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A B S T R A C T

Parkinson's disease (PD), one of the most common movement and neurodegenerative disorders, is challenging to
treat, largely because the blood-brain barrier blocks passage of most drugs. Here we find exosomes from blood
showing natural brain targeting ability which involved the transferrin-transferrin receptor interaction. Thus, we
develop a biocompatible platform based on blood exosomes for delivering drugs across the blood-brain barrier.
Blood exosomes show sizes between 40 and 200 nm and spherical morphology, and dopamine can be efficiently
loaded into blood exosomes by a saturated solution incubation method. Further in vitro and in vivo studies
demonstrates these exosomes successfully delivered dopamine to brain, including the striatum and substantia
nigra. Brain distribution of dopamine increased>15-fold by using the blood exosomes as delivery system.
Dopamine-loaded exosomes show much better therapeutic efficacy in a PD mouse model and lower systemic
toxicity than free dopamine after intravenous administration. These results suggest that blood exosomes can be
used as a promising drug delivery platform for targeted therapy against PD and other diseases of the central
nervous system.

1. Introduction

Parkinson's disease (PD), which affects primarily the motor system,
is the second most common neurodegenerative disorder with over 6.2
million cases and 117,400 deaths around the world annually [1]. In-
cidence and mortality are expected to increase as the global population
ages. The major cause of PD is thought to be the loss of dopaminergic
substantia nigra neurons and formation of α-synuclein-containing Lewy
bodies [2]. PD is often treated by administering dopamine, but deli-
vering it efficiently to the brain is challenging because of the blood-
brain barrier (BBB). To improve brain distribution, dopamine can be
encapsulated in drug delivery systems, such as ligand-modified nano-
particles, micelles and dendrimers [3], which have achieved modest
success to overcome BBB. However, what partly impedes the regulatory
approval for clinical use of nanomaterials is their biocompatibility and
ligand modification increases the production cost and complexity of
vehicles. Alternatively, the dopamine precursor levodopa can cross the
BBB better than dopamine, whereas only 1% given levodopa could
reach the brain due to the presence of abundant levodopa decarbox-
ylase in plasma [4] and it must be converted to dopamine in the brain

by the decarboxylase, which is less active in the brain of patients with
PD [5].

Therefore, we aimed to design a novel drug delivery system that
would allow the direct use of dopamine and cross the BBB effectively
with maximum biocompatibility and minimum toxicity. We focused on
exosomes, which are spherical endogenous vesicles (40–200 nm) [6],
with low immunogenicity and excellent biocompatibility that are de-
rived from the luminal membranes of multivesicular bodies and are
constitutively released by fusion with the cell membrane [7]. Exosomes
have already been explored as drug delivery vehicles [8]. For example,
small-molecule therapeutics such as doxorubicin, paclitaxel and cur-
cumin have been encapsulated into exosomes to treat cancer and in-
flammatory disease [9–11]. Exosomes have also been loaded with
human Mucin 1 protein or micro RNA let-7a for cancer therapy [12,13].
Addition of transgenes to the cells from which exosomes are obtained
allows the production of exosomes carrying, for example, fusions of
membrane proteins with iRGD peptides or RVG, which can target tu-
mors or the brain [9,14,15]. However, this transgene-based approach
for targeting is complex, and success is not guaranteed. Besides, exo-
somes derived from different cell lines were shown to deliver drug to
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the brain through the nose, but isolating sufficient exosomes from cells
proved difficult, and intranasal administration often could not give
enough dose within a single treatment for patients [16].

In order to find an approach to acquire abundant exosomes, exo-
somes derived from blood were taken into consideration because plenty
of blood exosomes were released by reticulocytes during their ma-
turation to erythrocytes vesicles [17]. Our experiments also further
demonstrated that blood exosomes without any modification had a
good natural targeting ability to brain.

Herein, we developed a blood exosome platform for brain-targeted
drug delivery against PD. We isolated exosomes from mouse blood and
characterized them. Then, we confirmed the natural brain targeting
abilities of blood exosomes in vitro and in vivo and elucidated the me-
chanism of brain targeting. Afterwards, dopamine was incorporated
into blood exosomes and its in vivo biodistribution was investigated. We
further evaluated therapeutic outcome of dopamine-loaded blood exo-
somes in a mouse model of PD. These results revealed the potential of
blood exosomes for the targeted brain delivery of drugs against PD and
other diseases of the central nervous system.

