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Gold nanoparticles (AuNPs) have been extensively used as nanomaterials for theranostic applications
due to their multifunctional characteristics in therapeutics, imaging, and surface modification. In this
study, the unique functionalities of exosome-derived membranes were combined with synthetic AuNPs
for targeted delivery to brain cells. Here, we report the surface modification of AuNPs with brain-
targeted exosomes derived from genetically engineered mammalian cells by using the mechanical
method or extrusion to create these novel nanomaterials. The unique targeting properties of the AUNPs
after fabrication with the brain-targeted exosomes was demonstrated by their binding to brain cells
under laminar flow conditions as well as their enhanced transport across the blood brain barrier. Ina
further demonstration of their ability to target brain cells, in vivo bioluminescence imaging revealed
that targeted-exosome coated AuNPs accumulated in the mouse brain after intravenous injection. The
surface modification of synthetic AUNPs with the brain-targeted exosome demonstrated in this work
represents a highly novel and effective strategy to provide efficient brain targeting and shows promise
for the future in using modified AUNPs to penetrate the brain.

Nanotechnology-based delivery systems have proven to be a promising tool for drug delivery'. These nanomedi-
cine platforms can be categorized as organic-based (e.g., liposomes, lipid nanoparticles, biodegradable polymeric
nanoparticles), inorganic-based (e.g., gold nanoparticles, mesoporous silica nanoparticles, porous silicon, silicon
nanowires, carbon nanotubes, and calcium phosphate), or a hybrid combination of the aforementioned?.

Gold nanoparticles (AuNPs) displays the multifunctional characteristics in therapeutics, imaging, and sur-
face modification. Therefore, they have been extensively used as nanomaterials for imaging and drug delivery,
so-called “theranostic (combined therapy and diagnosis) system®”

Similar to many other synthetic nanoparticle-based delivery systems, AuNPs have low specificity due to the
lack of a selective moiety that can discriminate between targeted and non-targeted cells*. Currently, AuNPs have
been combined with cell-targeting ligands to deliver therapeutic agents to targeted cells or tissues. Their large
surface area provides a platform for conjugating multiple ligands (peptides, proteins, antibodies, or aptamers) as
well as providing tunable nanomaterial properties such as porosity or optical responsiveness®.

: Nevertheless, the development of the vast majority of actively-targeted AuNPs largely relies on synthetic con-

. jugates using coupling chemistries to introduce functional moieties onto the surface of synthetic AuNPs?. These
synthetic processes are complicated and usually very system-specific, which limits cross-system application.
Furthermore, many materials are not suitable for clinical application due to poor biocompatibility and potential
toxicity resulting from the use of inorganic materials or surfactants such as cetyl trimethylammonium bromide
(CTAB)S.

Exosomes are natural nano-sized vesicles produced and secreted by cells. Recently, the exploitation of
exosomes as a drug delivery system has received considerable attention and excitement’. Exosomes have been
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Figure 1. Schematic representation of gold nanoparticle surface functionalization through exosome coating.
In this approach, exosome-producing cells were transiently transfected with a pcDNA GNSTM-3-RVG-10-
Lamp2b-HA vector to express Lamp2b fusion protein fused in frame with the neuron-specific rabies viral
glycoprotein (RVG) and glycosylation-stabilized (GNSTM) peptides, allowing the engineered cells to produce
and secret exosomes with the RVG and GNSTM peptides on their surface as previously described by Hung,
M. E,, & Leonard, J. N., 2015"3. These engineered exosomes were collected then coated onto the surfaces of
synthetic nanoparticles using the mechanical method or extrusion. Western blot of exosomes produced from
transfected or non-transfected cells and probed with anti-HA antibody against HA tag present in Lamp2b
fusion protein are also shown in the figure.

utilized as a drug delivery system for low molecular-weight drugs in several investigations®~'2. Exosomes are
non-immunogenic and non-toxic due to having a similar composition to the body’s cells. The exosome-based
approach involves a simple, powerful and precise mechanism of biosynthesis and self-assembly'®. Another point
of contrast to the sophisticated and poorly controlled synthesis procedures used to incorporate peptides and
antibodies to targeted vehicles is that exosomes can be genetically modified to improve delivery capacity and
targeting specificity'*.

In 2011, Alvarez-Erviti et al. first described exosome-mediated delivery of small interfering RNA (siRNA)
to the mouse brain by intravenous injection. Exosome-producing cells were genetically engineered to express
a fusion protein composed of the exosomal membrane protein Lamp2b and a neuron-targeted short peptide of
rabies virus glycoprotein (RVG), allowing the engineered cells to produce and secret exosomes with the RVG pep-
tide on their surface. These engineered exosomes could then selectively bind to the neuronal cells'®. In a recent
study, an improved version of the brain-targeted exosome was reported by engineering RVG peptide- Lamp2b
fusion proteins to include a glycosylation motif in order to prevent peptide degradation and increase Lamp2b
fusion protein expression in modified exosomes".

