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ABSTRACT: Exosomes are emerging as effective thera-
peutic tools for various pathologies. These extracellular
vesicles can bypass biological barriers, including the blood-
brain barrier, and can serve as powerful drug and gene
therapy transporters. However, the progress of therapy
development is impeded by several challenges, including
insufficient data on exosome trafficking and biodistribution
and the difficulty to image deep brain structures in vivo.
Herein, we established a method for noninvasive in vivo

GNP-labeled
exosomes

Intranasal
administration

Neuroimaging

neuroimaging and tracking of exosomes, based on glucose-coated gold nanoparticle (GNP) labeling and computed
tomography imaging. Labeling of exosomes with the GNPs was achieved directly, as opposed to the typical and less
efficient indirect labeling mode through parent cells. On the mechanistic level, we found that the glucose-coated GNPs
were uptaken into MSC-derived exosomes via an active, energy-dependent mechanism that is mediated by the glucose
transporter GLUT-1 and involves endocytic proteins. Next, we determined optimal parameters of size and administration
route; we demonstrated that 5 nm GNPs enabled improved exosome labeling and that intranasal, compared to intravenous,
administration led to superior brain accumulation and thus enhanced in vivo neuroimaging. Furthermore, using a mouse
model of focal brain ischemia, we noninvasively tracked intranasally administered GNP-labeled exosomes, which showed
increased accumulation at the lesion site over 24 h, as compared to nonspecific migration and clearance from control
brains over the same period. Thus, this exosome labeling technique can serve as a powerful diagnostic tool for various brain
disorders and could potentially enhance exosome-based treatments for neuronal recovery.
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xosomes are emerging as an effective therapeutic tool for
Evarious pathologies, which cannot be treated by

conventional medicine. These sub-micron-sized vesicles
are secreted by different cell types and participate in
intercellular communication by fusing with the recipient cell
membrane and thus delivering their payload (genetic
information and proteins) to the cell.' Therefore, exosomes
can serve as powerful drug and gene therapy transporters.”™” In
particular, exosomes derived from mesenchymal stem cells
(MSCs) exhibit functionality that is similar to parent MSCs,
including targeting and decreasing inflammation, repairing
tissue damage, and modulating the immune system.é'g_11 Thus,
MSC-derived exosomes can provide beneficial effects parallel to
MSC-based therapy,”'”"? while avoiding the many risks
associated with MSC transplantation. Moreover, exosomes
possess an intrinsic ability to cross biological barriers, enabling
them to bypass the blood-brain barrier (BBB) and transport
their payload into the brain."*~'® Therefore, an exosome-based,
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cell-free therapy has the potential to provide treatments for
various diseases and especially for brain pathologies.

However, various issues need to be elucidated before MSC-
derived exosomes can be used as therapeutics, including
trafficking and communication mechanisms and in vivo
biodistribution and pharmacokinetics of exogenously adminis-
tered exosomes.'” Imaging modalities can provide important
information on these issues. Recent studies have demonstrated
the ability to image exosomes within the body, mainly using
various optical modalities and mostly for cancer research.>”*°
Yet the most common fluorescent and optical imaging
modalities have limited ability to image exosomes within
deep brain structures.”' ~**

Herein, we demonstrate a method for noninvasive in vivo
computed tomography (CT) imaging and tracking of MSC-
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Figure 1. Efficiency of exosome labeling. (a—c) Dark-field microscope (40X) images of exosomes: (a) without GNPs; (b) labeled with 5 nm
GNPs; and (c) labeled with 20 nm GNPs. (d) ZetaView measurements of mean hydrodynamic diameter and {-potential of free exosomes and
S nm GNP-labeled exosomes obtained at room temperature and at a scattering angle of 90°.

derived exosomes within the brain, by direct labeling with gold
nanoparticles (GNPs). For labeling and neuroimaging of the
exosomes, we established a protocol that is based on our
previous studies,'”**~*’ demonstrating that GNPs are ideal
contrast agents for in vivo CT imaging and cell tracking.*’~>*
Typically, an ineflicient and indirect exosome labeling approach
is used, wherein contrast agents or other substances are
introduced into parent cell cultures and uptaken by endocytic
pathways; secreted exosomes are then collected from the
extracellular environment.”'>'” This indirect approach results
in only a small fraction of GNPs within exosomes.’**
Therefore, herein, we applied direct labeling of the exosomes
with GNPs, which was found to be efficient and further
revealed important components of the GNP uptake mecha-
nism. Moreover, we established optimal labeling and neuro-
imaging parameters by examining different GNP sizes and
exosome administration routes. As recent studies have shown
that MSC-derived exosomes promote neuronal and functional
recovery,” >’ we additionally examined our technique in an
ischemic stroke mouse model. Our method enabled non-
invasive tracking of intranasally administered GNP-labeled
exosomes, which showed higher brain accumulation and
prolonged presence at the lesion area, up to 24 h.

