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The biological activities of nanoparticles (NPs),
which include endocytosis by macrophages and subsequent
intracellular degradation and/or release, transfer to other cells,
or translocation across tissue barriers, highly depend on their
fate in living organisms. Yet, translocation across barriers,
especially the distal “barrier-crossing” trafficking of NPs, is still
unclear. The exosome (Exo) plays a crucial role in intercellular
communication and biological barrier trafficking. Here, we
report that ZnCdSe@ZnS quantum dots (QDs), as a
representation of NPs in biomedical applications, could cross
the blood-brain barrier and approach the mouse brain via active
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Exo encapsulation. By employing multiple techniques, we demonstrated that QDs were internalized by macrophages
(J774A.1) and tumor cells (HeLa) and then released to the extracellular environment along with Exo. Exo encapsulation
facilitates the distal barrier-crossing trafficking of QDs in vivo, while Exo biogenesis inhibitor GW4869 suppressed the QDs
enriched in the brains of mice with a 4T1-Luc breast cancer xenograft. Interestingly, Exo heterogeneity affects the distal
trafficking of enveloped QDs. Exo derived from tumorous HeLa cells, not macrophages, that were enriched in functional
proteins with cell adhesion, cell migration, axon guidance, and cell motility, showed a better capacity for the remote trafficking
of QDs. This study proposes Exo as a vehicle to deliver exogenous NPs to translocate across the distal barrier and provides
further information for biomedical application and the risk assessment of NPs.

exosome, quantum dots, intercellular trafficking, blood-brain barrier, heterogeneity

The rapid development of nanotechnology is responsible for
the deliberate and accidental release of anthropogenic
nanoparticles (NPs) into the environment." With the
ubiquitous existence of natural and anthropogenic NPs in
the atmosphere, hydrosphere, and ’biosphere,2 human exposure
to NPs is inevitable and has adverse consequences, becoming a
significant global public issue.” Our recent studies suggested
that once introduced into the mice through different pathways,
NPs, such as silica NPs (15 nm),* anionic nanoplastic NPs (25
nm),” and two-dimensional MoS, nanosheets (500 nm),°
could interact with complicated biological barriers in vivo and
accumulated in vital organs to cause tissue damage. And no
consensus has established the strategies used by NPs to cross
these complicated biological barriers. Notably, anionic nano-
plastic NPs crossing the blood-brain barrier (BBB) by inducin

endothelial leakiness and damage the integrity of the barrier,

and commercial silica nanoparticles could also cause severe
endothelial leakiness.” Multiple studies have clearly shown that
NPs could enter the brain, and two groups of researchers have
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expounded on this subject. Toxicologists, for example, chose to
investigate how environmental NPs (e.g., airborne particulate
matter) become the drivers of neurological disorders/
diseases,®” while pharmacologists, on the other hand, seek
optimum tactics to deliver nanosized therapeutics and/or
diagnostic probes to the brain.'® Although both have achieved
some progress, the detailed mechanism(s) explaining how NPs
actively break through the BBB need(s) to be further
understood.

The exosome (Exo) is a cup-shaped membrane-derived
vesicle with a typical lipid bilayer that ranges from 30 to 150

nm."" Long viewed as specifically secreted vesicles for
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Figure 1. Excretion of QDs via EV encapsulation. (a) Immunofluorescence of EEA1 (left), LAMP2 (middle), and LC3 (right) in J774A.1 and
HeLa cells. Cells were incubated with 10 nM QDs (green) for 2 h, and then cells were fixed, permeabilized, blocked, and probed with
primary antibodies overnight at 4 °C. Next, cells were incubated with a secondary antibody conjugated with Cy3 (red) for 2 h. Nuclei (blue)
were stained with Hoechst 33342. Intracellular QDs were imaged by CLSM. Yellow arrowheads indicate the colocalization of QDs and
vesicles. Scale bars, 20 gm and 1 gm. (b) Extracellular vesicle image of J774A.1 and HeLa cells. After incubation with QDs for 12 h, J774A.1
and HelLa cells were fixed, and Dil (red) was used to stain the cell membrane. N-SIM images of vesicles were captured. Scale bars, S gm and
500 nm. (c) The release of intracellular QDs. Following incubation with 10 nM QDs for 12 h, a QDs-free culture medium was used to
replace the medium (0 h). After indicated incubation times (12, 24 h), cells and cell supernatants were respectively collected. The
extracellular QDs’ fluorescence intensity in the supernatant was analyzed by a microplate reader, and the intracellular QDs were detected by
flow cytometry. All data are means + SD (n = 3). ANOVA analysis. **p < 0.01, ***¥*p < 0.0001(vs. untreated cells). (d) Time-lapse images
were imaged with CLSM in no-delay mode after treatment of 10 nM QDs in CD63-RFP-HeLa cells for 2 h. Fiji plugin tracking was used to
analyze the trafficking of QDs. White circle represents the inward movement of QDs, and blue circle represents the outward movement of
QDs. Scale bar, 20 ym. (e) Inhibitors affected the secretion of intracellular QDs. Supernatants and cells were collected respectively to detect
fluorescence intensity. All data are means + SD (# = 3). An unpaired t-test was used. **¥¥p < 0.0001, *p < 0.05, #p < 0.01, **p < 0.0001.
(f) Schematic illustration of QDs encapsulated in endocytic vesicles for degradation or exocytosis.
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intercellular communication, Exo has shown excellent bio- niche formation and metastasis. Apparently, BBB endo-

compatibility, a long-circulating time, and the intrinsic ability
to target deep tissues.'”'” By delivering bioactive cargoes, e.g.,
proteins, nucleic acids, lipids, and metabolites derived from
parental cells,"* ™" Exo could transfer messages between cells
in the local microenvironment and those in distant sites as the
primary carrier of multiple signal molecules to influence tissue
physiological function, ultimately involved in various biological
processes.'” Practically, tumor-derived Exo are able to
modulate autocrine, juxtracrine, and paracrine signaling
pathways and play an irreplaceable role in the metastatic
cascade of cancer recurrence and metastasis. Thus, tumor-
derived Exo has potent applications in the clinic as a
therapeutic, diagnostic, and prognostic tool.'”'®

Exo was used back in 2011 to deliver therapeutics to the
brain by intravenous injection.'” The molecular composition
and heterogeneity of Exo will implicate their biological and
therapeutic effects.”” Tumor-derived Exo can impair endothe-
lial cell junctions and thus increase vascular permeability,
establishing a favorable microenvironment for premetastatic

thelial cells are highly responsive to Exo from some cell sources
(stem cells, neural origin, and macrophages), which leads to
higher BBB penetration of these Exo0.” In parallel, researchers
also proved that cargoes could be packaged into Exo during
their biogenesis.”*~** However, the loading of NPs cargoes by
Exo was mainly performed in cultured cells rather than
animals, and whether different cell types derived Exo
encapsulation can assist NPs in passing through the BBB
needs further verification. Moreover, it is currently unknown
whether NPs can be similarly encapsulated in vivo and the
influence of heterogeneity of exosomes on distal barrier
crossing.