To achieve high and efficient delivery of AuNPs to brain, surface modifications of AuNPs are needed, to add
targeting moieties such as ligands, antibodies, and other directing agents to enhance transport across blood-brain
barrier and selectively targeting into brain tissues'®-". This is significant because brain-targeted AuNPs system
would be a promising platform and may have utility for facilitating the delivery of drugs and biological thera-
peutics (drug-loaded AuNPs) across blood-brain barrier for diagnosis and treatments of several central nervous
system (CNS) disorders such as Alzheimer’s disease, Parkinson’s disease, brain cancers®.

Here we report the enhanced targeting properties of gold nanoparticles (AuNPs) encapsulated by the
RVG-targeted exosomes previously isolated from the supernatant of genetically modified cell cultures. In order
to confirm the expression of Lamp2b fusion protein, an aliquot of exosome preparations was also analysed by
western blot. As shown in Fig. 1, the expression of Lamp2b fusion protein was detected in targeted exosomes but
absent in exosomes produced from non-transfected cells. Representation of gold nanoparticle surface function-
alization through exosome coating is schematically shown in Fig. 1. We show that through these modifications,
synthetic AuNPs could be redesigned to specifically recognize and target neuronal cells and improve their trans-
port across the blood brain barrier.

Materials and Methods

Generation of cells transiently expressing Lamp2b fusion protein. Sub-confluent monolayer cul-
tures of transformed human embryonic kidneys (HEK293T) were cultured in serum free Dulbecco’s modified
Eagle’s medium (DMEM) and transfected with pcDNA GNSTM-3-RVG-10-Lamp2b-HA vector for expression
of Lamp2b fusion proteins in mammalian cells by lipofectamine (Invitrogen). Exosomes were harvested from
the supernatant of transfected cells as previously described using serial centrifugation'’. Brieftly, the superna-
tant was spun at 300 x g for 10 min, 2,000 X g for 10 min, and 12,000 x g for 30 min to remove cells, cell debris,
and apoptotic bodies. Then, the supernatant were spun 120,000 x g for 120 min using ultracentrifuge (Beckman
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Coulter) to pellete exosomes. Exosome pellets were washed in PBS and pelleted again via ultracentrifugation
before performing experiment. Exosomes also produced from non-tranfected cells were also prepared and used
as control exosomes. Western blotting was performed for the analysis of Lamp2b fusion protein expression using
the mouse monoclonal Anti-HA antibody (#H3663, Sigma). Primary antibody was detected with horseradish
peroxidase-conjugated anti-mouse (# 62-6520, Invitrogen) immunoglobulin G secondary antibody.

Exosome/AuNPs particles fabrication and characterization.  Gold nanoparticles (AuNPs) were syn-
thesized following Brown et al., 2010%L. Briefly, NaAuCl,-2H,0 (0.14 mmol) was dissolved in distilled water, and
then the solution heated to 100 °C with continuous stirring. During boiling, sodium citrate (1% m/v) was added
and boiled for 15 min before cooling to room temperature. UV-visible spectra (\,,,) 519-523 nm was employed
to indicate the successful formation of nanoparticles.

The AuNP coated exosome particles were fabricated by a serial extrusion method. Briefly, the harvested
exosomes from serial centrifugation were mixed with 200 uL of AuNPs at Abs 1.0. The mixture ratio was esti-
mated based on mean count rate of particles (DLS) and UV-VIS spectra of AuNPs. Both exosome and AuNPs
were incubated together in 2 mL phosphate buffered saline (PBS) pH 7.4 at 4°C for 30 min before extrusion.
Consequently, the mixture of particles was then extruded serially through 400 nm, 200 nm and 100 nm polycar-
bonate porous membranes using a mini extruder. The particles were passed through the extruder repeatedly 10
times in each porous membrane to ensure that the AuNPs were entirely coated with exosome?»*. The mixture of
particles was centrifuged at 8000 rpm for 20 min to purify the exosome/AuNPs from an excess of exosomes. The
pellets were resuspended in 1 mL PBS, and the mean particle size measured before and after the exosome coating.

Nanoparticle size (nm), polydispersity and surface charge (zeta potential, mV) were measured by dynamic
light scattering (DLS) using a Malvern XP. Moreover, the entire encapsulation of the exosome was observed by the
Raman spectra of malachite green on AuNPs using Raman spectroscopy (Sierra Series Spectrometers (633 nm),
Snowy Range Instruments, Laramie, WY, USA). In addition, the structure of the exosome/AuNPs was examined
using a transmission electron microscope.

