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ABSTRACT: A larger number of human diseases are related to
dysregulation or loss of cellular functions. Effective restoration of the
missing or defective cellular functions is highly desirable for
fundamental research and therapeutic applications. Inspired by the
fantastic feature of cell-derived extracellular vesicles (EVs) that can
transport various bioactive molecules between cells, herein, we
developed a simple and efficient strategy based on EVs for transferring
ion channels to recipient cells, thereby conferring specific biological
function to the target cells and regulating the biological events. The
constructed channel rhodopsin 2 (ChR2)-loaded EV (EV-ChR2)
system can mediate the anchor of light-responsive ion channel ChR2
on the plasma membrane of recipient cells through membrane fusion.
Upon blue light irradiation, the ion channel ChR2 was activated and
opened, thus permitting the rapid flux of cation ions (e.g., calcium ion)
across the plasma membrane of recipient cells. Moreover, the increased Ca2+ in the cytosol could effectively activate Ca2+-
dependent transcription factors, further triggering the calcium signaling pathway. This strategy can be extended to modulate
other cellular processes and provides a novel insight on the manipulation of biological events.

■ INTRODUCTION

The living cell, as a highly complicated and collaborative
system, has evolved a wide range of mechanisms to regulate
basic physiological processes including proliferation, differ-
entiation, and metabolism.1−3 However, dysregulation or loss
of cellular functions has been implicated in numerous diseases,
such as autoimmunity, cancer, diabetes, neurodegenerative
disorders, or cardiovascular disease.4−6 Therefore, effective
strategies to restore the missing or defective cellular functions
or confer specific function to target cells are highly desirable,
which not only contribute to comprehensive elucidation of
essential physiological processes but also open up novel
therapeutic modalities.
Up to now, a myriad of strategies have been developed to

recover or bestow specific function on recipient cells. For
instance, genetic engineering is one of the commonly used
methods for modifying cell functions.7−11 Although promising,
such a strategy does not allow for the dose- and time-
controlled expression of the exogenous protein.12 Moreover,
the exogenous gene and viral vectors have the potential to
integrate into endogenous genes, resulting in undesirable
immune responses and toxicity.13−15 Another popular
approach is the introduction of bioactive proteins to target
cells. In general, proteins with a specific biological function are
directly transported to living cells via an artificial carrier.16,17

Compared with genetic engineering, direct protein delivery is

easier to control and possesses lower risk of permanent cell
damage. Despite this, this method generally requires soluble
proteins which are obtained through a series of protein
preparation steps, including protein expression, purification,
and post-modifications.18 These complicated processes may
cause protein inactivation or denaturation. Furthermore, most
membrane proteins require a lipid-like environment to
maintain their stability and intrinsic activities.19,20 These
fundamental issues have hindered the practical application of
such proteins. Therefore, a simple and innovative strategy that
allows introduction of specific functional proteins and, more
importantly, precise manipulation of their functions remains a
big challenge.
Recently, extracellular vesicles (EVs) have gained significant

attention as important mediators of intercellular communica-
tion, potential disease biomarkers, and drug carriers.21−26 EVs
including microvesicles and exosomes are lipid bilayer-
enclosed nanosized vesicles that are released from cells.27−29

These cell-derived nanoparticles have been shown to transfer
native biological molecules (e.g., mRNAs, siRNAs, micro-
RNAs, and proteins) between cells, thus involved in regulating
various physiological and pathological processes, such as
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cellular homeostasis, blood coagulation, immune regulation,
and cancer metastasis.30−35 By taking advantage of EVs’
intrinsic functions of transmitting biological information
between cells, herein, we develop a novel EV-based platform
capable of endowing native membrane proteins to target cells,
thus enabling precise regulation of related biological events. In
this design, EVs act as both the bioactive protein source and
transfer carrier. In principle, this strategy exhibits multiple
advantages for protein transfer. First, EVs can directly transport
original bioactive proteins in intact form from donor cell to
recipient cells, which avoids complicated protein extraction
and purification. Second, the natural phospholipid bilayers of
EVs not only protect the loaded proteins from degradation in
blood circulation but also improve the cellular internalization
of proteins through direct fusion with the plasma membrane of
targeted cells.36 Third, EVs, especially those derived from
autologous cells, have been reported to be less immunogenic
than synthetic vehicles due to their natural compositions.28