Therefore, in the current study, we reported that (1)
internalized ultrasmall NPs, namely ZnCdSe@ZnS quantum
dots (QDs), could be secreted into the extracellular environ-
ment via Exo, a phenomenon observed both in macrophages
J774A.1 and immortalized tumor HeLa cell, but with
differences in efficiency, and (2) Exo encapsulation secreted
from tumor cells enhanced the ability of QDs to cross the BBB.
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Figure 2. Quantification of QDs internalization and excretion. J774A.1 and HeLa cells (1 X 10°) were incubated with 10 nM QDs for 12 h.
(a) Intracellular QDs were imaged by CLSM. Scale bar, 20 gm. (b) The fluorescence intensity of intracellular QDs was quantified by FC. (c)
The content of Cd was determined by ICP-OES. (d) After rinsing three times, cells were further cultured with FBS-free DMEM medium for
an additional 24 h. Cells were then collected and digested for ICP-OES analysis. (e) Excretion ratio (%) of intracellular QDs = Exocytosis
QDs/Endocytosis QDs X 100%. (f) J774A.1 and HeLa cells (1 X 10”) were incubated with 10 nM QDs for 12 h. After removing excess QDs,
cells were further cultured with FBS-free DMEM medium for an additional 48 h. Supernatants were collected to extract Exo by differential
ultracentrifugation. After digestion, the content of Cd in Exo was detected by ICP-OES. All data are means + SD (n = 3). An unpaired t-test
was used. *¥p < 0.01, ¥¥*¥p < 0.0001. No detection (N. D.) indicates that the amount of Cd was 0 ug/mL measured by ICP-OES. n.s., no

significance.

Thus, this study implicated Exo encapsulation as a route for
distal transport and “barrier-crossing” of NPs, further
supporting the risk assessment of NPs under complicated
scenarios. In addition, the advantage of active incorporation of
NPs into biogenic origin Exo implied their potential
biomedical applications.

RESULTS

Excretion of QDs via Extracellular Vesicle (EV)
Encapsulation. ZnCdSe@ZnS QDs (average size of 8.4 +
2.1 nm, the zeta potential of —31.5 + 3.3 mV, Figure S1 in the
Supporting Information) are used as a nanoparticle model
because QDs are characterized and monodispersed with steady
bright fluorescence. Furthermore, we have previous data on
their interactions with cells, showing that they are readily
internalized via cellular endocytosis and with a cell-
independent pathway, then QDs subsequently distribute
intracellularly and accumulate in lysosomes.”” In addition,
ZnS coating further enhanced the biocompatibility and
stability,”® which makes them excellent surrogates in vivo study.

As a cell model, we chose macrophages J774A.1 cells and
tumor cells HeLa cell as the monocyte/macrophage’s proper-
ties of J774A.1 cell and the bulky shape and easier transfection
of HeLa. According to the cell counting kit-8 (CCK-8) assay,
QDs showed decent biocompatibility in both macrophages
(J774A.1) and tumor cells (HeLa). Significant cytotoxicity was
not detected until the exposure concentration reached 100 nM
(Figure S2). To avoid unwanted cytotoxicity that may affect
further results, the exposure concentration of QDs was set at

10 nM (1/10 of the minimum effective cytotoxic dose) for the
following in vitro experiments.

Once endocytosed, the intracellular NPs were wrapped and
distributed in morphologically different endosomes and finally
delivered into recycling endosomes for exocytosis® or into
lysosomes to digest.”> Here, early endosomes (labeled with
early endosome antigen 1 antibody, EEA1), lysosomes (labeled
with lysosomal associated membrane protein 2 antibody,
LAMP 2), and autolysosomes (labeled with microtubule-
associated protein 1 light chain 3 antibody, LC3) were
individually blotted with Cy3 (red)-conjugated antibody to
visualize the intracellular journey of QDs by confocal laser
scanning microscopy (CLSM).*>** Obviously, orange-fluores-
cent dots were shown in the early endosome, lysosome, and
autophagosome compartments, indicating their colocalization
with QDs (green fluorescence). Apparent clusters of orange-
fluorescent dots were abundant in the perinuclear region of
lysosome in both J774A.1 and HeLa cells (Figure la and
Figure S3). We further used super-resolution Nikon structured
illumination microscopy (N-SIM) to confirm that QDs were
colocalized with these organelles (Figure S4). Those results
indicated that QDs had consistent intracellular fate in different
cell types, thus transported intracellularly in the form of
endosomal envelopment after endocytosis.

Since endosome-derived EVs are known to form first as
intraluminal vesicles (ILVs) of internal multivesicular bodies
(MVBs), and then move toward and undergo fusion with the
plasma membrane to release cargoes into the extracellular

space,”” """ we stained the cell membrane with the red
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Figure 3. QDs were excreted along with Exo. J774A.1 cells (1 X 107) were incubated with 10 nM QDs for 12 h, and then free QDs were
removed. The culture medium was replaced with an FBS-free medium for 48 h. Exo was obtained by differential ultracentrifugation from the
cell supernatant. (a) Exo was diluted 1000 times in sterile PBS. The size and concentration of Exo were determined by NTA. (b) Dil (red)
was used to stain Exo. Then, Exo was purified by a 100 kDa ultrafiltration tube (Millipore) and imaged by N-SIM. Scale bars, 5 and 1 ym. (c)
TEM image of Exo, scale bar, 100 nm. (d) HRTEM images of QDs encapsulated in Exo. Scale bar, S nm. (e) In situ elements analysis of QDs

encapsulated in Exo by EDS.

fluorescent dye 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindocar-
bocyanine perchlorate (Dil) and found an elevated level of
EVs (size of ~300 nm) adjacent to the cell membrane upon
QDs stimulation (Figure 1b). To confirm the assumption that
encapsulated QDs were secreted into extracellular space, cells
were exposed to QD-containing medium, which was replaced
with QDs-free medium afterward. The intracellular and
extracellular fluorescent levels of QDs were measured and
quantified (vs. untreated cells) to evaluate the amount of
secretion. As indicated, the fluorescence intensity in the
supernatant increased, while that in the cytoplasm decreased in
a time-dependent manner (Figure Ilc).

Exocytosis is a dynamic process of the intracellular vesicle
system, which is the prominent and essential pathway for
releasing intracellular cargo.38’39 CD63, a transmembrane
component of endosome, is abundant in MVBs, organelles
involved in recycling routes between the plasma membrane
and cellular vesicles.””** We thus transfected a red fluorescent
protein (RFP)-tagged CD63 into the HeLa cell line (CD63-
RFP-HeLa) to monitor the real-time trajectories of internal-
ized QDs.*"! Compared to scattered green QDs fluorescence in
RFP-HeLa cells (negative control cell line), the concentrated
orange-fluorescent spots in CD63-RFP-HeLa cells indicated

the colocalization of CD63 protein with intracellular QDs
(Figure SS). Interestingly, time-lapse confocal microscopy
images (Figure 1d) and video (Video S1) demonstrated the
concurrent inward (green to orange fluorescence, marked with
white circles) and outward (orange to green fluorescence,
marked with blue circles) movement of QDs, suggesting the
dynamics involved in endocytosis and exocytosis of assembly
QDs in CD63-enriched endosomes.