2. Material and methods

2.1. Isolation and characterization of blood exosomes

Blood samples were collected from the orbit venous plexus of
Kunming mice to acquire fresh serum rather than taking blood by sa-
crificing them. Fresh serum was centrifugated at 12,000×g, filtrated
through 0.22 μm filter, and centrifugated again at 200,000×g. Blood
exosomes were acquired by taking the pellet. Blood exosomes was in-
cubated with saturated solution of dopamine with 0.02% ascorbic acid
for 24 h at room temperature, then ultracentrifugation was used to re-
move free dopamine and phosphate buffer solution (PBS) was selected
to clean dopamine-loaded blood exosomes again. Afterwards, dopamine
encapsulated in blood exosomes was extracted into acetonitrile of
0.02% ascorbic acid. Liquid chromatography followed by tandem mass
spectrometry (LC-MS/MS) (Agilent 6410B, USA) was used to measure
the quantity of dopamine encapsulated in blood exosomes; the amount
of blood exosomes was quantified by a micro BCA assay (Thermo Fisher
Scientific, Waltham, Massachusetts, USA). The drug-loading rate was
calculated (drug-loading rate (%)=The quantity of dopamine en-
capsulated / The total quantity of dopamine encapsulated and blood
exosomes × 100).

The morphology of blood exosomes was examined by transmission
electron microscopy (TEM, Hitachi H-600, Japan). Tunable Resistive
Pulse Sensing (Izon Science, New Zealand) was used to assess particle
sizes and the number of blood exosomes. Next, the levels of CD9, CD63,
CD81 and TfR expression on blood exosomes were measured by western
blotting.

2.2. Mechanism of cellular uptake

When investigating the impact of transferrin on cellular uptake of

blood exosomes by bEnd.3 cells, cells were respectively pretreated with
40, 80 and 160 μg/mL of transferrin for 30min at 37 °C. Alternatively,
PHK67-labeled blood exosomes (100 μg/mL) were respectively pre-
treated with 40, 80 and 160 μg/mL of transferrin for 4 h at 4 °C. The
exosomes derived from Hela and DC 2.4 cells were used as the negative
and the positive control respectively. bEnd.3 cells were pretreated with
160 μg/mL of transferrin for 30min at 37 °C; or PHK67-labeled Hela
exosomes or DC 2.4 exosomes (100 μg/mL) were respectively pre-
treated with 40, 80 and 160 μg/mL of transferrin for 4 h at 4 °C. Hela
cells as the negative control were respectively pretreated with 40, 80
and 160 μg/mL of transferrin for 30min at 37 °C; or PHK67-labeled
blood exosomes (100 μg/mL) were pretreated with 160 μg/mL of
transferrin for 4 h at 4 °C.

2.3. Exploring the form of transferrin

Transferrin solution (10mg/mL) was incubated for 4 h at 4 °C or
37 °C. The equal amount of transferrin was added into tricine-poly-
acrylamide or tricine-SDS-polyacrylamide gel respectively. When gel
electrophoresis was finished, coomassie blue R250 was used to stain
protein for 90min at room temperature.

2.4. Qualitative analysis of dopamine distribution

Dopamine-loaded blood exosomes or free dopamine (dopamine
dose of 18mg/kg) were injected into the Kunming mice intravenously.
6 h after the administration, mice of each group (n=5) were treated
with heart perfusion; the blood plasma and tissues (heart, liver, spleen,
lung, kidney, brain) were quickly collected. The dopamine concentra-
tions of different tissues and blood plasma were measured by LC-MS/
MS [18]. Meanwhile, sterile 0.9% saline was intravenously injected into
mice as control.

2.5. Distribution in the mice brain

DiD-labeled blood exosomes (10mg/kg) or the equal amount of free
DiD were injected into the Kunming mice intravenously. 6 h after the
administration, mice were treated with heart perfusion, then brains
were removed and frozen in optimal cutting temperature embedding
medium (Sakura, Torrance, CA, USA) at −80 °C. Frozen sections of
10mm in thickness were prepared with a cryotome cryostat (CM1950,
Leica, Germany) and stained with 300 nM DAPI at room temperature.
Then the sections of striatum, substantia nigra and hippocampus were
immediately imaged under the fluorescence microscope (Axiovert40
CFL, Zeiss, Germany). Meanwhile, sterile 0.9% saline was also in-
travenously injected into mice as control.

2.6. Therapeutic efficacy for PD

Kunming mice were randomly divided into 6 groups (n=12) and
given with different treatments respectively (Table 1). After three
weeks, mice were treated with heart perfusion and brains were

Table 1
Treatments for Kunming mice in different groups.