Taken together, these potential advantages make EVs
promising for precise modulation of various biological
processes.
As a proof of concept, we investigated EV-directed anchor of

exogenous ion channels on the plasma membrane of recipient
cells for noninvasive regulation of ion influx across the plasma
membrane. Ion channels are important membrane proteins,
which allow the flow of specific ions and are involved in a large
number of cellular processes.37 In this study, a light-gated ion
channel ChR238 is chosen as mode protein to investigate the
feasibility of this novel method. As shown in Scheme 1, natural

photoreceptive ion channels expressed in donor cells are
supposed to be naturally located on the surface of the secreted
EVs owing to the cellular originality of EVs. The membrane
fusion between EVs and recipient cells may allow direct
attachment of these exogenous photoswitchable ion channels
on the plasma membrane of recipient cells. Upon blue light
irradiation, light-sensitive ion channels could be activated, thus
allowing noninvasive regulation of ion (e.g., Ca2+) influx across
the plasma membrane in living cells. Most importantly, the
increased Ca2+ in cytosol could also activate Ca2+-dependent
transcription factors (e.g., NFAT, nuclear factor of activated T
cells), thus achieving control of calcium signaling.39

■ RESULTS AND DISCUSSION

Preparation and Characterization of EV-ChR2
Vesicles. To prepare extracellular vesicles with the desired
ChR2 protein (EV-ChR2), we first transfected donor cells
HEK293T with a plasmid encoding ChR2 protein. The
expression of ChR2 on the plasma membrane of donor cells
was confirmed by the presence of the green fluorescent protein
marker (Venus) using confocal microscopy and flow
cytometry. As shown in Figure 1A, after transfection for 3
days, the obvious green fluorescence from Venus reporter was
visualized on the donor cell membrane, which colocalized well
with the red fluorescence from commercial cell membrane
stain (CMSK-Cy5). In contrast, the control cells displayed no
detectable fluorescence on the plasma membrane, demonstrat-
ing the successful expression of ChR2-Venus on the HEK
293T cell membrane. Moreover, flow cytometry analysis
(Figure 1B,C) further confirmed that both the Venus mean
florescence intensity and the percentage of ChR2-Venus-
containing cells were significantly higher than those untreated
cells, suggesting a high expression level of ChR2-Venus protein
in transfected HEK 293T cells.
The ChR2-loaded EVs were then isolated from culture

supernatants of transfected donor cells through differential
centrifugation. As controls, supernatants were obtained from
untreated HEK293T cells. Transmission electron microscopy
(TEM) imaging revealed that both EV and EV-ChR2 were
round in shape, and dynamic light scattering (DLS) analysis
showed that the size distribution of vesicles was from 100 to
1000 nm (Figure 2A). In addition, the presence of ChR2
proteins on EVs secreted from transfected HEK293T cells was
confirmed by monitoring the fluorescence signals of Venus
reporter using confocal microscope and flow cytometry. As
presented in Figure 2B, there was remarkable green
fluorescence observed in EV-ChR2 group. Moreover, the
fluorescence signals were visualized on the surface of the EVs.
As control, the EVs isolated from normal HEK293T cells
displayed negligible fluorescence, indicating that the recombi-
nant protein ChR2-Venus was loaded on the surface of EVs
during the production of EVs. Furthermore, the flow
cytometry analysis demonstrated that EV-ChR2 vesicles
exhibited higher fluorescence intensity than the control
group (Figure 2C and D). All these results confirmed the
presence of ion channel ChR2 on EVs released by transfected
HEK293T cells.