Exocytosis is an active transport process; thus, actin and
microtubule cytoskeletons are necessary for the trafficking of
intracellular cargo. To elucidate the role of exocytosis in the
secretion of QDs, the cell-permeable actin polymerization
inhibitor cytochalasin B (Cyto B) and microtubule inhibitor
nocodazole were used to reduce cellular dynamism or traffic.
GW4869, a common Exo biogenesis and release inhibitor, was
used to block the budding of MVBs and release mature Exo
from MVBs.*>* Inhibitor treatment increased the fluorescence
intensity of cytoplasm and decreased the fluorescence intensity
of supernatants in QD-exposed groups (Figure le and Figure
S6), but without affecting cell survival rate (Figure S7). Here,
we confirmed that intracellular QDs were encapsulated in
CD63-enriched endocytic vesicles (early endosome, MVBs,
lysosome, and autolysosome). Meanwhile, they were also, at
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Figure 4. Intercellular communication of Exo-QDs. (a) Intracellular QDs were encapsulated in CD63-enriched endosomes and transferred
between proximal CD63-RFP-HeLa cells. Cells were incubated with 10 nM QDs for 12 h. Time-lapse images were recorded with no-delay
mode using CLSM. The intracellular trafficking route of QDs was encircled in yellow. Scale bar, 5 gm. (b) Trajectories of QDs’ intercellular
transfer between CD63-RFP-HeLa cells. Intracellular orange dots (CD63-enriched-endosome encapsulated QDs) were analyzed by Fiji
plugin tracking. Scale bar, 5 gm. (c) Schematic illustration of a coculture system. In brief, CD63-RFP-HeLa cells (donor cells, D) were
seeded into 10 cm dishes and incubated with 10 nM QDs for 12 h. After excess QDs were removed, the U937 cells (recipient cells, R) were
then introduced to dishes and cocultured with CD63-RFP-HeLa cells at 37 °C for 24 h. Cells in the supernatant were collected for further
analysis. (d) CD63-enriched-endosome encapsulated QDs (orange dots, as indicated by yellow arrowheads) in cells were imaged by CLSM.
Scale bars, 10 and 2 um. (e) Schematic illustration of intercellular communication of Exo-QDs. In brief, CD63-RFP-HeLa cells were
incubated with 10 nM QDs for 12 h. After completely removing free QDs, FBS-free DMEM replaced the culture medium, and cells were
cultured for a further 48 h. Supernatants were collected to isolate Exo. Purified Exo was added to the recipient cells and cocultured for
another 2 h. (f) Exo-QDs (indicated by yellow arrowheads) in U937 or J774A.1 recipient cells were imaged by CLSM. Scale bars, 10 and 2
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least in part, secreted into the extracellular environment along
with Exo through exocytosis (Figure 1f).

Quantification of QD Internalization and Excretion.
Next, we sought to quantify the percentage of internalized and
excreted QDs in both J774A.1 and HeLa cells. For a direct
comparison, J774A.1 and HeLa cells (1 X 10° cell/well) were
incubated with 10 nM QDs for 12 h in parallel. As shown in
Figure 2a, more green fluorescent dots were observed in
J774A.1 cells compared to HeLa cells. By employing flow
cytometry (FC) analysis, we found that the fluorescence value
in QDs-treated J774A.1 cells (J774A.1-QDs) was ~3.6-fold
more than that in the HeLa-QDs group (Figure 2b). For
further quantification of internalized QDs, the content of
cadmium (Cd) in cells was detected by inductively coupled
plasma optical emission spectroscopy (ICP-OES). Approx-
imately 37.6% (122.9 ng Cd) of total QDs (327.3 ng Cd,
expressed in Cd) had been internalized in J774A.1 cells, while
only 8.3% of QDs (27.56 ng Cd) were found in HeLa cells
(Figure 2c). This result fully demonstrated that macrophages
have a better ability to engulf QDs.

Exocytosis is the opposite function of endocytosis to
maintain cellular homeostasis. The exocytosis of QDs was
also detected in two types of cells. After 12 h of QDs
treatment, cells were rinsed with PBS three times and cultured
with FBS-free DMEM for 24 h. Cells were collected and

digested, and the content of Cd was determined by ICP-OES.
The difference in intracellular Cd% levels before and after FBS-
free DMEM replacement indicated the amount of QDs
released by exocytosis. The result showed that 10.9% (35.9
ng Cd) and 3.6% (11.6 ng Cd) of total QDs were secreted
from J774A.1 and HeLa cells, respectively (Figure 2d).
Interestingly, the excretion ratio of QDs (exocytosis/
endocytosis) was higher in HeLa cells (42.2%) than that in
J774A.1 cells (29.2%) (Figure 2e). A consistent study showed
that cancerous cells secrete more EVs than noncancerous
counterparts.44 Various EVs, including Exo, microvesicles,
microparticles, shedding vesicles, retrovirus-like particles, and
apoptotic bodies, may involve exocytosis.*>** In addition, the
excretion profile of NPs was mainly influenced by cell type.*” A
previous study demonstrated that Exo release from a
noncancerous cell line was less than from a cancerous cell
line."® This phenomenon was further confirmed in our study.
Although the amounts of Exo from J774A.1 and HeLa cells
without QD treatment are comparable, the concentration of
Exo in the QD-treated HeLa cells was considerably increased
over that of the QDs-treated J774A.1 cells (Figure S8).
Intriguingly, we found that the amount of encapsulated QDs in
Exo released by J774A.1 and HeLa were comparable (Figure
2f). Together, these results suggested the heterogeneity of
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Figure S. Exo encapsulation facilitates QD barrier-crossing trafficking. (a) Schematic representation of Exo-encapsulated QDs crossing BBB
model in vitro. In brief, C8-D1A astrocytes (5 X 10° cells/cm?®) were seeded at the bottom of the microporous semipermeable membrane
(transwell inserts). After adhering for 2 h, the insets were cultured in a 24-well plate for an additional 12 h. Then, bEnd.3 cells (1 X 10°
cells/cm?) were added to the upper side of the inset and cocultured with astrocytes for 6 days. Meanwhile, SH-SYSY cells were seeded on the
bottom of another 24-well culture plate for 3 days. Next, the insets were placed adjacent to a 24-well plate adhered with SH-SYSY cells.
Then, Exo or QDs were introduced to the insets and cocultured for 36 h. The bEnd.3 and SH-SYSY cells were collected for further analysis.
(b) Images of bEnd.3 and SH-SYSY cells in the BBB model. Exo-QDs, or equivalent free QDs (0.3 ug of Cd), were incubated with bEnd.3
cells in the apical chamber. After coculturing, bEnd.3 and SH-SYSY cells were collected and imaged by an inverted fluorescence microscope
(%10, OLYMPUS, IX71). Scale bar, 100 gm. (c) The fluorescence intensity of intracellular QDs in SH-SYSY cells was measured by Fiji
software. An unpaired t-test was used. *p < 0.05, **p < 0.01, **¥*¥p < 0.0001. N/A indicates that no fluorescence intensity was detected. (d)
Schematic diagram of Exo encapsulation facilitating QDs barrier-crossing trafficking in vivo. Exo collected from different groups, or an equal
dose of QDs (4.5 pg of Cd), was respectively injected into C57BL/6] mice through the tail vein. After 6 h, mice were sacrificed, and tissues
were collected for further analysis. (e) The content of Cd in different tissues was determined by ICP-OES. All data are means + SD, n = 3.
An unpaired t-test was used. *p < 0.05. No detection (N. D.) indicates that the amount of Cd was 0 yg/mL measured by ICP-OES.

QDs’ internalization, cargo shorting, and excretion in different
source cells.

QDs were Excreted Along with Exo. Since GW4869
inhibited the release of intracellular QDs to the extracellular
environment (Figure le), we proposed that QDs were
assembled into enclosed vesicles and secreted through Exo.
To verify this hypothesis, corresponding Exo from J774A.1
macrophages were collected through differential ultracentrifu-
gation” and subjected to nanoparticle tracking analysis
(NTA). Biomarkers for Exo, including CD63, HSP70, HSP
90, and TSG101, were verified by Western blotting (Figure
S9). The collected Exo have comparable particle sizes in the
control and QDs groups (146.3 and 131.1 nm, respectively).
Interestingly, the concentration of Exo tripled in the QDs
group compared with the control group (Figure 3a). N-SIM
(Figure 3b) and CLSM (Figure S10) analysis indicated orange-
fluorescent foci in Exo that carry QDs (Exo-QDs) since only
red fluorescence was observed in Exo from the control group
(Exo-Ctrl). Consistently, transmission electron microscopy
(TEM) analysis further confirmed the existence of QDs inside
of the single-membrane vesicle (Figure 3c). In addition, high-
resolution TEM (HRTEM) analysis clearly showed the

crystalline structure of the Exo-QDs with a lattice spacing of
0.25 nm (Figure 3d). In situ energy dispersive X-ray (EDS)
analysis validated the elementary composition of Zn, Cd, Se
and S inside Exo-QDs (Figure 3e). Taken together, these
results proved that QDs had been encapsulated in Exo and
were then released into the extracellular environment. Exo can
effectively deliver exogenous substances to distal target organs
or cells. Recently, Exo has begun to be recognized as a safe and
effective solution for drug delivery.”’ Substances, including
therapeutic nucleic acids, proteins, lipids, and low molecular
weight drugs, can be encapsulated into Exo passively or
actively, where the active pathway involves the biogenesis of
Exo. Here, we demonstrated that active strategies of cellular
loading NPs into Exo; however, this active encapsulation has
low efficiency.