Glucose-Coated GNPs and Exosome Preparation. To
find the optimal GNP size for the exosome labeling protocol,
GNPs sized 5 and 20 nm were synthesized and characterized.
The particles were covalently coated with glucose to facilitate
uptake of the particles by exosomes (Supporting Information
Figures S1—S3), based on a recently published protocol.”***

Exosomes were purified from human MSCs as previously
described® and evaluated for amount, concentration, and size
distribution (Supplementary Figure S4).

Exosomes Are Directly Labeled with Glucose-Coated
GNPs. First, we examined the feasibility of GNP uptake by the
exosomes. As the exosomal membrane reflects the topology and
structural features of the parent cell membrane,*~**
hypothesized that it would be possible to label the exosomes
directly and not indirectly through parent cell mechanisms.

Exosomes (2.8 X 10'°) were incubated with 5 and 20 nm
glucose-coated GNPs for 3 h at 37 °C and then centrifuged and
washed. The efficiency and viability of exosome labeling was
confirmed by dark-field microscopy images, dynamic size, and
{-potential measurements (Figure 1). Dark-field images
distinctly demonstrated GNP uptake into exosomes (Figure
la—c). The diameter of the exosomes containing GNPs was
not altered as compared to nonlabeled exosomes, though the {-
potential became slightly more negative, possibly due to
negative nanoparticles still attached to the exosome surface
(Figure 1d).

Exosomes Exhibit an Active Uptake Mechanism of
Glucose-Coated GNPs. As the exosomes were labeled
directly, and not through parent cells, we next investigated
the mechanism underlying this phenomenon in a series of
experiments. Two different GNP sizes (S and 20 nm) were
examined, as nanoparticle size plays a role in cell and exosome
internalization.””*’

GNP Internalization Is Energy-Dependent. First, we
examined whether internalization of the particles into exosomes
is primarily energy-dependent or, alternatively, occurs through
membrane diffusion. Exosomes (total of 2.8 X 10'° here and in
experiments below) were incubated for 3 h with glucose-coated
GNPs (35 mg/mL; here and below) at 37 or 4 °C. Flame
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Figure 2. Characterization of exosome uptake of GNPs. FAAS quantification of GNPs sized 5 and 20 nm after 1 h incubation with exosomes
under different conditions. (a) Temperature = 4 or 37 °C. (b) Glucose coating: glucose-coated GNPs (Glu_GNP) and control GNPs without
glucose (coated with mPEG). (c) Modifying exosomal membrane: proteinase-K treatment given prior to particle loading. (d) Glucose
inhibition and saturation: treatment with cytochalasin B, a glucose transport inhibitor, or saturation of p-glucose in medium. Significant
differences were detected in gold concentrations within the exosomes between glucose-coated nanoparticles of both sizes (at 37 °C) and all
other conditions (p < 0.001; Student’s £ test), verifying that the uptake into the exosomes occurred through an active mechanism, mediated by

GLUT-1.

atomic absorption spectroscopy (FAAS) measurements re-
vealed a clear and significant reduction in uptake at 4 °C as
compared to 37 °C for both sizes (p < 0.001; Student’s ¢ test),
yet this decrease was especially dramatic for S nm GNPs
(Figure 2a). This finding implies that GNPs are internalized by
exosomes mainly through active, energy-dependent uptake and
not membrane diffusion. This result is consistent with the
literature on cellular uptake of nanoparticles, showing that this
process is mediated through energy-dependent, temperature-
sensitive endocytosis.”*~*’

GNP Uptake Is Primarily Attributable to Its Glucose
Coating. Next, we examined whether the uptake of GNPs can
be attributed their to glucose coating. Exosomes were incubated
(3 b, 37 °C) with either glucose-coated GNPs or control GNPs
with an mPEG linker and no glucose coating (S or 20 nm, for
both types). FAAS analysis showed a clear reduction in particle
uptake for both sizes of noncoated GNPs as compared to
glucose-coated GNPs. It is notable that S nm GNP size also
showed enhanced internalization with glucose coating
compared to that with the corresponding 20 nm GNPs (p <
0.001, Figure 2b).

Exosome Membrane Proteins Play a Role in Active Uptake
of GNPs. To study a possible role for exosome membrane
proteins in GNP uptake, we used proteinase-K (proK), a
nonspecific serine endopeptidase which destructs proteins in

their native states."® Exosomes were incubated with proK (10
min, 55 °C), followed by incubation with proteinase-K inhibitor
(7 min) and GNPs (3 h, 37 °C). We found a significantly lower
uptake level of both GNP sizes in pro-K-treated as compared to
nontreated exosomes (over 80% reduction for S nm GNPs; p<
0.001), indicating the involvement of exosome membrane
proteins in active uptake pathways of the glucose-coated GNPs
(Figure 2¢).