Groups Treatments

Control Sham, i.v. injection of 0.2 mLN.S.a at an interval of 1 day for ten times
1 6-OHDA lesion, i.v. injection of 0.2 mLN.S.a at an interval of 1 day for ten times
2 6-OHDA lesion, i.v. injection of 0.2 mL blood-exob at an interval of 1 day for ten times
3 6-OHDA lesion, i.v. injection of 0.2 mL levodapa (equivalent to 4.95mg/kg body weight per time) at an interval of 1 day for ten times
4 6-OHDA lesion, i.v. injection of 0.2 mL dopamine (equivalent to levodapa 4.95mg/kg body weight per time) at an interval of 1 day for ten times
5 6-OHDA lesion, i.v. injection of 0.2 mL DA-blood-exoc (equivalent to levodapa 4.95mg/kg body weight per time) at an interval of 1 day for ten times

a Sterile 0.9% saline.
b Unloaded blood exosomes.
c Dopamine-loaded blood exosomes.
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removed. The level of lesioned striatal dopamine was measured by LC-
MS/MS; the activity of striatal tyrosine hydroxylase was evaluated by
immunohistochemistry; and oxidative stress level of each group was
measured according to the manufacturer's instructions. Glutathione
peroxidase, total superoxide dismutase, catalase, and total antioxidant
capacity reagent kits (Jiancheng, Nanjing, China) were used to measure
the glutathione, enzymatic antioxidants (total superoxide dismutase
and catalase), and total antioxidant capacity of lesioned striatum re-
spectively.

2.7. In vivo toxicity of dopamine-loaded blood exosomes

Kunming mice were randomly divided into 3 groups (n=5) and
given different treatments respectively (Table 2). After three weeks,
organs (heart, liver, spleen, lung, kidney, brain) were isolated for He-
matoxylin-Eosin staining and examined under microscope (BX53,
Olympus, Japan). A series of physiological indexes, such as creatine
kinase, aspartate aminotransferase, alanine aminotransferase, urea ni-
trogen and serum creatinine, were monitored using a biochemistry
analyzer (Hitachi7020,Japan).

2.8. Statistical analysis

Statistical analysis was conducted using GraphPad Prism software
(Version 6.01). Statistical comparisons were performed by one-way
ANOVA (Dunnett's multiple comparisons test) for multiple groups, ex-
cept for Supplementary Fig. S4B-D which were performed by two-way
ANOVA; P < .05, P < .01 and P < .001 were respectively considered
indications as statistically different, significantly different and very
significantly different.

3. Results and discussion

3.1. Isolation and characterization of blood exosomes

The modified ultracentrifugation method described above was used
to purify exosomes from the serum. The larger molecular weight pro-
teins are precipitated by 12,000×g centrifugation and supernatant is
collected. With the 0.22 μm filter applied, larger extracellular vesicles
were removed and relatively pure conditional serum was acquired,
from which blood exosomes could be purified by ultracentrifugation.
Ultimately, approximately 0.18mg of blood exosomes could be purified
from 10mL of mouse serum. As 1.0 mg blood exsosomes (by total
protein quantity) is equal to around 4.16×1011 blood exosomes par-
ticles (Fig. 1A), 0.18 mg of blood exosomes contained about
7.49×1010 particles. TEM showed purified blood exosomes to be
saucer shaped with sizes between 40 and 200 nm, consistent with other
studies [9,11,19,20] (Fig. 1B); > 70% of all exosomes were in the range
of 70–100 nm as determined by Tunable Resistive Pulse Sensing
(Fig. 1A). Western blotting of exosome preparations was used to char-
acterize blood exosomes. The results show the levels of CD9, CD63 and
CD81 were positively related to the total protein levels of exosome
preparations, and blood exosomes contained these exosomal marker
proteins (Fig. 1C) [21].

3.2. Brain targeting by blood exosomes in vitro and in vivo

Then we studied the internalization of blood exosomes using bEnd.3
cells as a model of mouse brain endothelial cells at the BBB. Blood
exosomes were labeled with the red fluorescent membrane dye PHK26
and incubated with cells for 15min to 2 h. Cells took up different
numbers of exosomes at different times, with uptake peaking at 1 h,
which may be related to transcytosis of cells (a type of transcellular
transports), commonly observed in brain endothelial cells (Fig. 2A and
Fig. S1A) [22,23]. During transcytosis, when bEnd.3 cells take up blood
exosomes, some internalized exosomes might be ejected from cells at
the same time. Nevertheless, internalization of exosomes dominates in
initial stage, however, exocytosis will eventually exceed internalization
after the intracellular accumulation of exosomes reaching a certain
degree. Hence, the 1-h time point was used in subsequent studies.
Three-dimensional imaging showed that internalized blood exosomes
localized to the cytoplasm and nuclei rather than adsorbing onto cel-
lular membranes (Movie S1). To quantify exosome uptake by bEnd.3
cells, exosomes labeled with green fluorescent membrane dye PHK67
were added to cells and incubated for 1 h. The cells were then analyzed
by flow cytometry (Fig. 2B). Most cells were strongly fluorescent
(62.58 ± 3.36%) after incubation with blood exosomes, consistent
with confocal results.