Intercellular Communication of Exo-encapsulated
QDs (Exo-QDs). Exo plays an essential role in cell—cell
communication by allowing cells to exchange proteins, lipids,
and genetic material.”' ~>* A recent study report showed that
Exo could mediate the transfer of atmospheric particulate
matter actively between macrophages and induce inflammatory
responses.”” Another example demonstrated a delivery
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approach using NPs-loaded Exo generated by exocytosis from
tumor cells.” Therefore, we speculated that cell-autonomous
Ex0-QDs from donor cells could be delivered to proximal or
distal recipient cells. First, time-lapse confocal microscopy was
utilized to investigate the movement of endocytic compart-
ment-encapsulated QDs in CD63-RFP-HeLa cells. As
indicated, during a period of 20 s, endocytic compartment-
encapsulated QDs (orange fluorescent foci, marked with
yellow circles) crossed a cell boundary (blue line) from an
upper cell to a lower cell (Figure 4a and Video S2). We next
employed single-particle tracking (SPT) to analyze the
trajectory of individual encapsulated QDs, as shown in Figure
4b (marked with yellow lines) and Video S3. The results
indicated that endocytic compartment-encapsulated QDs were
delivered between adjacent cells.

Distal trafficking requires NPs to detach from primary
tissue/cell into blood and extravasate. Thus, a coculture system
was then established to further assess the transportation of
released CD63-enriched-endosomes encapsulated QDs from
donor cells to nonadjacent receptor cells within different cell
types (Figure 4c). U937, a cell line exhibiting monocyte
morphology and suspension was selected as the Exo receptor
cells. Specifically, adherent CD63-RFP-HeLa cells (donor cell,
D) were exposed to QDs for 12 h. Then, cells were thoroughly
washed with PBS and cultured with fresh QDs-free medium for
6 h to eliminate excess QDs adsorbed on the cell membrane.
After gently rinsing three times with PBS, suspension U937
cells (recipient cell, R) were added and cocultured with CD63-
RFP-HeLa cells for an additional 24 h. As shown in Figure 4d,
CD63-enriched-endosomes encapsulated QDs (orange-fluo-
rescent dots) were observed both in donor and recipient cells.

Furthermore, to verify that Exo “carry” QDs for intercellular
transport, rather than other EVs (micro vesicles, shedding
vesicles, or apoptotic bodies) encapsulated QDs traffic, Exo
were isolated from QDs-treated CD63-RFP-HeLa cells and
then incubated with suspension U937 or adherent ]J774A.1
cells (Figure 4e). As expected, bright orange-fluorescent spots
were seen in both living U937 and J774A.1 cells (Figure 4f).
Three-dimensional reconstruction movie of Z-stacks in U937
(Video S4) and J774A.1 cells (Video SS) demonstrated
intracellular orange-fluorescent dots, which strongly confirmed
the presence of Exo-QDs in different recipient cells. On the
contrary, only red fluorescent dots were observed in both types
of cells when incubated with Exo obtained from untreated
CD63-RFP-HeLa cells (Figure S11). Exo-QDs may enter
recipient cells through various endocytic pathways, which are
affected by proteins and receptors present on both Exo and
recipient cells, such as exosomal integrins or scavenger
receptor type B-1 on the cell surface.”® The specific mechanism
of endocytosed Exo is not discussed in this section.

Exo Encapsulation Facilitates QD Barrier-Crossing
Trafficking. BBB is a uniquely functional, structural, and
physiological interface between neuronal tissue and the
peripheral blood supply. BBB plays an important role in
maintaining central nervous system (CNS) homeostasis by
restricting the transfer of toxic or harmful molecules and
removing metabolites from the brain.>’ Since mounting
evidence suggested Exo as a delivery vehicle for various
materials across biological barriers,”® we next explored the role
of Exo encapsulation in QDs crossing the BBB. Endothelial
bEnd.3 and astrocyte C8-D1A cells were cocultured in the
transwell to mimic a BBB model (Figure Sa). Neuroblastoma
SH-SYSY cells were seeded on the bottom of the transwell as a

recipient cell. Exo was introduced to the transwell insert and
maintained for 36 h. Interestingly, a significant amount of
green fluorescent dots was found in bEnd.3 cells, suggesting
that Exo had been internalized by bEnd.3 cells via transcytosis
or membrane fusion.”” In the case of intact endothelial cells,
the transcellular pathway plays a dominant role when tight
junctions and adherens junctions block the paracellular
pathway. Please note that Exo internalized into recipient cells
by transcytosis was delivered to the endocytic membrane-
compartments;()0 therefore, we asked if Exo were internalized
into recipient cells via transcytosis. To address this question,
Exo obtained from J774A.1 or HeLa cells with or without QDs
treatment were stained with the lipophilic membrane dye Dil
individually and purified before incubation with bEnd.3 cells.
CLSM analysis indicated evenly distributed red fluorescence in
Exo-Ctrl groups and a few orange-fluorescent dots in Exo-QDs
groups (Figure S12). Furthermore, orange-fluorescent dots
have also been observed in recipient SH-SYSY cells (Figure
S13). These results confirmed the transcytosis pathway in the
endocytosed Exo between nonadjacent cells, followed by
loading of Exo-QDs for presentation to recipient cells.
Additionally, green fluorescent dots were observed in SH-
SYSY cells treated with Exo from QD-treated J774A.1
(J774A.1-Ex0o-QDs, group II) and HeLa cells (HeLa-Exo-
QDs, group IV), but not Exo from control J774A.1 (J774A.1-
Exo-Ctrl, group I) or HeLa (HeLa-Exo-Ctrl, group III) cells
(Figure Sb). Notably, quantitative study indicated 2-fold green
fluorescence in SH-SYSY cells in group IV compared to group
11 (Figure Sc), suggesting the heterogeneity of Exo and tumor
cell-derived Exo may own greater capacity of transcytosis. The
fluorescence intensity of intracellular QDs in SH-SYSY cells
was also quantified by FC, the results were consisting with the
quantitative analysis of fluorescence images (Figure S14). Of
note, QDs alone (group V) could also be internalized into
bEnd.3 and cross the bEnd.3/C8-D1A BBB model in vitro to
reach the inner of recipient cells, and the largest QDs were
detective probably related to the transcytosis of EVs, not only
Exo.