Evaluation of the Transfer of Ion Channel ChR2. To
investigate the possibility that exogenous ion channel could be
anchored in recipient cells through EVs, we used confocal
microscopy to monitor the presence of ChR2-Venus in the
cells for several hours following EV-ChR2 vesicle treatment. As
presented in Figure 3, after 1 h of incubation, there was weak
green fluorescence observed in A549 cells, indicating that there
were few ChR2 proteins attached on the cell surface. Under
prolonged cellular incubation (e.g., 2 and 4 h), the green
fluorescent signals become stronger and obvious green
fluorescence was visualized on the surface of recipient cells
after 4 h treatment, suggesting that the majority of ChR2-
Venus proteins were anchored on the plasma membrane of
A549 cells. In contrast, there was negligible signal observed in
A549 cells with treatment of control EVs (Figure S1). Similar
results were also observed in NIH 3T3 recipient cells (Figure
S2). In addition, flow cytometry confirmed that EV-ChR2-
treated A549 cells displayed enhanced fluorescent signals

Scheme 1. Illustration of EV-Mediated Anchor of
Exogenous Ion Channel on the Cell Membrane to Achieve
Remote Manipulation of Biological Events
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compared to EV-incubated cells (Figure S3). This evidence
clearly suggested that an exogenous ion channel could be
incorporated into the plasma membrane of recipient cells by
natural vesicles. Moreover, the EV-ChR2 vesicles were
biocompatible and did not cause obvious cytotoxicity against
A549 cells, even at high concentration (Figure S4).
Evaluation of the Function of Anchored ChR2 in

Vitro. Next, we investigated the function of ChR2 anchored in
recipient cells, which is capable of allowing the influx of cation
ions such as Ca2+ across the plasma membrane under blue light
irradiation. To visualize the dynamic changes of Ca2+ ions in
recipient cells, a calcium indicator (Rhod-3 AM), was used to
measure the level of intracellular Ca2+ ions. As shown in Figure
4a,b, blue light irradiation of A549 cells preincubated with EV-
ChR2 vesicles could result in remarkable enhancement of red

fluorescence in the cytoplasm, while there was no obvious
fluorescence change in control experiments for recipient cells
treated with EVs (Figure 4c,d). Confocal images clearly
demonstrated that the exogenous ChR2 channel could be
effectively activated under blue light irradiation and in turn
regulate calcium ion influx from the extracellular space.
Moreover, calcium signals play a vital role in diverse

physiological processes including cell migration, proliferation,
differentiation, and gene transcription.39 To this end, we
further investigated the ability of anchored exogenous ion
channel to mediate Ca2+-dependent NFAT (nuclear factor of
activated T cells) translocation. Typically, NFAT factors with
phosphorylated form reside in the cytoplasm of resting cells;
following an increase in intracellular Ca2+ level, they are
dephosphorylated by phosphatase calcineurin. Then, NFAT

Figure 1. Characterization of transfected donor cells HEK 293T. (A) Confocal imaging of transfected HEK293T cells stained with cell membrane
dye. Untransfected cells were control group. Green: ChR2-Venus (Ex: 488 nm, Em: 500−550 nm), red: CMSK-Cy5 (Ex: 640 nm, Em: 650−700
nm). Scar bar: 5 μm. (B) Quantitative analysis of fluorescence intensity of HEK293T cells expressing ChR2-Venus by flow cytometry,
untransfected cells as control (Ex: 488 nm, Em: 525/50 nm). (C) Quantitative flow cytometric analysis of transfection efficiency of pCAGGS-ChR2-
Venus plasmid in HEK293T cells, untransfected cells as control. (Ex: 488 nm, Em: 525/50 nm).

Figure 2. Preparation and characterization of EV-ChR2 generated from transfected HEK293T cells. (A) Size distribution and TEM images of EV
and EV-ChR2, scar bar: 300 nm. (B) Confocal images of EV-ChR2, scar bar: 10 μm. Insert: representative confocal image of single EV-ChR2
vesicle, scar bar: 1 μm (Ex: 488 nm, Em: 525−630 nm). (C) Flow cytometry analysis of EVs and EV-ChR2 (Ex: 488 nm, Em: 525/50 nm). (D)
Quantitative analysis of ChR2-Venus membrane protein loading efficiency (Ex: 488 nm, Em: 525/50 nm).
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proteins translocate to the nucleus and initiate a variety of gene
transcription.40−42 Therefore, NFAT possesses a remarkable
capability to sense the oscillatory changes of intracellular Ca2+

concentration and offer a link between calcium signaling and
gene transcription. We examined the Ca2+-dependent nuclear
translocation of NFAT by performing antiNFAT2 immunos-
taining after different treatments. As shown in Figure 5a, EV-