To investigate the brain targeting ability of blood exosomes in vivo,
DiD-labeled blood exosomes were administered intravenously to nude
mice, and near-infrared fluorescence images were acquired at different
times (Fig. 2C). Exosomes accumulated selectively in the brain between
1 and 10 h after injection, with fluorescence intensity peaking ap-
proximately 4–8 h after injection. Subsequently, fluorescence intensity
began to decline and completely disappeared by 24 h after injection. To
better distinguish where exosomes localized, a birds-eye perspective of
the brain from mouse atlas of MSOT in vision 128 (iThera Medical,
Germany) (Fig. S1B), showing the location of the brain in a mouse, was
generated. Indeed, parts of fluorescent region in Fig. 2C colocalized
with certain regions of the brain (inside the rectangle in the fig. S1B).
Because abundant blood flows through the carotid arteries and cerebral
arteries [24] where plenty of blood exosomes exist, the overwhelmingly
strong fluorescence in the brain observed via in vivo imaging might be
partially artificial. Nontheless, ex vivo images of isolated brains clearly
show that the DiD-labeled blood exosomes distributed in the brain
(albeit weaker than the in vivo results, Fig. 2D and Fig. S1C), which is
deprived of the disturbance of blood flow. In contrast, free DiD injected
intravenously into control animals accumulated much less in the brain
between 30min and 24 h after injection, which indicates that DiD is not
affecting distribution of blood exosomes, especially in brain (Fig. S1D).

3.3. Transferrin-TfR interaction for brain targeting by blood exosomes

It is known that transferrin is abundant in blood plasma [25] and it
binds tightly and specifically to transferrin receptor (TfR), which is
expressed at high levels on exosomes derived from blood [26,27] as
well as on the surface of cerebral microvascular endothelial cells. The
interaction of transferrin and TfR has already been exploited to mediate
transport across the BBB via TfR-mediated endocytosis [28]. Thus, we
hypothesized that blood exosomes could deliver drugs past the BBB
based on the transferrin-TfR interaction and herein the hypothesis was
verified. Indeed, western blotting revealed that TfR was abundantly
expressed by bEnd.3 cells and blood exosomes, while little was ex-
pressed on human cervical cancer cell lines HeLa or exosomes derived
from them (Fig. 3A). Therefore, we used HeLa exosomes as negative
controls in subsequent studies. We selected exosomes from the murine
bone marrow-derived dendritic cell lines DC 2.4 as a positive control
because they contain high levels of TfR (Table S1). Enzyme-linked
immunosorbent assay showed that transferrin was present at high levels
in serum as well as blood exosomes (Table S2).

When bEnd.3 cells were pre-incubated with 40, 80 or 160 μg/mL of

Table 2
Treatments for Kunming mice in 3 different groups.

Groups Treatments

Control i.v. injection of 0.2mL N.S.a at an interval of 1 day for ten times
1 i.v. injection of 0.2mL dopamine (equivalent to levodapa 4.95mg/kg

body weight per time) at an interval of 1 day for ten times
2 i.v. injection of 0.2mL DA-blood-exob (equivalent to levodapa

4.95mg/kg body weight per time) at an interval of 1 day for ten times

a Sterile 0.9% saline.
b Dopamine-loaded blood exosomes.
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transferrin for 30min and then mixed with PKH67-labeled blood exo-
somes, the uptake of exosomes was reduced in a concentration-depen-
dent manner (Fig. 3B). This suggests that pre-treatment with free
transferrin titrated TfR on bEnd.3 cells and thereby enhanced TfR in-
ternalization, reducing amount of TfR on cell-surface. Consequently,
interaction with the transferrin on blood exosomes was reduced. Con-
versely, when blood exosomes were pre-incubated with 40, 80 or
160 μg/mL of transferrin for 4 h and then mixed with bEnd.3 cells, the
uptake of exosomes increased in a concentration-dependent manner,
with the greatest internalization occurring after pre-incubation with
160 μg/mL of transferrin (Fig. 3B). This increase in uptake may due to
increased transferrin on blood exosomes surface (Table S2). Neither
type of pre-treatment significantly altered uptake of negative-control
HeLa exosomes (Fig. S2A), while results from positive-control DC 2.4
exosomes were similar to those for blood exosomes (Fig. S2B). When
bEnd.3 cells were replaced with HeLa cells as the internalizing cells,
uptake of exosomes was not significantly affected by pre-treatment (Fig.
S2C). This provides further evidence for the importance of the trans-
ferrin-TfR interaction for brain targeting by blood exosomes. Con-
sistently, we also found that removing surface proteins of blood exo-
somes using proteinase K significantly decreased exosome uptake
(P < .001, Fig. S2D). Surface plasmon resonance studies showed that
doubling the concentration of blood exosomes led to a > 2-fold in-
crease in resonance signal, consistent with tight, specific binding be-
tween transferrin and TfR (Fig. S2E, F).