Apparently, BBB endothelial cells are highly responsive to
Exo from macrophages sources, which leads to higher BBB
penetration of these Exo.”> Furthermore, tumor-derived Exo
can impair endothelial cell junctions and thus increase vascular
permeability, establishing a favorable microenvironment for
premetastatic niche formation and metastasis.”>* To provide
more insight into how Exo heterogeneity affects QDs across
the BBB, an in vivo animal model was adopted accordingly. As
shown in Figure Sd, we directly injected Exo-QDs into
CS7BL/6] mice via the tail vein and quantified QDs (reflected
by Cd%) in different tissues by ICP-OES. Exo dosages were
normalized by their corresponding Cd content, and an equal
dose of free QDs (4.5 ug of Cd) was used as a control. Most
NPs are cleared from blood vessels and trapped in the
mononuclear phagocyte system (MPS) after administration,®'
including QDs.®” This phenomenon may explain the off-
targeting of nanomedicine delivery strategies. In the current
study, QDs were rapidly eliminated from systemic circulation.
After 6 h of injection, no sign of Cd was detected in the blood
via ICP-OES (Figure S15). As reported, QDs mainly
accumulated in the mononuclear phagocytic system (MPS)
organs in all groups (i.e, liver and spleen) (Figure Se). As an
endogenous vesicle, Exo ensures good biocompatibility in the
systemic circulation.”® In fact, the Cd% levels in HeLa-Exo-
QDs and J774A.1-Exo-QDs are ~3- and ~2-fold more than
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Figure 6. Protein composition and functional heterogeneity of Exo from different origins. (a, d) Venn diagrams of detected proteins in Exo
derived from (a) J774A.1 and HeLa cells or (d) QD-treated J774A.1 and HeLa cells. (b, e) Unique proteins in Exo derived from (b) HeLa
and (e) QD-treated HeLa cells underwent GO analysis. The horizontal coordinate is the negative logarithm of p-values shown for each GO
term (p < 0.05), the vertical coordinate is the GO term, each circle represents a term, the size of the circle represents count, and different
colors represent the BP, CC, and MF, respectively. (c, f) The top 10 enrichment pathways in Exo derived from (c) HeLa and (f) QD-treated
HeLa cells underwent KEGG pathway analysis (p < 0.05); the horizontal coordinate is the negative logarithm of p-values, and the vertical
coordinate is the enriched pathway. The number of proteins annotated in each pathway and p-value values are marked on the right side of

the column.

those in the bare QDs group, respectively, at 2 min
postinjection (Figure S15). Surprisingly, QDs could be
detected in brain tissues with the Exo-QDs-administered
groups (II and IV), rather than Exo-Ctrl groups (I and III)
(Figure Se). The content of Cd in the HeLa-Exo-QDs group
(IV) accounted for approximately 0.3% of the total injected,
but only 0.1% of the total injected in the J774A.1-Exo-QDs
group (II). No sign of QDs was observed in the brain tissue of
mice receiving direct injections of equal doses of free QDs (4.5
ug of Cd, V), which may be due to the rapid clearance of
MPS.** In parallel, CLSM images of the frozen brain section
also showed the green fluorescence of QDs in Exo-QDs groups
(I and IV), but not in other groups. Quantitative fluorescence
analysis showed that more QDs were detected in the HeLa-

Exo-QDs group (Figure S16). Together, these results
illustrated that QDs “hijack” Exo to achieve long-distance,
barrier-crossing trafficking, and Exo from tumorous HeLa cells
has better efficiency in crossing the BBB, further facilitating the
translocation of QDs.

Protein Composition and Functional Heterogeneity
of Exo from Different Origins. Exo is highly heterogeneous.
Depending on the cell sources and biological environment, Exo
can mediate both pathogenetic and therapeutic functions. Exo
derived from metastasis were shown to contain cargo
promoting migration, proliferation, invasion, and angiogenesis
while nonmetastatic-Exo contained mostly proteins involved in
cell—cell/cell-matrix adhesion and polarity maintenance.’®
Nevertheless, there is a surprising scarcity of data related to
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Figure 7. Tumor-derived Exo promotes the distal delivery of QDs. (a) Schematic diagram of animal treatment in vivo. In brief, female nude
BALB/c mice were randomly divided into five groups. 1 X 10° 4T1-Luc cells or 200 L of normal saline were injected into mice via the tail
vein. On the 7th day, D-luciferin (150 mg/kg) was intraperitoneally injected into mice, and then bioluminescence was imaged within 30 min
by the NEWTON 7.0 Imaging System (Viber, France). On the 8th day, GW4869 (2.5 mg/kg/day) was intraperitoneally injected for 5
successive days. From the 13th day, QDs (5 mg/kg/d) were injected via the tail vein for 5 successive days. At 12 h postlast injection, mice
were sacrificed, and tissues were collected. (b) The representative bioluminescent images of nude BALB/c mice were chosen. (c)
Distribution of QDs in different tissues. The content of Cd was determined by ICP-OES. (d) Representative TUNEL staining images of
brain slices with red fluorescent dots indicating the positive result. Scale bars, 2 mm and 100 pm. (e) Fluorescence quantification for
TUNEL staining (n = 3). All data are means + SD, n = 3. An unpaired t-test was used. *p < 0.05, **p < 0.01, ***p < 0.001. No detection (N.
D.) indicates that the amount of Cd was 0 yg/mL measured by ICP-OES. n.s., no significance.

the compositional hetero_geneity of Exo, and many fundamen-
tal questions remain.’”®” We have shown that tumor cells-
derived Exo is a higher efficiency delivery platform for
translocating QDs from blood circulation to the brain tissue.
Here, we explored the difference between protein composition
and the biological function of Exo in macrophages and tumor
cell sources to explain the compositional heterogeneity and
ultimate utility in BBB crossing. Concretely, Exo from J774A.1
cells and HeLa cells with or without QDs treatment were
isolated via differential ultracentrifugation, and the protein
composition was quantified by the 4D label-free quantitative
proteomics method. A total of 4148 and 3134 proteins were
detected in Exo from J774A.1 cells (Table S1) and HeLa cells
(Table S2), respectively. Venn diagram application tools are
used for unions and intersections between different protein
data sets from proteomics.”® As shown in Figure 6a, there were
958 unique proteins present in Exo from HeLa cells, and 1972
unique proteins present in Exo from J774A.1 cells. Gene
Ontology (GO) analysis was further performed to compare the
functional protein composition of Exo. Through the GO
annotations, specific gene products (proteins) are assigned to
the specific ontology term of biological processes (BP), cellular
components (CC), and molecular functions (MF). Exo from
HeLa cells was enriched in the cellular functional proteins of

cell adhesion, cell migration, and cell motility (Figure 6b),
while Exo from J774A.1 cells was enriched in biological
regulation, regulation of the cellular process and antigen
processing (Figure S17). Furthermore, the top 10 terms
enriched in the KEGG pathway analysis were differentially in
Exo obtained from HeLa and J774A.1 cells. Specifically,
adherens junction, ECM-receptor interaction, axon guidance
and others were enriched in Exo from HeLa cells (Figure 6¢c),
whereas complement and coagulation cascades, graft-versus-
host disease, allograft rejection, and others were enriched in
Exo from J774A.1 cells (Figure S18). Notably, adherens
junction proteins play a critical role in regulating the
permeability of the BBB,”” ECM-receptor interaction is
involved in the circulating Exo to mediate brain metastases,””
axon guidance proteins are related to inflammatory response
and endothelial function in CNS.”" These results suggested
that different sources of Exo are highly heterogeneous in terms
of protein composition and function, and Exo derived from
HeLa cell correlates more strongly with BBB homeostasis.
To examine how QDs influence protein enrichment in
different sources of Exo, we also analyzed the protein
composition and function in Exo derived from QDs-treated
J774A.1 and Hela cells. A total of 4273 and 3247 proteins
were detected in Exo from QDs-treated-J774A.1 cells (Table
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S3) and QDs-treated-HeLa cells (Table S4), respectively.
Among them, 28 up-expressed and 97 down-expressed
proteins were found in HeLa Exo that received QDs (HeLa-
Exo-Ctrl v.s. HeLa-Exo-QDs), while 178 up-expressed and 134
down-expressed proteins were found in J774A.1 Exo that
received QDs (J774A.1-Exo-Ctrl v.s. J774A.1-Exo-QDs).
Bioinformatics analysis, including GO and KEGG pathway
analysis, were drawn to analyze the significantly differentially
expressed proteins (DEPs, p < 0.05 and fold change >1.5 or
<0.67) between the Exo from untreated cells and QDs-treated
cells, the results showed that the biological processes of neither
the DEPs derived from HeLa cell nor those derived from
J774A.1 cells were enriched in cell adhesion, cell migration,
and cell motility, as well as the pathways associated with
physiological barriers crossing (Figure S19). In addition, the
number of unique proteins slightly increased in the J774A.1-
Exo-QDs and HeLa-Exo-QDs groups (Figure 6d). The top 10
GO enriched terms (Figure 6e) and the top 10 KEGG
enriched terms (Figure 6f) remained constant to the Exo
derived from HeLa cells without QDs treatment. Exo derived
from QD-treated J774A.1 cells exhibited a similar phenomen-
on (Figure S20). Notably, the p-value values and number of
proteins annotated in each enriched GO term and KEGG
pathway differed. Specifically, KEGG analysis indicated further
enrichment of cell adhesion molecule-related proteins in the
unique proteins of the HeLa-Exo-QDs group.