Uptake Is Associated with GLUT-1 Glucose Transporter.
We next endeavored to find a specific membrane protein that
may be involved in the active uptake process. We hypothesized
that the glucose coating of the GNPs may lead to their uptake
by a glucose transporter. As cellular uptake of glucose and
glucose-coated particles is attributed to the glucose transporter
GLUT-1,""" we examined whether the exosome uptake
mechanism involves GLUT-1, as well. Exosomes were co-
incubated (3 h, 37 °C) with glucose-coated GNPs and with
high concentrations of free glucose, which occupies and
saturates GLUT-1 at the exosome surface,””> or with
cytochalasin B (CB), a well-known GLUT-1 inhibitor.”® As
demonstrated by FAAS analysis, saturation of the medium with
high free glucose levels significantly inhibited the uptake of 20
nm GNPs and even more so of 5 nm GNPs, as compared to the
uptake achieved at lower glucose levels in the standard medium
(p < 0.001). Similarly, preincubating exosomes with CB
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Figure 3. Exosome biodistribution. (a) FAAS quantification of gold within the brain, 1 and 24 h post-IV or post-IN injection. IN
administration showed significantly higher gold amounts than IV administration at both time points (p < 0.01). (b) FAAS quantification of

gold 24 h post-IV or post-IN injection of GNP-labeled exosomes.

Figure 4. In vivo CT imaging of exosomes after acute striatal stroke in a mouse model. (a—f) Ischemic brain: coronal and sagittal three-
dimensional (3D) volume rendering views of representative brain, wherein ischemic insult was induced in the striatum in the right
hemisphere: (a,d) 1 h, (b,e) 3 h, and (c,f) 24 h post-exosome administration (the ischemic region is demarcated in yellow circle). Exosomes
can be seen to migrate and accumulate at the ischemic region at 3 h. (g-i) Control brain: sagittal 3D volume rendering views of control mouse
brain: (g) 1 h, (h) 3 h, and (i) 24 h post-exosome administration. Exosomes penetrated the brain but did not specifically accumulate in any

region and were cleared from the brain over 24 h post-administration.

significantly inhibited the cellular uptake level of both GNP
sizes (p < 0.001) (Figure 2d).

Taken together, the above results suggest that glucose-coated
nanoparticles are loaded into exosomes via an active, energy-
dependent mechanism that is mediated by GLUT-1. For the
subsequent in vivo tests, S nm glucose-coated GNPs were used,
as exosome uptake of this size was significantly higher than 20
nm under all conditions (p < 0.001, Student’s ¢ test).

Intranasal Administration Leads to Superior Brain
Accumulation of GNP Exosomes. We next examined brain
accumulation and whole-body biodistribution of the GNP-
labeled exosomes after IV (intravenous) and IN (intranasal)

administration. IN drug delivery is emerging as a promising and
efficient therapeutic strategy for noninvasive treatment of
various CNS diseases. The nasal cavity offers the potential for
rapid systemic drug absorption at greatly enhanced concen-
trations and rapid onset of action, circumventing the obstacles
of the BBB.>*>> Moreover, noninvasive therapy is desirable
particularly for patients with diseases that require chronic
dosing.*

GNP-labeled exosomes (2.8 X 10°) were injected either IV
or IN into CS57 mice; organs were collected 24 h later, and the
gold amount was quantified by inductively coupled plasma
(ICP) spectrometry. Within the brain, we found that the
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Figure 5. In vivo CT analysis of exosomes in stroke area. (a) Measurements of contrast enhancement in whole brain and in the ischemic
striatum over time. A gradual increase in CT signal was observed in the ischemic area over 24 h, while the signal decreased over time in
control mice. ROI analysis: (b) gold density in the stroke region shows a slight increase, as measured by gray values scale within the ischemic
area, and (c) gold area shows a slight decrease, as shown by the number of voxels containing gold within the ischemic area.

amount of exosomes was significantly greater (p < 0.001) 1 h
after IN administration as compared to 1 h after IV
administration (Figure 3a). Twenty-four hours post-admin-
istration, a lower, yet nonetheless substantial, amount of
exosomes was seen after IN administration, whereas a negligible
amount was seen after IV administration, indicating longer
intrabrain duration for the IN mode and more rapid clearance
of the exosomes from the brain for the IV mode.

Whole-body biodistribution was also evaluated (Figure 3b),
and as expected, the route of administration affected exosome
distribution and clearance. A significant difference in liver
accumulation was found between the two administration modes
after 24 h; this result is in accordance with a previous study,
which showed that IV injection resulted in higher accumulation
within the liver.””