These various lines of experiments are consistent with the hypoth-
esis that the interaction between blood exosomes and bEnd.3 cells is
based on TfR-transferrin binding. To identify the probable stoichio-
metry of transferrin and TfR in such a complex interaction, we in-
cubated transferrin for 4 h at 4 or 37 °C and analyzed the protein by
tricine-polyacrylamide gel electrophoresis. The results are consistent
with transferrin dimer (Fig. 3C). No such dimer was detected when
transferrin was incubated for 4 h at 37 °C and then subjected to dena-
turing tricine-SDS-polyacrylamide electrophoresis (Fig. S2G). Based on
these results, we performed computer modeling to simulate the binding
of transferrin dimer to TfR. The ZDOCK rigid-body protein docking
program was used to analyze 3600 predictions following refinement
with the RDOCK algorithm. The best prediction (3S9n) was selected
(Fig. 3D), which suggested the feasibility that the transferrin dimer
exists and binds two TfRs to form a tetramer (Fig. 3E).

Several studies reported the cellular uptake mechanism of

exosomes, but the exosome uptake mechanism is different depending
on their sources. Herein, to take the first step towards identifying de-
tails about the mechanism of cellular uptake of blood exosomes, we
examined the effects of energy depletion and treatment with various
endocytosis inhibitors on uptake. These experiments showed that exo-
some uptake is energy-dependent and involves clathrin-mediated,
macropinocytotic and caveolin-mediated processes (Fig. S2D).

3.4. Dopamine loading into blood exosomes and effects on dopamine-
associated toxicity

Having verified the targeting ability of blood exosomes, we loaded
blood exosomes with dopamine for actual PD treatment. Incubation
method was employed to load dopamine here, as it is a widely used
method. Here, taking account of the membrane fluidity of exosome, we
modified the method by using saturated solution to improve loading
efficiency. The maximum concentration difference achieved would aid
dopamine passively penetrate exosomes. This method gave a loading
efficiency (15.97 ± 0.22%) and proved superior to other loading
methods [9–11]. Residual free dopamine was removed by ultra-
centrifugation. In the purified dopamine-loaded exosomes, we suggest
that most of dopamine existed inside of exosomes, not associated with
their membranes, because no rapid release of dopamine from dopa-
mine-loaded blood exosomes was presented in vitro (Fig. S3A); the inner
water phase and the lipid bilayer of exosomes may slow down the re-
lease of water-soluble dopamine. Incorporation of dopamine slightly
increased average exosome size (Fig. S3B), without affecting the overall
size distribution or morphology (Fig. S3C, D).

Further, we found dopamine encapsulated into blood exosomes
triggered lower toxicity against the human neuroblastoma cell lines SH-
SY5Y, which expresses dopaminergic markers, than free dopamine
across a range of concentrations (Fig. S4A). Encapsulated dopamine did
not trigger significant cell death at any concentration tested, whereas
48-h exposure to free dopamine caused significant cell death at 200 μM
(P < .05) and 400 μM (P < .01; Fig. S4B). Similarly, encapsulated
dopamine did not cause significant production of reactive oxygen spe-
cies at any concentration tested, whereas 400 μM free dopamine did
(P < .05; Fig. S4C). In cultures of SH-SY5Y cells, 50 μM free dopamine
significantly reduced mitochondrial membrane potential (P < .01),
which compromises mitochondrial function and cellular viability [30],
but dopamine encapsulated in blood exosomes did not significantly

Fig. 1. Characterization of blood exosomes. (A) Distribution of exosome size and the concentration of exosomes, based on Tunable Resistive Pulse Sensing. (B) A
representative TEM image. Scale bar, 100 nm. (C) Western blots of exosome preparations to confirm the expression of the exosomal marker proteins CD9, CD63 and
CD81. L means exosome preparations contain a lower protein content (3.5mg/mL); H, a higher protein content (5.0mg/mL).
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reduce the membrane potential until reaching the concentration of
400 μM (Fig. S4D). Activity of tyrosine hydroxylase, which catalyzes the
rate-limiting step in catecholamine synthesis, was higher in SH-SH5Y
cells exposed to encapsulated dopamine than in cells exposed to the
same amount of free dopamine for the same period (Fig. S4E). These
data are consistent with the known ability of free dopamine to induce
toxicity and increase oxidative stress [31], and they indicate that en-
capsulation of the drug in blood exosomes can significantly reduce its
toxicity. Dopamine is released relatively slowly from blood exosomes in
vitro (Fig. S3A), which may help explain why the exosomes reduce its
toxic effects.