ChR2-treated recipient cells presented an obvious red
fluorescence in the cytosol, revealing that NFAT2 was located
in the cytoplasm. Upon blue light illumination, EV-ChR2-
treated cells exhibited an increase in red fluorescence in the
nuclear region, indicating NFAT2 factors translated from the
cytosol to the nucleus. In control experiments, there was no
apparent fluorescence enhancement visualized in the nucleus
of EV-incubated cells under light irradiation (Figure 5c,d). In
addition, the blue light irradiation did not lead to obvious
cytotoxicity (Figure S5) and cell apoptosis (Figure S6) at the
experimental condition. These results further suggested that
natural extracellular vesicles could serve as an effective platform
for transfer of natural ion channel to remotely regulate calcium
signaling.

Evaluation of the Function of Anchored ChR2 in
Vivo. To further test whether EV-transferred ChR2 could
regulate calcium signaling in vivo, we used fluorescence
microscopy to monitor the oscillatory change of Ca2+ ions in
zebrafish. Typically, we implanted recipient cells with calcium
indicator (Rhod-3 AM) into the yolk sac of zebrafish larvae at
48 h post-fertilization (hpf). Subsequently, we injected EV-
ChR2 vesicles into the yolk sac of zebrafish larvae to enable
effective anchoring of ChR2 channels onto the plasma
membrane of recipient cells in the abdominal cavity of the
larvae. The bright green fluorescence in the larvae abdomen
suggested the successful injection of vesicles in zebrafish
(Figure 6). We then utilized blue light to irradiate the larvae
and monitor the calcium influx in zebrafish through observing
the fluorescence of calcium indicator. As shown in Figure 6,
after blue light irradiation for 20 min, an obvious fluorescent
enhancement was observed in the zebrafish that have been
injected with EV-ChR2 vesicles, while there is little
fluorescence change detected in the zebrafish treated with
EV Vesicles (Figure S7). These results clearly indicated that
extracellular vesicles could remotely regulate calcium signaling
in vivo by rendering ChR2 ion channels.

Figure 3. Confocal images of A549 cells incubated with EV-ChR2 for
different times. Green: ChR2-Venus (Ex: 488 nm, Em: 525−600 nm).
Scar bar: 10 μm.

Figure 4. Intracellular Ca2+ imaging of EV-ChR2-treated A549 cells in
the absence (a) or presence (b) of blue light irradiation (∼480 nm, 10
min). Intracellular Ca2+ imaging of EVs-treated A549 cells in the
absence (c) or presence (d) of blue light irradiation (∼480 nm, 10
min). Ex: 561 nm, Em: 576−700 nm. Scar bar: 10 μm.

Figure 5. Immunofluorescence imaging of NFAT2 in EV-ChR2-
treated A549 cells without blue light irradiation (a) and with blue
light irradiation (∼480 nm, 20 min, 5 min break after 5 min
irradiation) (b). Immunofluorescence imaging of NFAT2 in EV-
treated A549 cells without blue light irradiation (c) and with blue
light irradiation (∼480 nm, 20 min, 5 min break after 5 min
irradiation) (d). Red: antiNFAT2 (Ex: 640 nm, Em: 576−700 nm),
blue: Hoechst 33258 (Ex: 405 nm, Em: 410−470 nm). Scar bar: 10
μm.
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■ CONCLUSIONS
In summary, we have exploited a novel strategy based on
natural EVs to selectively confer specific biological function to
target cells. The constructed EV-ChR2 system could effectively
anchor the exogenous light activated ion channel on the
recipient cell membrane. Upon blue light irradiation, the ion
channel can be activated, which allowed calcium ion influx.
Moreover, the intracellular calcium signaling of modified
recipient cells can be invasively regulated. This strategy
provided a new insight on precise regulation of target cells
and holds great potential for biomedical research and
therapeutic applications.