These results indicate that following IN administration,
exosomes show more widespread biodistribution and, in
particular, demonstrate enhanced brain accumulation over a
longer period. These findings are supported by other research
which used ex vivo confocal imaging to show higher catalase-
loaded exosome accumulation in brain following IN admin-
istration.'” As the IN mode leads to improved brain accrual and
is less invasive, we used this route for delivery of GNP-labeled
exosomes in the subsequent in vivo experiments.

In Vivo CT Imaging Reveals Selective Accumulation of
Exosomes within Stroke Region. The ability to image and
track exosomes in vivo remains a key challenge for developing
exosome-based therapies. Deep brain tissue poses an even
greater challenge for in vivo imaging, due to the skull barrier
that blocks optical signals.”>*® Therefore, we next examined
whether the exosomes can be noninvasively imaged within the
brain, using GNP labeling and computed tomography. We
assessed this in an animal model of stroke, as MSC-derived
exosomes have been previously shown to promote neuronal
and functional recovery in this pathology.”*~*"** C57bl/6 male
mice received a single, unilateral intrastriatal injection of either
the vasoconstrictor endothelin-1, to induce focal ischemic-like
damage, or saline as control (n = 3 for both groups). One day

later, labeled exosomes (2.8 X 10°) were administered IN to all
mice. In vivo CT scans were conducted at 1, 3, and 24 h post-
exosome administration. These time points were chosen
because the amount of gold that enters the brain via the
exosomes is relatively small, and thus in some cases, it is more
challenging to detect small differences between consecutive
scans or visualize real-time migration.

Exosomes were detected within the brain as early as 1 h post-
IN administration, in both endothelin-1-treated and saline-
treated controls (Figure 4). Migration and accumulation of
exosomes at the endothelin-1 injection area in the striatum
were seen at 3 h (Figure 4e). After 24 h, exosomes were still
detected within the stroke area at a similar amount (Figure
4c/f). In control mice, the exosomes did not show region-
specific accumulation and cleared from the brain over the 24 h
period.

Contrast enhancement within the brain over time was further
noninvasively quantified by region of interest (ROI) analysis
(Figure Sa). As a measure of CT intensity, the percentage of
gold voxels (voxels with high differential density) within the
brain ROI was calculated. Gold voxels were determined based
on a minimum gray value threshold, which was defined to be
higher than the grayscale indices in the brain before exosome
administration. These measurements further verified that,
within damaged brains, the gold value—denoting the amount
of exosomes—increased over 24 h after IN administration,
whereas the control group demonstrated an opposite trend,
that is, a decrease in gold value over the same period (Figure
Sa). We further calculated the gold volume within the ischemic
striatum (number of voxels containing gold) and the average
density within these voxels over time. We found that the gold
volume of the exosomes per area decreased, while the average
density slightly increased (Figure Sb,c), verifying the
accumulation of the exosomes within the ischemic region
over the experimental period.

Quantifying Exosomes and Verifying Brain Location
Using Ex Vivo Imaging. Twenty four hours post-admin-
istration, we further verified the location and quantified the
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Figure 6. Ex vivo imaging and gold quantification within the brain: (a) 3D volume rendering of brain 24 h post-IN administration of GNP-
labeled exosomes (exosomes seen in yellow, red arrows point to stroke area). (b) Representative 3D CT-Vox images of two brain sections in
the vicinity of the stroke area (striatum). The exosomes are colored in red. (c) CT analysis of gold density within the right hemisphere as
compared to the left hemisphere of the ischemic brain. Gold density is significantly higher in the ischemic right hemisphere (p < 0.05). (d)
ICP analysis of gold within ischemic and control brains, 1, 3, and 24 h post-IN administration of GNP-labeled exosomes.

amount of exosomes within the ischemic brain ex vivo, based on
the GNP labeling and using higher resolution and radiation
dose.

A three-dimensional ex vivo image demonstrates the
accumulation of exosomes within the brain (Figure 6a,b).
Further analysis showed that exosomes were scattered over the
brain, and in particular, a large amount accumulated at the
stroke region in the right hemisphere, as compared to the same
region in the left hemisphere. CT analysis showed that the gold
density in the ischemic right hemisphere was significantly
higher compared to that in the left hemisphere (p < 0.05)
(Figure 6¢c). Additionally, ICP analysis showed that the gold
density within the stroke region (right striatum) was
significantly higher than that in the rest of the brain (p <
0.01) (Supplementary Figure SS). Based on ICP quantification
of the gold amount and on the Nanosight assessment of the
number of exosomes in the administered dose, we estimated
that an amount of ~1.37 X 10° exosomes reached the stroke
area.