3.5. Brain targeting by dopamine-loaded blood exosomes in vitro and in
vivo

To validate the ability of dopamine-encapsulated blood exosomes to
deliver dopamine into brain, a transwell assay with bEnd.3 cells as a
model of the BBB was used [32]. Cells were allowed to develop a
uniform monolayer on the transwell membrane, the integrity of which
was confirmed based on transendothelial electric resistance of 380 ± 8
Ω ∙ cm2 (higher than the minimum of 250 Ω ∙ cm2 for an intact

membrane [33]) and based on leakage of fluorescein sodium, which
was ≤40% in the presence of a bEnd.3 monolayer but> 90% in its
absence (Fig. S5A). Using this BBB model, blood exosomes were found
to facilitate dopamine transport across it via an energy-dependent me-
chanism that was blocked by NaN3 or incubation at 4 °C (Fig. 4A).

Next, we analyzed the distribution of dopamine delivered as free
drug or encapsulated into blood exosomes in the major organs of mice
at 6 h after intravenous injection. Encapsulated dopamine was present
in all major organs, including brain, to a significantly greater extent
than free dopamine (P < .001; Fig. 4B). When delivered by blood
exosomes, the dopamine concentration in the brain was
1.02 ± 0.15 nmol/g, while dopamine was not detectable in the brain
from mice receiving free dopamine (the detecting limit was
0.065 nmol/g by tandem mass spectrometry). This result suggested
a> 15-fold higher brain distribution of dopamine could be achieved by
loading this drug into blood exosomes. Free dopamine tended to ac-
cumulate in the liver, lung and kidney, consistent with a short half-life
in the body and with relatively rapid clearance/elimination [34].

Then we examined whether encapsulated dopamine could be taken
up by cells in lesion areas of the brain from PD's patients, which we
modelled using the dopaminergic cell lines SH-SY5Y. Many PHK67/

Fig. 2. Uptake of blood exosomes (blood-exo) by bEnd.3 cells in culture and in vivo distribution of exosomes in mice. (A) Confocal microscopy showing uptake of
exosomes after incubation for 30–120min. Exosomes appear in red; nucleus, blue; and cytoplasm, green. Scale bar, 5 μm. (B) Quantitation of exosome uptake by flow
cytometry (FITC channel) after 1 h of incubation. Cells incubated with exosomes are shown in red; control cells, blue. Data shown are mean ± SD (n=3).
***P < .001 vs control. (C) In vivo fluorescence images of nude mice at 0.25 h to 24 h after intravenous administration of DiD-labeled blood exosomes. (D) Ex vivo
fluorescence images of isolated brains at 1 h to 12 h after intravenous administration of DiD-labeled blood exosomes. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Involvement of the transferrin-TfR interaction in blood exosome delivery to the brain. (A) Expression of TfR on exosomes prepared from mouse blood (blood-
exo) or HeLa cells (Hela-exo), and on bEnd.3 cells or HeLa cells. (B) Uptake of blood exosomes by bEnd.3 cells following pre-treatment with increasing amounts of
transferrin. Blue indicates that blood exosomes and bEnd.3 cells were mixed without any pre-treatment; red, that exosomes were pre-treated with transferrin; and
black, that bEnd.3 cells were pre-treated with transferrin. Data shown are mean ± SD (n=3). *P < .05, **P < .01, ***P < .001 vs 0 μg/mL. (C) Confirmation of
transferrin (Tf) dimer in phosphate buffer solution based on tricine-polyacrylamide. (D) ZDOCK prediction of the structure of the transferrin dimer, based on
structural models of transferrin and TfR [29]. (E) Tetramer of transferrin dimer and two TfRs predicted by ZDOCK, shown as transferrin molecules in surface (left)
and ribbon (right) representations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Brain targeting of dopamine-
loaded blood exosomes in vitro and in
vivo. (A) Accumulated cleared volume
across an in vitro BBB model following
treatment with free dopamine or do-
pamine-loaded blood exosomes in the
presence or absence of NaN3 and at
37 °C or 4 °C. (B) Dopamine distribu-
tion in mouse organs at 6 h after in-
travenous injection. Data shown are
mean ± SD (n=5). *** P < .001.
(C) Uptake of blood exosomes by SH-
SY5Y cells after 1-h incubation using
flow cytometry (FITC channel). Cells
incubated with exosomes are shown in
red; control cells, in blue. Data shown
are mean ± SD (n=3). ***P < .001
vs control. (D) Uptake of blood exo-
somes by SH-SY5Y cells after 1-h in-
cubation using confocal microscopy.
Blood exosomes are shown in red; nu-
cleus, blue; and cytoplasm, green.
Scale bar, 2 μm. Fluorescence images
of (E) striatum and (F) substantia nigra
in brain sections obtained after mice
were intravenously injected with free
DiD or DiD-labeled blood exosomes.
DA, dopamine; blood-exo, blood exo-
somes; DA-blood-exo, dopamine-
loaded blood exosomes. Scale bar,
100 μm. (For interpretation of the re-
ferences to colour in this figure legend,
the reader is referred to the web ver-
sion of this article.)
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PHK26-labeled exosomes were internalized by these cells in culture as
determined by flow cytometry and confocal microscopy (Fig. 4C, D).
This uptake was found to be energy-dependent and involves clathrin,
macropinocytosis and caveolin pathways (Fig. S5B), which is the same
as in bEnd.3 cells. The results showed blood exosomes could get into the
dopaminergic neurons.