To further analyze the DEPs that might contribute to the
delivery of Exo (and their cargo) across the BBB, we
performed an extended analysis of cell adhesion-associated
DEPs in Exo derived from HeLa after QDs treatment (Table
S5). As shown in Figure S21, CDH3, PLXNB2, CCLS,
AMIGO?2, and STXBP3 were up-expressed, while NRP2,
PCKI1 and PTEN were down-expressed. The result indicated
that these DEPs might serve as potential biomarkers for
crossing the biological barrier of Exo that originated from
QDs-treated HeLa cells.

Together, a comprehensive protein characterization of Exo
obtained from two cell lines (macrophages J774A.1 and tumor
HelLa cell) confirmed Exo’s heterogeneity. The unique protein
contents from HeLa cell-derived Exo were implicated in
regulating the barrier crossing-associated biological processes,
such as cell adhesion, migration, and motility. Tumor cell-
derived Exo has similar surface protein expressions compared
with their parent cells; therefore, they still possess the nature of
cancer cells, such as immunomodulation, proliferation, meta-
stasis, and epithelial-mesenchymal transition.””’* Proteomic
profiling of Exo from MDA-MB-231 cells exhibited protein
binding, transferase activity.”> Certain GO terms, such as
binding and cell adhesion functions, were enriched in Exo
original from U87 glioblastoma and Huh7 hepatocellular
carcinoma cells.”* In addition, EVs secreted from macrophages
present molecular profiles associated with a Th1/MI1 polar-
ization signature, enhanced inflammation and immune
response.””

Tumor-Derived Exo Promotes the Distal Delivery of
QDs. Exo could migrate to distal parts and pass through the
BBB’® to propagate oncogenic signaling, including forming a
premetastatic niche and manipulating distant microenviron-
ments.”” Here, we assumed that tumor-derived Exo was related
to the accumulation of QDs in distal brain tissues. Most studies
have focused on the in vitro transport of NPs; however, the
internal environment can be rather complicated. To verify our
above-mentioned discoveries in vivo, 4T1-Luc breast cancer

xenograft mice model was set to assess the crossing barriers
effect of tumor cell-derived Exo. Specifically, nude BALB/c
mice were randomly divided into five groups and injected with
saline (groups I, 11, and III) or 4T1-Luc cells (a luciferase-
expressing 4T1 cell line which was stably transfected with
firefly luciferase gene, groups IV and V) via the tail vein
(Figure 7a). On the seventh day, significant bioluminescence
was observed in the lung of nude mice that had received 4T1-
Luc cells, suggesting the successful setup of the 4T1-Luc breast
cancer xenograft model (Figure 7b). From the eighth day, Exo
inhibitor GW4869 was intraperitoneally injected into the mice
of groups III and V for S successive days. From the 13th day,
QDs were injected into groups II, III, IV, and V mice via the
tail vein for S successive days. There has been no sign of tumor
metastasis or invasion of the brain at the end of treatment.
After harvest, the amount of QDs in different tissues, as
reflected by Cd%, was quantified by ICP-OES. As expected,
QDs were mainly accumulated in the liver and spleen in all
groups, and trace amounts of QDs in the kidney and brain
were also found. Surprisingly, lung tumor tissue (groups IV
and V) accumulated more QDs than normal lung tissue
(groups II and III). Furthermore, compared with group I,
group IV showed significantly higher levels of QDs in the
brain, suggesting the effect of tumor-derived Exo on the distal
delivery of QDs in vivo. Meanwhile, various factors associated
with breast cancer mice itself, such as the expression of vascular
endothelial growth factor VEGF,”® intercellular adhesion
molecule 1 ICAM-17’ and its associated molecule CD44*°
can promote trans-endothelial migration. The enhanced QDs
delivery to the brain in the 4T1 model might also associated
with the characteristics of the 4T1 model itself. GW4869, a
common Exo biogenesis and release inhibitor, was used to
block the budding of MVBs and release mature Exo.*** It is
reported that GW4869 treatment effectively inhibited Exo
secretion in mice and could protect mice from developing
experimental autoimmune mgrocarditis,81 myeloma bone
disease,** and ischemic injury. * In our study, pretreatment
of GW4869 decreased the content of QDs in the brain (group
III vs. group II, group V vs. group IV) (Figure 7c), further
confirming that tumor-derived Exo could promote the distal
delivery of QDs.

QDs containing Cd, a toxic heavy metal and a potential
carcinogen, may have undesirable effects when QDs accumu-
late in organisms.®* In addition, the physical properties of NPs,
such as particle size, surface charge, and composition, may also
contribute to negative biological responses. Multiple studies
have shown that CdTe and CdSe@ZnS QDs could cross tissue
barriers and accumulated in the tests, leading to oxidative
stress, inflammation, cell apoptosis, and damage the tissue
structures after administration QDs to mice by tail vein,*%6
However, a low dose of CdTe and CdSe@ZnS QDs is
relatively safe for the male reproductive system of mice.”> The
dosage of QDs (5 mg/kg/d BW) into the tail vein of mice in
this study was based on the toxicity evaluation of CdSe@ZnS
in the reference.**® To correlate the internal exposure levels
of QDs with their deleterious effects on the brain, brain
sections were stained with a TUNEL staining kit. As shown in
Figure 7d, QD-exposed groups (I, III, IV, and V) showed
evident TUNEL-positive cells (red dots, as indicated by yellow
arrowheads), indicating apoptotic cells, and elevated red dots
are shown in the 4T1-Luc-treated groups (group IV vs. group
11, group V vs. group III). Moreover, GW4869 pretreatment
significantly reduced the number of TUNEL-positive cells
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(group III vs. group II, group V vs. group IV). Quantitative
analysis of mean red fluorescence intensity also showed the
same tendency (Figure 7e).

These results illustrated that Exo facilitates the translocation
of QDs and that Exo from tumorous cells have better efficiency
in crossing the BBB. The production of Exo is highly
dependent on the environment, specifically by the induction
of cell stress, such as hypoxia, heat, electric current, oxidative
stress, pharmaceutics, or neoplastic conditions.” Here, we
found that the QDs challenge simulates Exo production and
programs cells to encapsulate QDs as payload. As removing
unwanted intracellular contents is one of the most critical
functions for Exo, the assembly of QDs in Exo can be
considered not only an active manner to eliminate QDs but
also a strategy of intercellular communication, especially tissue
barrier trafficking, executed by QDs.

CONCLUSION

This study provides a proof-of-concept that Exo-mediated
transport could serve as a mechanism for the distal effect of
NPs. Our findings suggest that (1) Both macrophages J774A.1
and immortalized tumor HeLa cells can spontaneously load
intracellular QDs into endosomes and releasing them as Exo-
encapsulated-NPs by exocytosis. (2) Exo “carry” QDs for
intercellular transport and even distal tissue barrier-crossing
trafficking. (3) Tumor-derived Exo promotes the BBB crossing
trafficking of QDs due to the protein composition and
functional heterogeneity of Exo. Understanding how NPs
actively break through the BBB is critical to both the
biomedical applications and the risk assessment of NPs.