Next, we compared between gold concentrations in the
ischemic and control (nonischemic) brains, using ex vivo

quantitative ICP analysis at 1, 3, and 24 h after GNP-labeled
exosome administration. We revealed that a substantial amount
of gold reached the ischemic brain and was maintained at a
similar level over 24 h, while a steady decline in total gold
amount was detected in control brains over this period (Figure
6d). Using the same methods as above, the number of
exosomes was estimated to be 7.02 X 107 within the ischemic
brain and only 3.12 X 10° within the nonischemic brain. We
hypothesize that the reason for this difference is that the
exosomes, which are MSC-derived, inherit their parent cell
capabgilgigiéeos of homing to, and persisting within, injury
areas. "’

We further examined whether the GNPs remain within the
exosomes during the 24 h of experiment. Free GNPs (S nm)
were injected (IN, n = 3 ischemic mice), and CT scanning was
conducted at several intervals, up to 24 h. After 1 h, only few
particles are seen in the nasal region and not within the brain;
after 24 h, no particles were detected by CT, neither in the
nasal region nor within the brain (Supplementary Figure
S6a,b). ICP quantification of the whole brain confirmed these
results, showing that after 24 h the amount of free GNPs was

F DOI: 10.1021/acsnano.7b04495

ACS Nano XXXX, XXX, XXX—-XXX


http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b04495/suppl_file/nn7b04495_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b04495/suppl_file/nn7b04495_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b04495/suppl_file/nn7b04495_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b04495

ACS Nano

o
(=]}

o

v o
o o

Intensity (A.U)
W o
o o

L
L=

%
Intensity(a.u) O
g 3

Figure 7. Imaging of double-labeled exosomes. (a) Spectral unmixing image (Maestro) of brain induced with striatal stroke, 24 h post-IN
administration of exosomes (red). (b) ImageJ analysis of spectral imaging; color density, translated into intensity, was analyzed in three
regions: the cerebellum, the left hemisphere, and the right hemisphere (where the stroke was induced). (c) Image] analysis of CT imaging;
color density, translated into intensity, was examined in the same three regions as above. (d) Bright-field microscopy of the ischemic striatum
(representative section; magnification 40X). (e) Dark-field microscopy image of the same section. GNPs are seen in yellow (magnification
40x%). (f) Histological analysis of the same section, stained with PKH26 (red) and DAPI (blue, for all cells) (magnification 60X).

significantly lower compared to the amount of GNPs that were
loaded in the exosomes (p < 0.0S) (Supplementary Figure
S6¢c). These results suggest that the GNPs do not disassociate
from the exosomes, but rather remain within them over 24 h.

CT Imaging Correlates with Live Fluorescence
Imaging. To establish the proposed exosome labeling protocol
as a reliable and consistent imaging technique, we validated the
presence of the imaged GNPs within the exosomes 24 h after
labeling. This was done using exosomes double-labeled with
GNPs and the fluorescent dye PKH26 and comparing ex vivo
brain CT imaging with spectral unmixing fluorescence
imaging.él’62

Focal ischemic-like damage was induced in C57bl/6 male
mice (n = 3) by a single injection of the vasoconstrictor
endothelin-1 into the right striatum. One day later, the mice
received IN administration of double-labeled exosomes. Ex vivo
CT scans and fluorescent imaging of brain were conducted 24 h
post-exosome administration. We found that CT imaging
correlated well with fluorescence imaging (Pearson’s coefficient,
p = 0.7; Figure 7a—c and Supplementary Figure S7b), both
showing similar trends of GNP accumulation in the same brain
areas. Both imaging modalities showed the highest intensity,
indicating the highest amount of GNP accumulation in the
ischemic right hemisphere. Additionally, using fluorescent
staining and dark-field microscopy, we were able to identify
both the exosomes and gold in the same striatal slices (Figure
7d—f and Supplementary Figure S7a). This analysis further
verifies that the signal obtained by CT is attributable to the
presence of migrated gold-labeled exosomes.

CONCLUSIONS

In the present study, we developed a technique for in vivo
neuroimaging and tracking of exosomes. We demonstrated that
exosomes can be labeled with glucose-coated nanoparticles
directly, without the prerequisite of labeling parent cells, and
that this labeling occurs via an active mechanism that is
associated with GLUT-1 glucose transporter. We further found
that intranasal administration was more effective than IV
injection. The noninvasive IN route confers numerous
advantages and is a promising and efficient therapeutic strategy
for various CNS diseases. Finally, using CT, we clearly detected
accumulation of MSC-derived, GNP-labeled exosomes in the
stroke region of the brain, up to 24 h after IN administration, in
contrast to the nonlesioned brain. This indicates the homing of
MSC-derived exosomes specifically to injured brain regions,
and that GNP labeling is crucial for the ability to image and
track exosomes in vivo. Future research should focus on the
mechanism underlying the specific migration of exosomes
within the brain in stroke and in other brain pathologies. One
of the greatest concerns in longitudinal imaging with
nanoparticles is whether they remain internalized within the
carrier (in this case, exosomes) after administration or
disassociate from the carrier over time. This concern was
previously addressed in our in vitro and in vivo studies on cell
tracking.” "> In this study, double-labeling of the exosomes
with GNPs and with a fluorescent marker, as well as
comparison between brain accumulation patterns of GNP-
labeled exosomes and free GNPs, indicated that the GNPs
likely remain within the exosomes over 24 h. Nonetheless, there
is currently no precise method for ascertaining the presence of
GNPs within the exosomes in vivo over long periods. Our
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method can serve as a general platform for highly sensitive,
noninvasive tracking of exosomes within the brain using CT.
This approach can significantly promote the study and
application of exosome-based therapies for various brain
pathologies.