■ MATERIALS AND METHODS
Materials. Dulbecco’s modified Eagle medium (DMEM),

fetal bovine serum (FBS), phosphate buffered saline (PBS),
penicillin-streptomycin (100×), trypsin-EDTA, Opti-MEM,
PureLink Hipure plasmid DNA purification kit, Lipofectamine
3000 transfection kit, Cell Mask deep red plasma membrane
stain, and Rhod-3 calcium imaging kit were purchased from
Thermo Fisher Scientific. Hoechst 33258 was obtained from
Sigma. Anti-NFAT2 antibody and Goat Anti-Mouse IgG H&L
(Alexa Fluor 647) were purchased from Abcam. All the
commercially reagents were used as received unless otherwise
noted.
Instruments. The centrifugation was performed on Sorvall

LYNXTM 6000 superspeed centrifuge. Transmission electron
microscopy (TEM) images were taken on a FEI EM208S
transmission electron microscope (Philips) operated at 100
kV. The size distribution of the EVs was examined by Zetasizer
Nano ZSP (Malvern Instruments, NK). Confocal imaging of
cells was recorded on Carl Zeiss LSM 800 confocal laser
microscope (Germany). Fluorescence imaging of zebrafish was
carried out on Carl Zeiss fluorescence microscope. Flow
cytometry (FACS) was conducted with a Fortesa x 20
instrument (BD Company). Photoirradiation experiments
were performed with a fiber optical illuminator (EINST
Technology Pte Ltd.).
Cell Culture. Human embryonic kidney 293T (HEK 293T)

cells, human lung carcinoma A549 cell lines, and mouse
embryo fibroblast cell line NIH3T3 were purchased from
American Type Culture Collection (ATCC). All cells were
maintained in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 100 μg/mL streptomycin, 100 units/mL

penicillin, and 10% FBS. All cell lines were cultured in an
incubator with 5% CO2 at 37 °C.

Transient Transfection. The plasmid (pCAGGS-ChR2-
Venus) encoding Channelrhodopsin2-Venus was obtained
from Addgene. This commercial plasmid (in E. coli) was
expanded and purified using plasmid midiprep kit by following
the standard protocol. For transient transfection, HEK 293T
cells were seeded in a 75 cm2

flask or 3.5 cm dish until 80%
confluence. The culture medium was replaced with serum-free
MEM medium. The commercial Lipofectamine 3000 (In-
vitrogen) was used as transfection reagent by following the
manufacturer’s protocol. After 4 h incubation, the medium
with transfection reagent was replaced with fresh cell culture
medium and the cells were continually cultured for another 48
h. The ChR2-Venus expression was confirmed by confocal
laser scanning microscopy and flow cytometry. For confocal
imaging, the cells in 3.5 cm dish were washed with DMEM
medium for two times and stained with CellMask Deep Red
Plasma Membrane Stain (5 μM) for 10 min. The images were
taken on Carl Zeiss LSM 800 confocal microscope. (ChR2-
Venus: Ex = 488 nm, Em = 500−550 nm), cell membrane stain:
Ex = 640 nm, Em = 650−700 nm). For quantification of ChR2-
Venus on the cell membrane, the collected transfected cells
were resuspended in 0.5 mL cold PBS. The suspensions were
analyzed with BD LSR Fortessa x 20 flow cytometer (Ex: 488
nm, Em: 525/50 nm). The mean fluorescence was measured by
counting 10 000 cells.