For fluorescence labeling, the nanoparticles were labeled with 1,1’-dioctadecyl-3,3,3’,3'-te-
tramethylindocarbocyanine perchlo-rate (Dil) dye. Dil labeling of exosome on nanoparticles, 1 mg/ml solution of
Dil was added to PBS (1:750) and incubated for 30 min before removing excess dye by centrifugation. Dil-labeled
particles were resuspended in PBS and centrifuged at 8,000 rpm for 20 min. This procedure was repeated for three
times to wash excess dye away for further experiments.

Nanoparticle binding efficiency. Immortalized bEnd.3 mouse brain endothelial cell line, C6 rat glioma
cells, or Hela cervical cancer cells were cultured were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum (FBS), 3 mM L-glutamine and 1% penicillin-streptomycin. All cell thpes were main-
tained in a cell culture incubator at 37 °C and with 5% CO,. All cell lines were seeded in a 6-well plate till 90%
of confluency over the bottom of wells prior to an experiment. The in vitro flow adhesion assay employed a
parallel plate flow chamber (PPFC) equipped with silicon rubber gaskets forming the flow channel (GlycoTech,
Gaithersburg, MD, USA). Modified or unmodified AuNPs in PBS buffer (pH 7.4) was then added and allowed
to flow through the chamber as described in previously reported studies**?*. Briefly, a single straight flow chan-
nel (125 um height) was placed over cultured cells and vacuum-seal to the flow deck in order to set up the flow
chamber. The wall shear rate (7,;WSR) in the system was calculated from the adjustment of volumetric flow rate
(Q) according to

6Q

wh?
where h is the height of channel (125 um) and w is the channel width (1000 um). The assays were conducted with
laminar flow through the channel at WSRs of 100s7".

Nanoparticles were suspended in flow buffer (1%BSA in PBS) at a fixed concentration of 6.5 x 10° particles/
mL, and then introduced into the flow channel from an inlet reservoir at 100°~! operated via a syringe pump
(ProSence NE-1000, Oosterhout, Netherland). After 10 minutes, the system was washed by flow buffer and nan-
oparticle adhesion observed on an Olympus IX71 inverted microscope fitted with a digital camera (Olympus
DP71). Particle binding density (#/ mm?) was evaluated by manually counting of the number of bound parti-
cles on cells after 10 min of flow. This number was divided by the area of the field of view (20x magnification,
A =0.125 mm?) as described in a previous study?. The data was collected at a constant position along the length
of the chamber for all experiments. Each data point represents an average of binding density from at least three
independent experiments and includes at least 10 fields of view per experiment.

ls) =

Permeability of gold nanoparticles through blood brain barrier model (BBB model).  The exper-
imental procedure for building up the in vitro BBB model is as according to Li et al., 2010%. First of all, the bottom
side of the Transwell filters (0.4 m pore sizes, PET, 6 or 12 well; Corning, USA) were coated with collagen type I
(8 g/cm? in 0.02 N acetic acid) for 1hr at room temperature (RT) to help cell attachment. Then, the filters were
washed with PBS, and Astrocyte cells were seeded onto the back of the Transwell filters at a density of 2.44 x 10*
cells/cm? After 3h incubation, bEnd.3 cells were seeded onto the top side of the filters at a density of 10° cells/cm?
and co-cultured with astrocyte cells for 3 days in DMEM with 10% fetal bovine serum, 3 mM glutamine, and 1%
PS. The BBB models were characterized by detection of the tight junction proteins before performing experi-
ments, and trans-epithelial electric resistance (TEER) was measured before and after treatments of nanoparticles.

Transwells were gently washed with PBS before adding nanoparticles stained with Dil in DMEM medium into
the upper wells. The medium of lower wells were collected at 30 min, 1 hr, 3hr, 6hr, 12 hr and 24 hr time points.
The concentration of permeated particles was determined by measurement of fluorescene intensity (SpectraMax).
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Figure 2. Physicochemical characteristics of the exosome-coated AuNPs. (a) The charge characteristics of
exosome-coated AuNPs at different exosome/AuNPs ratios. (b) Raman spectra of exosome-coated AuNPs at
different exosome/AuNPs ratios. (c) A representative TEM image of AuNP. (d) A representative TEM image of
exosome-coated AuNP.

Permeability was evaluated in % as compared to total amount of nanoparticle added and remained in upper
chamber.

Murine model and in vivo assay. Methods were carried out in accordance with animal ethics guidelines.
All experimental protocols were approved by the Animal Ethics Committee of Thammasat University [017/2560].
Fifteen C57BL/6wild type mice at 8-10 weeks old were used as animal models in this experiment. Mice were
randomly assigned into three groups of five animals, and AuNPs/exosome were injected via the tail vein at a
same dosage in 200 pL in PBS /mouse. 1 hour after injection, mice were anaesthetized with isoflurane. Then, mice
were perfused with ice-cold PBS and 4% paraformaldehyde (PFA) in PBS, respectively. Mouse brains were har-
vested and snap-frozen in liquid nitrogen. Consequently, they were observed using an in vivo imaging instrument
(Bruker). Subsequently, the brains were washed 3 times for 15 minutes with PBS before being soaked overnight
with 20% sucrose. The brain was embedded in O.C.T. embedding medium and snap-frozen before cryostat sec-
tioned (Leica CM1950).