METHODS

Materials. Rabbit monoclonal LC3 (APG8B) antibody (Cat. No.
SAB1306611, 1:200 dilution) was obtained from Sigma-Aldrich, and
rabbit monoclonal EEAl antibody (Cat. No. EPR424S, 1:200
dilution) was obtained from Abcam. Mouse monoclonal LAMP2
(H4B4) antibody (Cat. No. sc-18822, 1:200 dilution) and nocodazole
(Cat. No. 31430—18-9) were purchased from Santa Cruz
Biotechnology. GW4869 (Cat. No. 6823—69—4) was purchased
from Selleck Chemicals. Cytochalasin B (Cyto B, Cat. No. 14930—
96—2) was purchased from Aladdin Industrial Corporation.
ZnCdSe@Zn$S quantum dots (QDs, Cat. No. QS525) were obtained
from Wuhan Jiayuan Quantum Dots Co., Ltd. Standard cadmium ion
solution (1.0 mg/mL) (Cat. No. GZBZ1407—2016) was purchased
from TMRM Standard Material Center. Hoechst 33342 (Cat. No.
C1022) and Dil (Cat. No. C1036) for cell imaging was obtained from
Beyotime Biotechnology. EndoFectin Max Transfection Reagent
(Cat. No. EF013) was purchased from GeneCopoeia. Puromycin
(Cat. No. 58—58—2) was obtained from Solarbio Sci & Tech Co.,
Ltd. Transwell plates (Cat. No. con-3413, 24-well, 6.5 mm diameter,
0.4 pm pore, polyester membrane inserts) were obtained from
Corning Incorporated. TUNEL assay kits (G1502) were obtained
from Servicebio Technology Co., Ltd.

Cell Culture. Murine macrophage cells J774A.1 (TIB-67) and
HEK293T/17 (CRL-11268) used in this study were obtained from
the ATCC (Shanghai, China). HeLa (TChul87), U937 (TChul$9),
and astrocyte (C8-D1A) cells were obtained from Army Medical
University (Chongging, China). bEnd.3 (BNCC337672) was
obtained from BeNa Culture Collection (Henan, China). SH-SYSY
(CL-0208) was purchased from Procell Life Science &Technology
Co., Ltd. (Wuhan, China). The 4T1-Luc cell line was constructed for
a previous study.”” J774A.1, HEK 293T/17, and HeLa cell lines were
cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco).
U937 cells were cultured in Roswell Park Memorial Institute 1640
(RPMI-1640, Gibco). The bEnd.3 and C8-D1A cells were cultured in
DMEM/F12 (Gibco), and SH-SYSY cells were cultured in MEM/F12

(Procell). All culture media were supplemented with 2 mM Li-
glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, 110 mg/L
sodium pyruvate, and 10% fetal bovine serum (FBS, Gibco) and
maintained in a humidified incubator containing 5% CO, at 37 °C.

TEM. QDs solution was dispersed on a copper grid with an
ultrathin carbon film. The Exo solution was mounted on a thin film of
amorphous carbon deposited on a copper grid and stained with uranyl
acetate/lead citrate. After the solutions were dried at room
temperature, the QDs and Exo size and morphology were examined
on a Hitachi TEM (HT7800, Japan). HRTEM and in situ EDS of
QDs encased in Exo were performed using a JEM-2100F microscope
equipped with EDS spectrometry.

Hydrodynamic Size and Zeta Potential. Hydrodynamic size
and zeta potential of QDs were measured with a Zetasizer instrument
(Malvern Instruments, Nano ZS ZEN 3600, UK).

QD Exposure. Cells were seeded into 6-, 24-, and 48-well plates or
3.5 mm or 10 mm dishes at a suitable concentration and allowed to
grow overnight. After incubating with 10 nM QDs, cells and
supernatants were collected, respectively. Cells were prepared for
cell counting kit-8 (CCK-8), Western blotting, immunofluorescence,
flow cytometry, inductively coupled plasma optical emission
spectrometry (ICP-OES) or imaging analysis, and supernatants
were used for fluorescence intensity detection or Exo collection.
For exocytosis inhibition assay, after cells were incubated with 10 nM
QDs for 12 h, the culture medium was discarded to remove possible
existing Exo, then replaced with FBS-free DMEM containing 5 uM
GW4869, 33 uM nocodazole, or 10 uM Cyto B for 24 h.

CCK-8 Assay. CCK-8 (Bimake, USA, Cat. No. B34302) was used
to determine cell viability. After incubating with QDs and inhibitors,
cells were washed once with warm PBS. Then, the supernatant was
replaced with an FBS-free DMEM medium containing 10% CCK-8
reagent. The plates were maintained at 37 °C for 2 h, and the
corresponding absorbances at 450 nm were recorded on a SpectraMax
iD3 microplate reader (Molecular Devices, San Jose, CA, USA).

Construction of CD63-RFP-HelLa Cells. Lentivirus was
produced by transfecting a three-plasmid vector system comprised
of a shuttle plasmid (pLVX-DsRed-Monomer-N1, blank) or (CD63-
RFP, target plasmid) and two packaging plasmids (psPAX2 and
pMD2.G) into HEK293T/17 cells as described previously.*® Viral
titer was determined by fluorescence analysis of infected HEK293T/
17 cells. Lentiviral infection was conducted using 10 yL of virus per
dish to infect 30—50% of HeLa cells. The overexpression of CD63-
RFP in HeLa cells was observed with an inverted fluorescence
microscope (Olympus, IX73).

Immunofluorescence Staining. Cells were incubated with 10
nM QDs for 2 h, and after being washed three times with PBS, cells
were fixed with 4% paraformaldehyde at room temperature for 20
min. After rinsing three times with PBS, cells were permeabilized with
0.1% Triton X-100 in PBS for 10 min at room temperature. 10%
bovine serum albumin (BSA) in PBS was used to block cells. Then,
cells were incubated with the primary antibody overnight at 4 °C and
the secondary antibody conjugated with Cy3 (red) for an additional 2
h at room temperature.

CLSM and N-SIM. Confocal images were recorded using the
Nikon Eclipse Ti2 confocal imaging microscope (Nikon, Tokyo,
Japan) equipped with a 60X, 1.40 NA, oil-immersion objective. Super-
resolution images were recorded using a Nikon N-SIM super-
resolution microscope (Nikon, Tokyo, Japan) equipped with a 100X,
1.49 NA, oil-immersion objective.

QD Tracking. To visualize the dynamic tracking of endocytic
QDs, real-time dynamic analysis was performed on CLSM. Sequential
image series at 16 bits were collected by selecting a region of interest
of 128 X 128 pixels. Live cell time course analysis was performed in
no-delay mode. Image stacks of at least 900 frames were collected,
and the track of intracellular QDs was determined and analyzed on
Fiji plugin tracking software. Three-dimensional reconstruction of Z-
stacks was acquired with a Z-axis step of 0.18 ym. For SPT analysis,
the linking range was set to 3 to bridge over short QDs blinking
events (fewer than 3 frames), and the linking distance was chosen by
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15 pixels to ensure smooth linking. All individual trajectories greater
than 10 frames were selected for further analysis.