METHODS

Exosome Preparation. Mesenchymal Stem Cell Preparation.
Human MSCs were purchased from Lonza (Basel, Switzerland). Cells
were cultured and expanded as previously described.*® Prior to
exosome collection, the cells were cultured in exosome-free platelets,
and 3 days later, the medium was collected.

Exosome Purification Protocol. The exosomes were purified by
isolating the culture fluid and centrifuging for 10 min at 300g. The
supernatant was recovered and centrifuged for 10 min at 2000g. Once
again, the supernatant was recovered and centrifuged for 30 min at
10000g. The supernatant was taken, put through a 0.22 pm filter, and
centrifuged for 70 min at 100000g. The pellet, containing the
exosomes and proteins, was washed in PBS then centrifuged for 70
min at 100000g. The pellet, containing the purified exosomes, was
resuspended in 200 pL of sterilized PBS. Each centrifugation was
conducted at 4 °C.

Exosome Classification. Nanosight Technology. Nanosight
(Merkel Technologies Ltd., Israel) was used to characterize the size
and concentration of the exosomes. Western blot for CD9 and
calnexin was used to estimate the purification of the sample.

Western Blot. MSC lytat and MSC-exo were solubilized sample
buffer (1:4). The samples were preheated at 60 °C for 1S min. SDS/
PAGE was carried out on a 4—20% polyacrylamide gel, and proteins
were transferred to Immobilon-P membranes (Millipore, Amsterdam,
The Netherlands). The membranes were blocked in 5% milk and were
probed overnight at 4 °C with CD9 antibody (ABCAM), CD69
(ABCAM), and calnexin (ABCAM) as negative control. After three
washes in TBS-Tween 20, membranes were incubated with the
secondary antibody (Thermo Scientific, Rockford, IL, USA) for 1 h
and washed again. For visualization, blots were exposed to Pierce
enhanced chemiluminescent substrate and measured by Uvitec
Alliance 2.7 (Cambridge, UK).

GNP Synthesis and Conjugation. 20 nm Synthesis and
Conjugation. A total of 0.414 mL of 1.4 M HAuCl, solution in 200
mL of water was added to a 250 mL single-neck round-bottom flask.
The solution was stirred within an oil bath on a hot plate until it
boiled, then 4.04 mL of a 10% sodium citrate solution (0.39 M sodium
citrate tribasic dihydrate 98%, Sigma CAS 6132-04-3) was added and
stirred for 5 additional minutes. The flask was then removed from the
hot oil. To prevent aggregation and stabilize the particles in
physiological solutions, PEG7 (95%, Sigma-Aldrich, Israel Ltd.) was
absorbed onto the GNPs. First, the solution was centrifuged to dispose
of excess citrate. PEG7 solution (2.26 X 10° g) was then added to the
GNP solution, and the mixture was stirred overnight and subsequently
centrifuged. Next, excess EDC (N-ethyl-N-(3-(dimethylamino)-
propyl)carbodiimide (1.87 X 107 g) and NHS (N-hydroxysuccini-
mide) (Thermo Fisher Scientific, Inc., Rockford, IL) (2.12 X 10° g)
were added to the solution, followed by addition of glucose-2 (2GF)
(p-(p)-glucosamine hydrochloride, Sigma-Aldrich, Israel Ltd.) (1.75 X
10° g). NHS and EDC form an active ester intermediate with the
—COOH functional groups, which can then undergo an amidation
reaction with the glucose NH, group. Glucosamine molecule C-2
(2GF-GNP): p-(f8)-glucosamine hydrochloride (3 mg; Sigma-Aldrich)
was added to the activated linker-coated GNPs.