Statistical analysis. Significant differences between groups were analyzed by one-way or two-way analysis
of variance (ANOVA) followed by Turkey’s multiple comparison post-tests. The statistical differences between
two experimental groups were analyzed by Student’s unpaired t-test. p-values < 0.05 were considered significant.

Results

In this study, we reported synthesis and physiochemical properties of gold nanoparticles (AuNPs) encapsulated by
the RVG-targeted exosomes. Moreover, we demonstrated the enhanced targeting properties of this brain-targeted
hybrid nanoparticle system in vitro as well as in vivo blood-brain barrier models.

Physicochemical characteristics of the exosome-coated AUNPs.  To gain an insight into the physic-
ochemical properties of the exosome-coated AuNPs, we explored the surface chemistry of the AuNPs, exosomes
and the hybrids. We first investigated the size characteristics of exosome-coated AuNPs by measuring their aver-
age diameter.

Subsequent experiments were performed to determine whether the surface charge characteristics of the
hybrid nanoparticles is dependent on the amount of exosomes incorporated into the AuNPs at several AuNPs/
exosome ratios. Different ratios of exosomes were found to have a significant effect on the (-potential values of
the AuNP surfaces as presented in Figs 2a and S1. The addition of increasing amount of exosomes led to a corre-
sponding decrease in the (-potential. For example, incorporation of exosomes resulted in a change in (-potential
of AuNPs from —22 mV to —10 mV at an AuNP/exosome ratio of 1:1, after which the (-potential decreased to
reach near the (-potential of the exosome at an AuNP/exosome ratio of 1:2. Therefore, the optimal ratio for the
formation of exosome-coated AuNPs was determined to be 1:2 (AuNP/exosome).
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Hydrodynamic size
Sample (d.nm) PDI*
AuNPs 48+1.5 0.247 £0.05
Exosome 2254334 0.747 £0.14
AuNP/exosome 105+10.1 0.430£0.06

Table 1. Hydrodynamic size, polydispersity index, and (-potential. “PDI is Polydispersity Index. The
nanoparticles were either coated or uncoated with exosomes. The results are averages standard deviations (SD).

Our result also showed that the Raman intensity of malachite green tagged AuNPs is dependent on the
amount of AuNPs with an incomplete coating of exosome. As shown in Fig. 2b, the Raman shifts from a higher
intensity for AuNPs, to a lower intensity for the hybrid nanoparticles following the addition of exosome and the
extrusion process.

Having defined the optimal ratio that produced the hybrid nanoparticle to maintain the exosome (-potential,
we analyzed the size, and the appearance of the exosome-coated AuNPs. Size measurement of the exosome-coated
AuNPs in Table 1 revealed that the hybrids at optimal ratio of 1:2 (AuNP/exosome), had an average diame-
ter correspondingly to the pore size of the polycarbonate membrane used in the extrusion. Formation of the
exosome-coated AuNPs was confirmed by TEM. These images support the size results obtained by the NanoSizer.
As shown in Fig. 2¢,d, AuNPs were noticeably smaller than the exosome-coated AuNPs formed at an AuNP/
exosome ratio of 1:2. TEM micrographs showed the spherical shape of the exosome-coated AuNP in which one
gold nanoparticle (dark spot) was located in the center of the entire nanoparticle (brighter circle).

The targeting property of AUNPs after fabrication with brain-targeted exosomes. Following
the hypothesis that the mechanism of enhanced brain cell specificity of the targeted AuNPs/exosome is associ-
ated with higher affinity to the cell surface than the non-targeted AuNPs/exosome, we carried out experiments
to demonstrate the efficacy of modified AuNP adhesion to target cell membranes. The targeted exosome-coated
AuNPs in flow buffer were larminarly flowed through PPFC and oberved from their binding to cultured cells on
the bottom of chamber as a mimic of physiological conditions (as schematically shown in Fig. 3a).

The nanoparticles showed significantly higher targeting when the exosome-coated AuNPs were used com-
pared with non-targeted nanoparticles to brain cells (Fig. 3b). Particularly, bEnd.3 and C6 had the highest binding
(120 #/mm?). On the other hand (Fig. 3b), Hela had lower adhesion of targeted particles (20 #/mm?). The adhe-
sion of nanoparticle were not different between active targeted and non-targeted exosome-coated AuNPs. These
results suggest that the nanoparticles display specificity to only brain cells, which exhibit unique interaction to
RVG exosome-coated AuNPs.