In separate experiments, mice were intravenously injected with
DiD-labeled blood exosomes and at 6 h later the brains were removed
and sectioned. Exosomes were observed in the striatum and substantia
nigra (Fig. 4E, F), which were the lesion areas for treating PD [35],
suggesting blood exosomes could get into the lesion regions. In addi-
tion, exosomes were found in the hippocampus (Fig. S5C).

3.6. Therapeutic efficacy of dopamine-loaded blood exosomes against PD

For further investigation of the therapeutic efficacy, dopamine-
loaded blood exosomes were systemically administered to a mouse
model of PD. Among the published rat and mouse models of PD, ad-
ministrating 6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine or rotenone are well established [36,37].
We selected the Kunming mouse injected with 6-OHDA model because
of its stability and our previous experiences with these mice using
exosomes. In this study, 6-OHDA was administered directly into the
medial forebrain bundle, and the pathological features of the 6-OHDA-
lesioned PD mouse model were illustrated in the Fig. 5A. We estab-
lished this model, and confirmed the PD phenotype based on both be-
havioral imbalance (ipsiversive rotation ratio > 95%) and both loss of
striatal dopamine (> 80%) and reduced tyrosine hydroxylase activity
in the lesioned striatum (Fig. S6).

These mice were randomly divided into 5 groups treated for 3 weeks
with one of the following: sterile 0.9% saline (negative control), un-
loaded blood exosomes, free levodopa (positive control), free dopa-
mine, or dopamine-loaded blood exosomes. A group of healthy animals
(sham control) was administered and treated with sterile 0.9% saline.
Behavioral imbalance (ipsiversive rotation) assessment was carried out
to study the effects of these treatments on neurobehavioral function in
mouse with PD. A significant decrease in amphetamine-induced rota-
tions was observed in the animals treated with dopamine-loaded exo-
somes (P < .01) and levodopa (P < .05) when compared to 6-OHDA-
lesioned mouse (Fig. S7). In contrast, only minor decreases of rotational
scores were measured in animals treated with blood exosomes amd
dopamine. In addition, because supplementary of dopamine could in-
duce endogenous nigral dopaminergic neurogenesis, loss-of-function
effects would be improved, including producing endogenous dopamine
and several functional enzymes catalyzing catecholamine synthesis or
against oxidative stress (Fig. 5A) [38]. Thus, these relevant indexes
were also investigated to evaluate the therapeutic effect. Compared
with negative control, the amount of dopamine in lesioned striatum of
animals treated with dopamine-loaded exosomes increased significantly
(P < .001) and was 56.58% higher than that in sham controls. There
was only slight improvement in animals treated with levodopa
(P < .05) or free dopamine (P < .01), compared with animals treated
with dopamine-loaded exosomes (Fig. 5B). Levels of tyrosine hydro-
xylase in lesioned striatum, which were lower in negative controls than
in sham controls, was improved more by dopamine-loaded exosomes
treatment than by levodopa treatment (Fig. 5C). Free dopamine, in
contrast, did not significantly alter enzyme levels. Saline-treated ani-
mals showed lower striatal levels of glutathione, superoxide dismutase
and catalase than sham controls, as well as lower total antioxidant
capacity in striatum (P < .001, Fig. 5D-G). However, all four para-
meters were greatly increased after the dopamine-loaded exosomes
treatment, which were much higher than that after the treatment with
levodopa or free dopamine. Besides, unloaded blood exosomes showed
no obvious therapeutic efficacy against PD (Fig. 5B-G). These results all
suggested that dopamine-loaded blood exosomes can help improve
dopaminergic neurons and ameliorate disease phenotype in a mouse

model of PD.