5 nm Synthesis and Conjugation. A mixture of 3.75 mL of oleic
acid (65%), linoleic acid (18%), palmitic acid (16%), 15 mL of
ethanol, and 200 mg of NaOH were added to 30 mL of DDW. The
solution was stirred for S min. Fifty milligrams of HAuCl, was added
while stirring, followed by S mL of ascorbic acid (0.05 M), and the
solution was stirred for another minute. PEG7 solution (2.26 X 10° g)
was then added to the GNP solution, and the mixture was stirred for
another hour. The pH was then adjusted to 9 using NaOH, and the
solution was stirred for another hour. Eighty milliliters of n-hexane was

added, and the solution was stirred for another hour. The pH of the
resulting mixture was adjusted to 7 using HCI solution (37%). The
mixture was placed in a funnel for phase separation (organic and
aqueous). The aqueous phase was evaporated using a vacuum. Next,
excess EDC (1.87 X 10™* g) and NHS (Thermo Fisher Scientific, Inc.,
Rockford, IL) (2.12 X 10° g) were added to the solution, followed by
addition of 2GF (Sigma-Aldrich, Israel Ltd.) (1.75 X 10° g).

GNP Characterization. Transmission electron microscopy (JEM-
1400, JEOL) was used to measure the size and shape of the GNPs,
which were further characterized using ultraviolet—visible spectroscopy
(UV-1650 PC; Shimadzu Corporation, Kyoto, Japan), {-potential
(ZetaSizer 3000HS; Malvern Instruments, Malvern, UK), and dynamic
light scattering.

Gold Quantification with Flame Analysis. Flame atomic
absorption spectroscopy (SpectrAA 140, Agilent Technologies) was
used to determine amounts of gold in the investigated samples.
Exosome samples were dissolved in 30 uL of aqua regia acid (a
mixture of nitric acid and hydrochloric acid in a volume ratio of 1:3)
and diluted with purified water to a total volume of 4 mL. After
filtration of the samples, gold concentrations were determined
according to absorbance values, with correlation with calibration
curves, constructed from solution with known gold concentrations (0,
2, S, and 10 mg/L). Body organs (liver, kidney, spleen, lungs, and
blood) were melted with 1 mL of aqua regia acid and then evaporated
and diluted to a total volume of 4 mL. After filtration of the samples,
gold concentrations were determined according to absorbance values,
with correlation to calibration curves, constructed from solution with
known gold concentrations (0, 2, S, 10 mg/L). The detection limit of
FAAS is 80 ppm.

In Vitro Uptake Mechanism Analysis. Exosomes (total of 2.8 X
10", 200 pL exosomes in 1 mL of saline) were incubated at 370 °C for
3 h with glucose-coated GNPs (35 mg/mL, 100 xL) under different
conditions. Temperature conditions: incubation with GNPs at 4 or 37
°C. Enriched glucose environment: 10 mg of D-glucose (Sigma-
Aldrich, Israel) added to the exosomes + saline solution for 20 min
followed by incubation with GNPs (37 °C). Glucose inhibitor: 60 yL
of glucose inhibitor cytochalasin B (Abcam, Israel) (S mg/mL) added
to the exosomes + saline solution for 20 min followed by incubation
with GNPs (37 °C). Nonspecific serine endopeptidase: 7 uL of
proteinase-K (Roche Diagnostics, Germany) added to the exosomes +
saline solution for 10 min at 5SS °C while shaking, followed by 7 uL
inhibitor (phenylmethanesulfonyl fluoride, Sigma-Aldrich, Israel) (10
mg/mL) for 10 min, followed by incubation with GNPs (37 °C, 3 h).
After the incubation with GNPs, the exosomes were centrifuged for 2
h (100000g, 4 °C); the exosome pellet was collected, and the amount
of gold was determined using FAAS analysis.

Animal Care. All animals were maintained on a 12/12 h light/dark
cycle under fixed conditions of temperature (23 °C) and humidity
(50%), with free access to food and water. All experimental procedures
and methods were approved by the Animal Care Committee of Bar-
Ilan University and performed in accordance with the National
Institutes of Health guidelines and regulations.

Administration of Exosomes. C57bl/6 male mice (n = 3 in each
test group (IV/IN/control)) were bred from adult pairs originally
purchased from Jackson Laboratory (Bar Harbor, ME). Mice were
housed in groups of 3—S littermates per cage. At 5 weeks of age, mice
were given exosomes by intranasal or intravenous administrations. For
IN administrations, 2.8 X 10° exosomes, total volume of 20 L, were
administrated slowly, 2.5 uL each dose. For IV administration, the
same amount of exosomes (2.8 X 10°) with total volume of 150 uL
were injected slowly into the tail vein.

Stroke Model. C57bl/6 male mice, n = 3 for each test group
(stroke/control/double staining) and for each time point (1 h/3 h/24
h), received stereotactic injection of 2 L of endothelin-1 or saline into
the right striatum (coordinates: anterior +0.5, lateral +1.9, ventral —2.9
mm from bregma). One day later, mice received exosomes (2.8 X 10°)
by intranasal administration.