Next we investigated the effect of surface modification of AuNPs to cross the blood brain barrier by using a
co-culture being composed of bEnd.3 brain endothelial cells and astrocyte-like (ALT) cells as an in vitro blood
brain barrier model, as schematically shown in Fig. 3c. The trans-epithelial electric resistance (TEER) were meas-
ured in co-culture bEnd3/astrocytes and showed that a TEER increased up to approximately 164 Q.cm? prior to
permeabilization study and remained consistent throughout the experiment (Supplement S2). Exosomes were
labelled with Dil, a fluorescent lipophilic cationic indocarbocyanine dye as detailed in the methods. The percent-
age of exosome-coated AuNPs that crossed the BBB co-culture model into the basal chamber of the Transwell™
system over a 20 hr. incubation period was assessed using a fluorescence spectrophotometer (Fig. 3d). The flu-
orescent signal detected in the basal chamber was directly related to the amount of fluorescently labelled nano-
particles which crossed the cell monolayer. Percentage transport of AuNPs coated with RVG-exosome at 37 °C
was about 5% at 30 min. However, the percentage transported increased considerably and reached a maximum of
around 20% at 24 hr. Incubating the cells with AuNPs coated with unmodified exosome resulted in a significant
lower % transport than that obtained by AuNPs coated with RVG-exosome.

In vivo brain uptake of exosome-coated AuNPs after intravenous injection.  Next, we examined
the in vivo feasibility of exosome coated nanoparticles as a CNS delivery system using a murine model. AuNPs
coated with RVG- or unmodified exosomes were administered to mice by tail vein injection. Uptake of fluores-
cently labelled nanoparticles into the brain was evaluated at 60 min post administration. The brain accumulation
of the systems was assessed using a bioluminescence in vivo imaging system. As shown in Fig. 4a, no fluorescent
signal was observed in the brains of negative control rats injected with phosphate buffer saline solution. Following
injection of the AuNPs coated with exosomes, a signal was clearly visualized in the brain region. A higher brain
uptake was observed following the administration of RVG-exosome coated AuNPs compared to the unmodified
exosome coated AuNPs according to the signal intensity. The brain was also excised and sectioned. Fluorescent
signals of brain sections were examined by fluorescence microscopy. Figure 4b represent images of the brain
treated by the AuNPs coated with unmodified and RVG-exosomes, respectively. No or negligible fluorescence
intensity was detected from brains of groups receiving AuNPs coated with unmodified. A strong signal was pres-
ent in brains treated with AuNPs coated with RVG-exosomes.

Discussion

Recently, a variety of drug-loaded nanoparticles (NPs) have been widely exploited to treat CNS disorders such as
Alzheimer’s disease, Parkinson’s disease and brain cancers. In fact, synthetic nanoparticles have no intrinsic tro-
pism for eukaryotic cells as they are chemically synthesized”. In order to develop a selective and efficient vector, it
is therefore necessary to introduce novel tropism for brain targeting into these synthetic nanoparticles.

SCIENTIFIC REPORTS | (2019) 9:8278 | https://doi.org/10.1038/s41598-019-44569-6 5


https://doi.org/10.1038/s41598-019-44569-6

www.nature.com/scientificreports/

a N Il Brain-targeted exosome/AuNPs
Outlet
Exosome/AuNPs \:| Control exosome/AuNPs
& 150+
£
/ ( \\} _Inlet s
- = >
\\ @ ﬁ‘ 'VacuuT pump é .
'\ /e e
@ > 2
i
2
\ S 50
™ m ns
3
£ =
Cultured cells & 0- i
bEnd3 HeLa
c d
25+ .
® = Bl Brain- targeted exosome/AuNPs
> = *
LT Upper 2 20/ [ ] Control exosome/AuNPs
Compartment 5 *
=
Transwell ;_7 154 Hekk ol
insert § -
Microporous < 10
membrane g ol
<@
0 4
Lower g 5
bEnD3 cells oo hartment o
@ Astrocytes 0

0.5 1.0 3.0 6.0 120 240
Time (hour)

Figure 3. The brain-targeting property of AuNPs after fabrication with neuron-targeted exosome. (a)
Schematic diagram showing the arrangement of the flow chamber perfusion system. The instrument required
brain cells cultured on a tissue culture plate. A flow chamber was then assembled over the cultured cells and
targeted exosome-coated AuNPs were flowed over the cultured cells. (b) Adhesion of nanoparticles to brain cells
under flow conditions. Brain cells were exposed to targeted exosome-coated AuNPs or control AuNPs under
flow condition. Hela cells were used as negative controls. As nanoparticles had been fluorescently labelled, the
binding of nanoparticles to cells was visualized and analyzed using fluorescence microscopy. (¢) An in vitro
blood-brain barrier (BBB) model being composed of co-culture with endothelial (bEnd.3) and astrocyte-like
(ALT) cells was established to evaluate the transcytosis of AuNPs coated with RVG- or unmodified exosomes.
The expression of tight junction protein claudin-5 and ZO-1 in BBB model (Supplementary S2). Green:
claudin-5 proteins; Blue: cell nucleus. (d) The percentage of exosome-coating AuNPs transported across

the BBB over 20 hr. targeted exosome-coated AuNPs or control AuNPs were added to the apical chamber

and incubated at 37 °C up to 24 hr. Signals of fluorescently labelled nanoparticles in the basal chamber were
measured in 0.5 ml aliquots at different time points.