Exo Extraction. J774A.1 cells were plated in 10 cm dishes (1 X
107 cells per dish) overnight and incubated with 10 nM QDs. After 12
h incubation, cells were washed with warm PBS three times to remove
excess QDs and subsequently cultured in FBS-free DMEM medium
for 6 h for further endocytosis of QDs. Then, the medium was
discarded and replaced with a fresh FBS-free DMEM medium. After
48 h culture, cell supernatants were harvested to extract Exo.
Differential ultracentrifugation is currently the gold standard method
of Exo isolation.” Supernatants were differentially centrifuged at 500
g 4 °C, 10 min twice, 2000 g, 4 °C, 30 min twice, and 10 000 g, 4 °C,
30 min. Then, supernatants were collected and passed through a 0.45
pm filter. Subsequently, the supernatants were ultracentrifuged at
110000 g, 2 h twice (Optima L-100 XP Ultracentrifuge, Beckman
Coulter) to pellet Exo. Finally, the collected Exo were resuspended in
100 pL of PBS and frozen at —80 °C for further analysis.

NTA. A Zeta view nanoparticle tracking analyzer (Particle Metrix,
Germany) was used to measure the distribution and concentration of
isolated Exo. Exo was diluted 1000 times in sterile PBS and injected
into the analyzed chamber. Videos were acquired, and 11 positions
were chosen using Zeta View 8.05.04 software. Isolated Exo
underwent NTA before being stored at —80 °C until further analysis.

ICP-OES. Cells, Exo, and tissue samples were digested with a
digestion solution (HNO;:H,0, = 3:1, v/v) at 65 °C for 12 h. Cd
content was determined by ICP-OES (Avio 200, PerkinElmer, MA,
USA).

Flow Cytometric Analysis. After QDs and inhibitor treatment,
cells were analyzed by a BD Melody FACS (BD Biosciences, San Jose,
CA, USA). Data were analyzed using FlowJo v10 software (FlowJo
LLC data analysis software, Ashland, OR, USA).

In Vitro BBB Model. Transwell chambers (6.5 mm with 0.4 gm
pore polyester membrane inserts) were used to establish the in vitro
BBB model. In brief, C8-D1A astrocyte cells (5 X 10° cells/cm?*) were
seeded at the bottom of the microporous semipermeable membrane
(transwell inserts). After adhering for 2 h, the insets were cultured in a
24-well plate for 12 h. Then, bEnd.3 cells (1x 10° cells/ cmz) were
added to the upper side of the inset and cocultured with astrocyte
cells for 6 days. Meanwhile, SH-SYSY cells were seeded onto the
bottom of another 24-well culture plate for 3 days. The insert was
placed adjacent to the 24-well plate, and then Exo or QDs were added
to the insets and cocultured for 36 h. The bEnd.3 and SH-SYSY cells
were collected for further analysis.

Animal Care and Treatment. C57BL/6] and nude BALB/c mice
were obtained from the Experimental Animal Center of Chongqing
Medical University (Chongging, China), bred, and held under specific
pathogen-free (SPF) conditions. Mice were maintained on a 12/12 h
light/dark cycle at a fixed temperature (23 °C) and humidity (50%)
with free access to food and water. Animal experiments were approved
by the Institutional Animal Care and Use Committee of Southwest
University (IACUC-20211115—01), following the National Institutes
of Health guidelines. Mice were allowed to acclimatize for 1 week
before the experiment. For the Exo injection assay, Exo (from control
or QDs-treated cells), or an equal dose of QDs (4.5 ug of Cd), was
injected into CS7BL/6J mice through the tail vein, mice were
sacrificed after 6 h, and tissues were collected for further analysis. To
verify the distal delivery of tumor-derived Exo, nude BALB/c mice
were first injected with 1 X 10° 4T 1-Luc cells via the tail vein to create
a breast tumor mouse model. On the seventh day, mice received
intraperitoneal (ip.) injection of D-luciferin (150 mg/kg), and
corresponding bioluminescent images were acquired within 30 min
using the NEWTON 7.0 Imaging System (Viber, France). On the
eighth day, GW4869 (2.5 mg/kg/d) was ip. injected into mice for S
successive days. On the 13th day, QDs (S mg/kg/d) were injected
into mice via the tail vein for 5 consecutive days. Mouse tissues were
collected for further investigation 12 h after the last injection.

TUNEL Staining. The brains of mice were cut into S ym thin
sections after being embedded in paraffin. Then, sections were stained
with the TUNEL Assay Kit to examine apoptotic cells according to
the manufacturer’s instructions (Servicebio, Wuhan, China). Briefly,

sections were incubated with TUNEL reaction buffer (TDT enzyme:
dUTP: buffer = 1:5:50) at 37 °C for 2 h in the dark, after which
sections were deparaffinized and rehydrated, followed by antigen
retrieval and permeabilization. DAPI was used to stain the nuclei.
Sections were examined by fluorescence microscopy using a Nikon
Eclipse Ci microscope equipped with a Nikon DS-U3 microscopy
imaging system. Fluorescence quantification was performed by Fiji
plugin tracking software.

Proteomics. Proteins were extracted from Exo samples (n = 3)
and quantified with a bicinchoninic acid (BCA) protein assay kit.
Protein (80 pg for each sample) digestion was performed with filter-
aided sample preparation (FASP) method. The peptide was desalted
with C18 Cartridge for further LC-MS analysis by Shanghai Bioprofile
Technology Co., Ltd. Peptides were loaded on a trap column (7S ym
X 250 mm, 1.6 pm, IonOpticks) in buffer A (0.1% formic acid in
water) and eluted at a flow rate of 300 nL/min with a linear gradient
from 98% solvent A (0.1% formic acid in water) to 80% solvent B
(0.1% formic acid in 80% acetonitrile) for 60 min on an Easy-
nLC1200 UHPLC system (Thermo Fisher Scientific). Data
acquisitions were performed on a timsTOF ultra mass spectrometer
(Bruker) using a positive ion mode with a scanning range of 100—
1700 m/z. The intensity threshold was set at 5000.0, and Ion mobility
was set at 0.6—1.6 Vs/cm? with a ramp time of 100.0 ms and
accumulation time of 2.0 ms. Quadrupole isolation width was 2 m/z
for m/z < 700 to 3 m/z for m/z > 700. Each TIMS cycle time was 1.1
s, including 1 Full MS and 10 PASEF MS/MS. Raw data files were
processed with MSFragger before using Uniprot to search against the
Uniprot Mus musculus (Mouse) and Uniprot Homo sapiens
(Human) protein databases. Applied search parameters were fully
tryptic with 2 missed cleavages, precursor tolerances of 20 ppm, and
MS/MS tolerances of 20 ppm. Carbamidomethyl cysteine was set as a
fixed modification, while acetylation of protein N-terminal, oxidation
of methionine was set as variable modifications. The database search
results were filtered and exported with a 0.01 false discovery rate
(FDR) at peptide-spectrum-matched and protein levels, respectively.
Razor and unique peptides were used for protein quantification. Only
proteins with fold change >1.5-fold and a p-value <0.05 were
considered for significantly differential expressions.

Bioinformatics Analysis. Microsoft Excel, Perseus software, and
R statistical computing software were used to analyze the
bioinformatics data. Hierarchical clustering analysis was performed
with the “pheatmap package”. The formation was extracted from the
Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene
Ontology (GO) was used to annotate the sequences. GO and KEGG
enrichment analyses were carried out with Fisher’s exact test, and
FDR correction for multiple testing was also performed. Enriched GO
and KEGG pathways were nominally statistically significant at p 0.05.

Statistical Analysis. The significance of the results was tested
with a one-way analysis of variance (ANOVA) with Tukey multiple
comparison test correction or unpaired t-test. Figures were assembled
using GraphPad Prism, version 7 (GraphPad Software, Inc., La Jolla,
CA, USA). Adjusted p values were calculated with SPSS 13.0, and
differences were considered significant at p < 0.0S. The data presented
are representative of at least 3 independent repeats. Data with error
bars are expressed as mean + SD.
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