular engagement 
with immunological lipid raft receptors and ligands 
found on exosomes [18] resulting in a kind of remote 
immune trogocytosis. Essentially, the number of sur-
face modified macromolecules required to achieve 
modified exosome effectiveness in vivo must be bal-
anced against the threshold number of modifications 
that will incur increased immunogenicity.

Relatedly, it will be necessary to determine the 
extent to which surface expressed or conjugated imag-
ing modalities are transferred nonspecifically to anti-
gen presenting cells via endocytosis or membrane 
fusion given the potential for exosomes to aggregate [11] 
or to carry a plethora of tetraspanins not specific to 
individual cells types. Exosome surface imaging struc-
tures might be recognized as foreign by monocytes, 
dendritic cells or other antigen presenting cells. This 
too could result in aberrant exosome uptake by anti-
gen presenting cells and false trafficking trails as the 
APCs carry the exosome imaging materials to extra-
medullary antigen processing sites such as the liver, 
spleen or lymph nodes. Subsequent challenges with 
surface modified exosomes might result in memory 
B-cell antibody-mediated clearance of the exosomal 
structures before they have a chance to achieve their 
intended diagnostic or therapeutic purpose.

Given their inherently low peptide-dependent 
immunogenicity, use of nonpeptide-based fluorescent 
lipophilic tracers might become a good gold standard 
for monitoring baseline exosome interactions with 
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immune cell subsets. Such baseline studies would 
provide a means to evaluate the immunogenicity of 
more complex peptide-based exosome surface imag-
ing or targeting macromolecules. A related consid-
eration is whether exosome modification diminishes 
exosome biocompatibility by increasing the toxicity 
of the modified exosomes. For example, if parafor-
maldehyde is used to cross-link exosome surface cargo 
to exosomes for in vivo use, this could result in aller-
gic or inflammatory reactions in patients that negate 
the intended therapeutic efficacy of the  modified 
 exosomes.

Conclusion
Ultimately, many challenges remain with regards to 
exogenous formulation of effective exosomal nano-
carriers. However, with continued investigations into 

the complex diversity of exosome structure and func-
tion, new therapeutic strategies for cancer and other 
diseases will be revealed. Such strategies will undoubt-
edly incorporate the innate biocompatible nature of 
exosomes and facilitate personalized exosome-based 
nanomedicine endeavors.
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Executive summary

•	 Exosomes are cell-derived nanovesicles that relay complex information between cells.
•	 Exosomes possess ideal innate structural, trafficking and biocompatible nanocarrier properties.
•	 Developing means to modify exosomes post isolation enables exosome-based nanomedicine applications in 

the absence of exosome source cells.
Adapting exosome surface structures
•	 Modifying exosome surface structures post isolation allows for exosome imaging in vivo.
•	 Previously engineered exosome surface structures can be further modified post isolation to enable dual 

fluorescent and bioluminescent exosome tracking in vivo.
•	 Pre-existing exosome surface structures can be modified using ‘click chemistry’ to enable fluorescent exosome 

imaging.
•	 Exosome subtypes expressing specific surface receptors might be used to capture and redirect extracellular 

protein deposits for removal by the immune system.
Loading exosome membranes with hydrophobic cargo
•	 Hydrophobic therapeutics can be passively loaded into the lipid membrane of exosomes.
•	 Loading hydrophobic drugs into exosome membranes enhances drug stability and minimizes hydrophobicity 

limitations to drug efficacy.
•	 Exosomes increase the tissue biodistribution potential of effective hydrophobic drugs.
Encapsulating cargo in exosomes
•	 Electroporation can be used to load exosomes with RNA or other water soluble therapeutic cargo.
•	 Exosomes can carry hydrophilic cargo across the blood–brain barrier.
•	 Encapsulation in immunotolerant exosomes increases cellular delivery of hydrophilic cargo.
Future perspective
•	 Many challenges to effectively harnessing the therapeutic potential of exosomal nanocarriers remain.
•	 Matching exosome subtypes to appropriate nanomedicine applications will decrease the potential for residual 

endogenous exosomal cargo to influence the efficacy of exogenously loaded therapeutics.
•	 Optimizing exosomal nanocarrier formulations will increase nanocarrier efficacy by removing undesirable 

innate pathogenic cargo and minimizing exosome aggregation.
•	 Comparing how natural and modified exosomes interface with the immune system will ensure effective 

nanocarrier trafficking in vivo, minimize off target effects and retain desirable natural exosome 
immunotolerant properties.
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