As aforementioned, AuNPs have gained considerable attention as promising theranostic agents for a variety
of brain imaging and therapeutic applications®>**-*. This is significant because treatment and diagnosis for many
neurological diseases are hindered by the inability of theranostic agents to cross the blood-brain barrier”. Even
if a direct toxicity of AuNPs is minimal, increased brain accumulation of nanoparticles should be carried out for
greater delivery of encapsulated theranostic agents at lower systemic doses®'.

Adhesion to the cell surface is the first element that determines tissue tropism of the vector®. This process
is necessary for the internalisation of vectors since the encapsulated particle must be transported from the cell
surface to the intracellular compartment. The effectiveness of nanoparticles for targeted delivery to brain cells is
limited partly due to the lack of targeting moieties recognized by associated cells. One strategy to enable transport
of biopharmaceuticals into the brain is to utilize nanoparticles encapsulated with non-permeable molecules®.
Specific rabies viral glycoprotein (RVG) peptide targeting the acetylcholine receptor (nAchR) attached to the
surface of the nanoparticles allow their targeted delivery at the BBB**.

A previous investigation demonstrated that tropism for brain cells can be conferred on exosomes by fusing
Lamp2b protein to a brain-targeting ligand, such as the neuron-specific rabies viral glycoprotein (RVG) peptide.
In this respect, exosome-based vectors have been successfully adapted for brain targeting'>. We examined brain
cell binding of synthetic AuNPs after surface modification with neuron-targeted exosomes. Our results clearly
indicate that the adhesion of modified AuNPs were significantly higher than the unmodified AuNPs.

Another major challenge is the blood brain barrier, which is formed by the endothelial cells that line cerebral
microvessels if the target site is located in the central nervous system (CNS). Unlike blood capillaries elsewhere in
the body, the structure of the BBB is characterized by the tight-junctions that are tightly resistant to the exchange of
substances between the blood and the nervous tissue®. The transport of conventional systemic drugs into the CNS
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Figure 4. In vivo accumulation of exosome-coated AuNPs in brain tissue after intravenous injection. (a)
Bioluminescence imaging of mouse brains following an intravenous injection of phosphate buffer saline (negative
control), AuNPs coated with unmodified and RVG-exosomes (left to right). (b) AuNPs coated with unmodified
and RVG-exosomes in mouse brain slices after an intravenous injection as examined by fluorescence microscopy.

is therefore hindered partially due to the presence of blood brain barrier that acts as a physical and biochemical bar-
rier®®. In order to overcome this challenge, several strategies have been developed to enhance penetration of drugs
into the brain. Of these, the most frequently used is receptor-mediated transcytosis. Gold nanoparticles (AuNPs)
tagged with transferrin or L-DOPA is one of successful examples for brain targeting. The study of Cabezon, I. et al.,
2015 reported that the physical modification of AuNPs with an external antibody against transferrin receptor
has successfully achieved for brain internalization using ligand-receptor mediated vesicular fusion and rearrange-
ment within few hours after exposure”. Similary, our results clearly demonstrate that the transport across BBB of
AuNPs after genetically surface modification with RVG-exosome could be enhanced compared to AuNPs coated
with unmodified exosomes. A bioluminescence signal was present in the excised brain after the administration
of exosome-modified AuNPs, whereas it was not detectable after treatment with the aqueous solution. This result
provides confirmation of the efficient passage of AuNPs fabricated with brain-targeting exosomes into the brain.

Conclusion

In this study, we have developed and successfully tested an improved version of the hybrid vector concept by using
neuron-targeted exosomes as coating materials for the delivery of gold nanoparticles across BBB to target brain cells.
AuNP/RVG-exosome hybrid nanoparticles were successfully synthesized and investigated for their physiochemical
and biological properties. AuNPs coated with surface-modified exosomes proved superior to those coated with
unmodified exosome for specificity and transcytosis associated with brain cells. These results may accelerate the
development of general design principles for surface modification of gold nanoparticles to cross the BBB, and help
to meet the great challenge of providing treatments and imaging capabilities for brain diseases and disorders.

References
1. Safari, J. & Zarnegar, Z. Advanced drug delivery systems: Nanotechnology of health design A review. Journal of Saudi Chemical
Society 18, 85-99 (2014).
2. Lopez-Lorente, A. L, Simonet, B. M. & Valcarcel, M. Analytical potential of hybrid nanoparticles. Anal Bioanal Chem 399, 43-54,
https://doi.org/10.1007/s00216-010-4110-0 (2011).
3. Ajnai, G. et al. Trends of gold nanoparticle-based drug delivery system in cancer therapy. Journal of Experimental & Clinical
Medicine 6, 172178 (2014).