CT Imaging. In Vivo Scans. of the brains were performed using a
micro-CT scanner (Bruker, Skyscan high-resolution model 1176) with
a nominal resolution of 35 ym, a 0.2 mm aluminum filter, and a tube
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voltage of 45 kV. Reconstruction was done with a modified Feldkamp
algorithm®* using the SkyScanNRecon software accelerated by GPU.
Ring artifact reduction, Gaussian smoothing (3%), and beam
hardening correction (25%) were applied. Volume rendered 3D
images were generated using an RGBA transfer function in SkyScan
CT-Volume (“CT-Vol”) and CT-Voxel (“CT-Vox”) software.

Ex Vivo Scans. Additional nonionic iodinated contrast agent
(lopamidol, Bayer Schering Pharma, Japan) was used in order to
differentiate between different brain tissue types. Brains were removed
and placed in 10% buffered formalin for 3 days of fixation, then soaked
in lopamidol (150 mg/mL) diluted with 7.5% paraformaldehyde at 4
°C for 7 days. Prior to CT imaging, brains were removed from the
solution, blotted dry, and placed in a sample holder for imaging. The
sample holder was sealed with plastic film to prevent dehydration.
Brains were then scanned in the micro-CT at a nominal resolution
(pixel size) of 18 ym, employing an aluminum filter 0.2 mm thick and
an applied X-ray tube voltage of 45 kV. The scan orbit was 180 with a
rotation step of 0.5. Reconstruction was carried out using the NRecon
software accelerated by GPU. Gaussian smoothing (3%), ring artifact
reduction, and beam hardening correction (25%) were applied. The
cross-section slices were stored in 8-bit BMP format (256 shades of
gray).

Ex Vivo Gold Quantification. Inductively coupled plasma
spectrometry (ICP-OES 710, Agilent Technologies) was used to
determine amounts of gold in the investigated samples. Brain tissues
were melted with 1 mL of aqua regia acid and then evaporated and
diluted to a total volume of 4 mL. After filtration of the samples, gold
concentrations were determined according to absorbance values, with
correlation to calibration curves, constructed from solution with
known gold concentrations (0, 0.5, 2, and S mg/L). The detection
limit of ICP is 50 ppb.

Spectral Unmixing Imaging. Exosome Staining with pKH.
Stock solution was created by mixing 2 uL of pKH26 in 500 uL of
diluent. From the stock, 100 yL was added to 50 uL of exosomes in
PBS. After S min, 100 uL of exosome-free platelets was added to the
previous mixture and then centrifuged for 90 min at 100g at 4 °C. The
pellet was suspended in 200 uL of PBS.

Imaging Preparation. Mice aged 6—7 weeks were administered 20
uL labeled exosomes intranasally (two doses of S uL in each nostril
alternatively). Twenty-four hours post-administration mice were
sacrificed by perfusion of PBS and post-fixation of 4% PFA. The
brains were incubated at 4 °C for 24 h in 4% PFA, followed by 24 h in
30% sucrose and then moved to PBS 0.4% sodium azide. Whole brain
fluorescence imaging was obtained using spectral unmixing fluo-
rescence imaging (CRI, Maestro, UT Southwestern, USA) excitation
filter of 523 nm and emission filter of 560 nm. Superposition of
distribution patterns was composed using Image] software (1.48 V,
National Institutes of Health, USA).

Immunostaining. Exosomes labeling (prior to intranasal admin-
istration): S uL of (Sigma-Aldrich) were suspended in PBS with 200
UL exosomes for S min, followed by 10 min of ultracentrifuge. The
exosomes pellet was then resuspended in PBS. Animals under deep
anesthesia were transcardially perfused with 1X PBS followed by 4%
paraformaldehyde. Excised brains were postfixed in paraformaldehyde
(24 h, 4 °C), then equilibrated in PBS containing 30% sucrose (48 h, 4
°C), and gradually frozen in dry ice. Tissues were cryosectioned (10
um) in the coronal plane. Representative brain slices were washed in
PBS, blocked with a blocking solution for 1 h, and then stained with
DAPI (1:1000, Abcam) for 5 min and washed in PBS. Fluorescent
images were acquired with an ApoTome microscope.

Image Analysis. An image analysis program (Image]) was used to
transform the images obtained from the different modalities (CT and
Maestro) to have the same range of colors, on an RGB 8-bit scale.
Color density was measured in three regions (the same area size was
measured in each): the cerebellum, left hemisphere, and right
hemisphere.

Statistical Analysis. All experiments were repeated three times,
and each experiment had at least n = 3 measurements. Differences
between two groups were analyzed using Student’s ¢ test. One-way
ANOVA was performed for comparing more than two groups. Based

on the image analysis, correlation was calculated using Pearson’s
coefficient correlation.
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