3.7. In vivo toxicity of dopamine-loaded blood exosomes

Since our experiments above indicated the presence of dopamine-
loaded blood exosomes in non-lesion areas within the brain (hippo-
campus) and outside the brain (heart, liver, spleen, lung and kidney),
we examined the strength of toxic effects. Our results show that do-
pamine-loaded exosomes did not cause evident histopathology in hip-
pocampus (Fig. S8A), liver, spleen or lung (Fig. S8B). Free dopamine
triggered clear inflammatory cell infiltration in the heart, whereas do-
pamine-loaded exosomes did not (Fig. S8B). Animals treated with these
exosomes also showed normal values of biomarkers for heart function
(creatine kinase [39]), liver function (aspartate aminotransferase, ala-
nine aminotransferase [40]) and kidney function (urea nitrogen, serum
creatinine [41]) (Table S3). On the other hand, dopamine-loaded exo-
somes did cause detectable mesangiolysis to a similar extent as free
dopamine (Fig. S8B), which may due to the breakdown of exosomes and
subsequent release of dopamine in kidney.

All together, these results suggested that blood exosomes show
promise as a safe brain-targeting drug delivery system.

4. Conclusion

In the current study, for the first time, we showed blood exosomes
without any modification could serve as efficient carriers for brain
targeted delivery of drugs and we also revealed the underlying me-
chanism for their natural distribution to the brain. We next took full use
of dopamine-loaded blood exosomes for targeted therapy against PD,
preferably solving the unmet medical need of treating PD.

Herein, we validated the primary hypothesis that blood exosomes
could deliver drugs past the BBB based on the transferrin-TfR interac-
tion on the prerequisite of the existence of transferrin dimer. We sup-
posed that drug-loaded exosomes would have a great chance to bind to
transferrin receptors and get into the brain, although there might be a
concern that large numbers of empty exosomes in the blood maybe
saturate transferrin receptors in the BBB, hence the binding and
transcellular transport of drug-loaded exosomes to the brain would be
impeded. It is known that the interaction between transferrin and TfR is
a dynamic endocytic cycle: transferrin binds to TfR on the cell surface
and the complexes are internalized; after the iron is released, transferrin
without iron lefts the receptor and then the receptor returns to the cell
surface for the next cycle [29]. Similarly, we suggest that the binding,
transport and delivery of blood exosomes is also a dynamic endocytic
cycle, which is mediated by transferrin and TfR. Therefore, enough TfR
should be available for drug-loaded exosomes to bind. This hypothesis
is supported by our animal experiments.

In addition, it is well known that extracellular vesicles (EVs) mainly
include two core categories: exosomes and microvesicles, which could
be preliminarily distinguished according to their size-range [6]. Taking
account of the measured sizes of vesicles in our study and the fact that
reticulocytes-released extracellular membrane vesicles have been de-
fined as “exosomes” in 1983 [42], we identified these dominantly re-
ticulocytes-originated vesicles as blood exosomes.

According to our calculation, blood exosomes showing natural brain
targeting ability are abundant in blood, which is reasonably easy to
acquire. It is reported that around 2× 1011 aged erythrocytes are re-
placed every day in human (i.e. about 2×106 reticulocytes mature
every second) [43,44]. We therefore estimate that about 1014 exosomes
are released by reticulocytes in the bloodstream every day. The quan-
tities of other common cells in the blood that produces exosomes
(mainly including white blood cells (4–10)× 104/μL [45] and blood
platelets (1–3)× 105/μL [46]) are much smaller than erythrocytes, not
to mention cells from organs. They also generate much fewer exosomes
daily per cell. Hence, compared with reticulocytes, much fewer exo-
somes could be generated from other cells in the blood, which means
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blood-born exosomes are predominantly produced by reticulocytes.
As described, dopamine-encapsulated blood exosomes successfully

delivered dopamine into brain, striatum and substantia nigra. After a
period of treatment, the slow-released supplementary of dopamine
could induce endogenous nigral dopaminergic neurogenesis; then these
neurons could produce endogenous dopamine and several functional
enzymes, improving the symptomatic performance of PD's patients
[38]. Thus, beside of behavioral performance, we also examined the
levels of striatum dopamine and relative enzymes (including tyrosine
hydroxylase and several enzymes against oxidative stress) in most
studies to indirectly evaluate the therapeutic effect. Evidences from
different aspects all show that dopamine-loaded blood exosomes could
indeed improve disease phenotype in a mouse model of PD.

In summary, we have constructed and validated, in vitro and in vivo,
a blood exosome system for delivering drugs to the brain through the
BBB. We have demonstrated significant therapeutic effects by loading
the exosomes with dopamine and systemically injecting them into a
mouse model of PD. In addition to the strong therapeutic efficacy, the
exosomes also significantly reduced the systemic toxicity associated
with free dopamine. The ability of blood exosomes to pass through the
BBB and be taken up by brain cells appears to involve strong, specific
interactions between transferrin and TfR. Computer modeling suggests
the possibility that transferrin dimer in the blood simultaneously in-
teract with two TfRs, one on the exosome and the other on the target
cell.

Our findings prove that blood exosomes are power carriers for
brain-targeting therapy against PD and potentially for other diseases of
the central nervous system too.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jconrel.2018.08.035.
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