SCIENTIFIC REPORTS |

(2019) 9:8278 | https://doi.org/10.1038/s41598-019-44569-6 7


https://doi.org/10.1038/s41598-019-44569-6
https://doi.org/10.1007/s00216-010-4110-0

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.
33.

34.

35.

36.

37.

. Almeida, J. P. M., Chen, A. L., Foster, A. & Drezek, R. In vivo biodistribution of nanoparticles. Nanomedicine 6, 815-835 (2011).
. Gao, Y. & Li, Y. In Advances in Nanotheranostics I 53-101 (Springer, 2016).
. Guo, R. et al. Multifunctional nanocarriers for cell imaging, drug delivery, and near-IR photothermal therapy. Langmuir 26,

5428-5434, https://doi.org/10.1021/1a903893n (2010).

. Ha, D,, Yang, N. & Nadithe, V. Exosomes as therapeutic drug carriers and delivery vehicles across biological membranes: current

perspectives and future challenges. Acta Pharmaceutica Sinica B 6, 287-296 (2016).

. Andaloussi, S. E., Lakhal, S., Mager, I. & Wood, M. J. Exosomes for targeted siRNA delivery across biological barriers. Advanced drug

delivery reviews 65, 391-397 (2013).

. Haney, M. J. et al. Exosomes as drug delivery vehicles for Parkinson’s disease therapy. Journal of Controlled Release 207, 18-30

(2015).

Jang, S. C. et al. Bioinspired exosome-mimetic nanovesicles for targeted delivery of chemotherapeutics to malignant tumors. ACS
nano 7, 7698-7710 (2013).

Yang, T. et al. Exosome delivered anticancer drugs across the blood-brain barrier for brain cancer therapy in Danio rerio.
Pharmaceutical research 32, 2003-2014 (2015).

Zhuang, X. et al. Treatment of brain inflammatory diseases by delivering exosome encapsulated anti-inflammatory drugs from the
nasal region to the brain. Molecular Therapy 19, 1769-1779 (2011).

Hung, M. E. & Leonard, J. N. Stabilization of exosome-targeting peptides via engineered glycosylation. Journal of Biological
Chemistry 290, 8166-8172 (2015).

Hosseini, A. et al. Exosome-inspired targeting of cancer cells with enhanced affinity. Journal of Materials Chemistry B 4, 768-778
(2016).

Alvarez-Erviti, L. et al. Delivery of siRNA to the mouse brain by systemic injection of targeted exosomes. Nature biotechnology 29,
341-345 (2011).

Guerrero, S. et al. Improving the brain delivery of gold nanoparticles by conjugation with an amphipathic peptide. Nanomedicine 5,
897-913 (2010).

Morshed, R. A. et al. Cell-penetrating peptide-modified gold nanoparticles for the delivery of doxorubicin to brain metastatic breast
cancer. Molecular pharmaceutics 13, 1843-1854 (2016).

Prades, R. et al. Delivery of gold nanoparticles to the brain by conjugation with a peptide that recognizes the transferrin receptor.
Biomaterials 33, 7194-7205 (2012).

Raliya, R., Saha, D., Chadha, T. S., Raman, B. & Biswas, P. Non-invasive aerosol delivery and transport of gold nanoparticles to the
brain. Scientific reports 7, 44718 (2017).

Mieszawska, A. J., Mulder, W. ., Fayad, Z. A. & Cormode, D. P. Multifunctional gold nanoparticles for diagnosis and therapy of
disease. Molecular pharmaceutics 10, 831-847 (2013).

Brown, S. D. et al. Gold nanoparticles for the improved anticancer drug delivery of the active component of oxaliplatin. Journal of
the American Chemical Society 132, 4678-4684 (2010).

Hu, C.-M.J. et al. Erythrocyte membrane-camouflaged polymeric nanoparticles as a biomimetic delivery platform. Proceedings of
the National Academy of Sciences 108, 10980-10985 (2011).

Gao, W. et al. Surface functionalization of gold nanoparticles with red blood cell membranes. Advanced Materials 25, 3549-3553
(2013).

Namdee, K., Sobczynski, D. J., Onyskiw, P. J. & Eniola-Adefeso, O. Differential impact of plasma proteins on the adhesion efficiency
of vascular-targeted carriers (VTCs) in blood of common laboratory animals. Bioconjugate chemistry (2015).

Charoenphol, P. et al. Targeting therapeutics to the vascular wall in atherosclerosis—carrier size matters. Atherosclerosis 217, 364-370
(2011).

Li, G. et al. Permeability of endothelial and astrocyte cocultures: in vitro blood-brain barrier models for drug delivery studies.
Annals of biomedical engineering 38, 2499-2511 (2010).