Extracellular Vesicle (EV) Isolation. EVs were isolated and
purified from the supernatants of transfected cells or untreated
cells by differential centrifugation, according to previous
studies. In brief, the cells expressing ChR2-Venus or untreated
cells were cultured in serum-free medium for 24 h to allow EVs
release. Then, the supernatants were collected and centrifuged
for 20 min at 2000 g to get rid of cells and cell debris, followed
by centrifugation at 8000 g for 5 min to remove apoptotic
bodies. Subsequently, the EVs pellets were formed by
centrifugation of supernatants at 60 000 g for 60 min. The
obtained EVs were redispersed in sterile PBS and centrifuged
again for 60 min at 60 000 g. Finally, the purified EVs were
dissolved in PBS and used freshly or stored at −80 °C
refrigerator until further use. All the purification procedures
were conducted at 4 °C. To quantify the amount of MVs, the
total protein content was measured by using a BCA protein
assay kit (Bio-Rad).

Characterizations of EVs. The size distribution of prepared
vesicles was characterized by Zetasizer Nano ZSP (Malvern
Instruments, UK) equipped with a laser (633 nm), at a fixed
angle of 173° and temperature of 25 °C. The data were
analyzed using software provided by the instrument. The
morphology of EVs was characterized by TEM. Briefly, the EV
pellets were fixed with 4% paraformaldehyde in PBS at room
temperature for 2 h. After washing with water, the sample
solutions were dropped onto a copper grid coated with carbon
and stained with 1% phosphotungstic acid. Samples were
performed on a FEI EM208S transmission electron microscope
(Philips) at 100 kV. To confirm the expression of the ChR2-
Venus proteins on the engineered EVs membrane, confocal
images were taken by Carl Zeiss LSM 800 microscope. The
fluorescent protein Venus was used as reporter. (Ex: 488 nm,
Em: 525−630 nm). To quantify the loading efficiency of ChR2-
Venus proteins on the membrane of MVs, suspensions
containing EV-ChR2 were analyzed with BD LSR Fortessa x

Figure 6. In vivo fluorescence imaging with and without blue light
treatment (4.5 mW cm−2 for 30 min) in zebrafish incubated with EV-
ChR2 (n = 10). The Ca2+ response in fish was monitored by Rhod-3
AM and analyzed with pseudocolored imaging. Green: ChR2-Venus
(Ex: 488 nm, Em: 500−550 nm), yellow and pseudocolor: Rhod-3 AM
(Ex: 561 nm, Em: 590−670 nm).
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20 flow cytometer (Ex: 488 nm, Em: 525/50 nm). EVs without
ChR2 were used as control.
Analysis of the Transfer of ChR2 Proteins. For confocal

imaging studies, A549 cells were seeded in 3.5 cm ibidi dish at
a density of 104 cells per well. After 24 h, the cells were washed
with PBS and treated with 20 μg of EVs or EV-ChR2 for the
indicated times. Confocal images for each group were captured
using Carl Zeiss LSM 800 microscope (Ex: 488 nm, Em: 525−
620 nm). For flow cytometry analysis, the A549 cells were
seeded in 12-well plate at a density of 1 × 105 cells per well for
24 h. After 4 h incubation with EVs or EV-ChR2, the cells were
harvested with 0.25% trypsin-EDTA and re-suspended in 0.5
mL PBS for FCM analysis by BD LSR Fortessa X-20 cell
analyzer (Ex: 488 nm, Em: 525/50 nm).
Calcium Influx Assay. Intracellular calcium concentration

was measured using a Rhod 3 calcium imaging kit (Life
Technologies) according to the manufacturer’s protocol with
some modification. In brief, A549 cells were seeded in 4 well
chamber at a density of 10 000 cells per well for 24 h, followed
by incubation with 20 μg of EVs or EV-ChR2 for 4 h.
Subsequently, the cells were washed with DMEM medium
three times and incubated with Rhod-3 AM (10 μM) in the
dark at 37 °C. After 1 h, the cells were washed with DMEM
medium for two times and irradiated with a blue light (∼480
nm, 4.5 mW cm−2) for 10 min. The cytosolic calcium signals
were captured with Carl Zeiss LSM 800 microscope (Ex: 561
nm, Em:576−700 nm).
Immunocytochemistry. A549 cells were seeded in 3.5 cm