Larocca, D. et al. Gene transfer to mammalian cells using genetically targeted filamentous bacteriophage. FASEB journal: official
publication of the Federation of American Societies for Experimental Biology 13, 727-734 (1999).

Denora, N., Trapani, A., Laquintana, V., Lopedota, A. & Trapani, G. Recent advances in medicinal chemistry and pharmaceutical
technology-strategies for drug delivery to the brain. Current topics in medicinal chemistry 9, 182-196 (2009).

Roney, C. et al. Targeted nanoparticles for drug delivery through the blood-brain barrier for Alzheimer’s disease. Journal of
controlled release 108, 193-214 (2005).

van Rooy, L. et al. In vivo methods to study uptake of nanoparticles into the brain. Pharmaceutical research 28, 456-471 (2011).
Anspach, L. et al. Impact of polymer-modified gold nanoparticles on brain endothelial cells: exclusion of endoplasmic reticulum
stress as a potential risk factor. Nanotoxicology 10, 1341-1350 (2016).

Schneider-Schaulies, J. Cellular receptors for viruses: links to tropism and pathogenesis. ] Gen Virol 81, 1413-1429 (2000).
Kristensen, M. & Brodin, B. Routes for Drug Translocation Across the Blood-Brain Barrier: Exploiting Peptides as Delivery Vectors.
Journal of pharmaceutical sciences 106, 2326-2334 (2017).

Oswald, M., Geissler, S. & Goepferich, A. Targeting the Central Nervous System (CNS): A Review of Rabies Virus-Targeting
Strategies. Molecular pharmaceutics 14, 2177-2196 (2017).

Wilhelm, I. & Krizbai, I. n. A. In vitro models of the blood-brain barrier for the study of drug delivery to the brain. Molecular
pharmaceutics 11, 1949-1963 (2014).

Castro, M. G. et al. Current and future strategies for the treatment of malignant brain tumors. Pharmacology & therapeutics 98,
71-108 (2003).

Cabezon, I. et al. Trafficking of Gold Nanoparticles Coated with the 8D3 Anti-Transferrin Receptor Antibody at the Mouse Blood-
Brain Barrier. Mol Pharm 12, 4137-4145, https://doi.org/10.1021/acs.molpharmaceut.5b00597 (2015).

Acknowledgements

This work was supported by the grant from National Nanotechnology Center (NANOTEC), National Science
and Technology Development Agency (NSTDA, Thailand). Support from the Scottish Funding Council for
Postdoctoral and Early Career Researcher Exchanges (SFC PECRE) fund award to WestCHEM at the Department
of Pure and Applied Chemistry, University of Strathclyde is acknowledged.

Author Contributions

K.N. and D.G. were involved in the design and supervision of the construction and physicochemical
characterizations. K.N. and S.B. were involved in conducting physicochemical experiments. K.N. and UR.R. were
involved in the design and supervision of the biological assays. T.Y., K.N.and M.K. were involved in conducting
the biological experiments. K.N. and T.Y. performed the statistical analyses and wrote the manuscript text. All
authors reviewed the manuscript.

SCIENTIFICREPORTS| (2019) 9:8278 | https://doi.org/10.1038/s41598-019-44569-6 8


https://doi.org/10.1038/s41598-019-44569-6
https://doi.org/10.1021/la903893n
https://doi.org/10.1021/acs.molpharmaceut.5b00597

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44569-6.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:8278 | https://doi.org/10.1038/s41598-019-44569-6 9


https://doi.org/10.1038/s41598-019-44569-6
https://doi.org/10.1038/s41598-019-44569-6
http://creativecommons.org/licenses/by/4.0/

	Surface modification of gold nanoparticles with neuron-targeted exosome for enhanced blood–brain barrier penetration

	Materials and Methods

	Generation of cells transiently expressing Lamp2b fusion protein. 
	Exosome/AuNPs particles fabrication and characterization. 
	Nanoparticle binding efficiency. 
	Permeability of gold nanoparticles through blood brain barrier model (BBB model). 
	Murine model and in vivo assay. 
	Statistical analysis. 

	Results

	Physicochemical characteristics of the exosome-coated AuNPs. 
	The targeting property of AuNPs after fabrication with brain-targeted exosomes. 
	In vivo brain uptake of exosome-coated AuNPs after intravenous injection. 

	Discussion

	Conclusion

	Acknowledgements

	Figure 1 Schematic representation of gold nanoparticle surface functionalization through exosome coating.
	Figure 2 Physicochemical characteristics of the exosome-coated AuNPs.
	Figure 3 The brain-targeting property of AuNPs after fabrication with neuron-targeted exosome.
	Figure 4 In vivo accumulation of exosome-coated AuNPs in brain tissue after intravenous injection.
	Table 1 Hydrodynamic size, polydispersity index, and ζ-potential.