ibidi dish at the concentration of 5 × 104 cells/mL for 24 h.
Cells were incubated with 20 μg of EVs or EV-ChR2 at 37 °C
for 4 h. Then, the cells were washed with medium three times
and irradiated with a blue light (∼480 nm, 4.5 mW cm−2) for
20 min (5 min break after 5 min irradiation). Subsequently, the
cells were washed with ice-cold PBS and fixed with ice-cold
methanol for 10 min. After incubation with 0.1% Triton X-100
for 5 min, cells were blocked with 5% BSA (bovine serum
albumin) in PBS at 37 °C for 30 min. Cells were incubated
with anti-NFAT2 antibody at 4 °C for 12 h and then stained
with Alexa Fluor 647-conjugated anti-mouse IgG antibody.
The cell nucleus was stained with Hoechst 33258. The
subcellular localization of NFAT was visualized with Carl Zeiss
LSM 800 microscope. (Hoechst: Ex = 405 nm, Em = 410−470
nm; Alexa Fluor 647: Ex = 640 nm, Em = 656−700 nm).
Cell Viability Assay. Generally, the A549 cells were seeded

into 96-well plates with a density of 6.0 × 103 cells per well in
100 mL of DMEM with 10% FBS and incubated at 37 °C and
5% CO2 for 24 h. For EV-ChR2 incubation experiments, the
cells were treated with different concentrations of EV-ChR2 for
24 h. Subsequently, vesicle-containing medium was replaced
with fresh culture medium and cell viability tests were
performed. In the cell-based phototoxicity tests, cells were
irradiated with blue light (∼480 nm) at different time intervals,
followed by 24 h incubation and cell viability tests. The
cytotoxicity was evaluated by the standard Tox-8 assay. The
fluorescence intensity was measured at 590 nm with excitation
at 560 nm by using a Tecan Infinite M200 microplate reader.
All experiments were repeated three times to obtain the
average values.
Cell Apoptosis Measurement. The cell apoptosis was tested

by using a standard Annexin V-Cy3 apoptosis detection kit.
Briefly, the A549 cells (1 × 105 cells per dish) were irradiated
with blue light at the dosage of 4.5 mW cm−2 for 20 min (5
min break after 5 min irradiation). After 24 h incubation, the

cell samples were washed with PBS solution and 1× annexin-
binding buffer, respectively, followed by incubating with 0.5
mL binding buffer containing 5 μL Annexin V-Cy3 solutions
(100 μg mL−1) for 15 min at room temperature. After washing
with buffer solution, the cells were imaged at Carl Zeiss LSM
800 confocal laser microscope. In the control group, the cells
without light irradiation were treated and imaged following the
above methods.

In Vivo Studies. All animal experimental procedures were
performed in compliance with the approved guidelines of the
Institutional Animal Care and Use Committee (IACUC) at
Nanyang Technological University. Briefly, the purchased
embryos were raised with standard E3 medium containing 5
mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4,
and 0.1% Methylene Blue, pH 7.0−7.2. The embryos were
kept in a 28.5 °C incubator after removing the unfertilized
embryos and debris in culture dishes. The zebrafish larvae were
anesthetized with 0.003% tricaine in E3 medium at 48 h post
fertilization (hpf). The recipient cells preincubated with Rhod
3 were harvested at a concentration of 5 × 106 cells/mL and
loaded into a borosilicate glass needle pulled by a P97
Flaming/Brown micropipette puller (Sutter Instrument). The
recipient cells were implanted into the yolk sac of each
zebrafish larvae in a single injection by using an electronically
regulated air-pressure microinjector (MPPI-3, Applied Scien-
tific Instrumentation, USA). After cell implantation, the larvae
were washed twice with E3 medium and examined for the
presence of cells in the yolk sac. The living larvae were then
injected with EV-ChR2 vesicles or EVs-DiO and incubated in
E3 medium for 2 h. For calcium imaging experiments in vivo,
individual zebrafish larvae were anesthetized and stayed in a
confocal dish (35 mm, plastic bottom). The blue light
treatment (480 nm) for the zebrafish was performed at the
dosage of 4.5 mW cm−2 for 30 min. The fluorescence imaging
in living larvae were recorded before and after 480 nm blue
light irradiation by using a Leica MZ6 modular stereo-
microscope.
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