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A B S T R A C T

Graphene-oxide (GO) quenching-based molecular beacon was developed for rapid and sensitive detection of
RNAs in living cells and tissues. Here, we applied GO quenching-based molecular beacon sensor to visualize
neurogenic miR-193a levels delivered via exosomes during cell-non-autonomous neurogenesis in neural pro-
genitor cells on a microfluidic platform. Exosomal transport was visualized using CD63-RFP plasmid vector, and
FAM-labeled peptide nucleic acid (PNA) probe for the miR-193 sequence was designed to detect endogenous
miR-193 expression. Fluorescence signals of FAM-PNA193a-GO were recovered in dibutyryl-cAMP-induced F11
cells, resulting from increased expression of miR-193a after neuronal differentiation. We observed delivery of
miR-193a-containing exosomes released from differentiated donor F11 cells to recipient undifferentiated F11
cells. Fluorescence recovery was evident in exosome-stimulated recipient individual F11 cells in the microfluidic
system. We propose molecular beacon imaging using PNA-GO complex for visualization of individual cellular
expression of mature microRNAs. This system reveals the precise spatial localization and temporal sequences of
mature miRNAs by intercellular exosomal delivery of messages for processes such as cell-non-autonomous
neurogenesis.

1. Introduction

Neurogenesis is associated with dynamic changes of microRNA
(miRNA) expression. miRNAs are proposed to be responsible for de-
termining cellular status of differentiating neural stem cells or pro-
genitor cells (Sayed and Abdellatif, 2011; Sun et al., 2010). miRNAs
degrade target mRNAs, inhibit translation of mRNAs in a sequence-
specific manner (Bartel, 2004; He and Hannon, 2004; Kosaka et al.,
2010; Novina and Sharp, 2004), and play roles in cell proliferation
(Delaloy et al., 2010; Niu et al., 2013) and differentiation (Åkerblom
and Jakobsson, 2014; Chen et al., 2004; Makeyev et al., 2007). Several
miRNAs such as let-7, miR-124, miR-9, and miR-193a are known to be
involved in neuronal differentiation of neural stem cells or progenitor
cells (Eskildsen et al., 2011; Gagan et al., 2011; Jing et al., 2011;
Karbiener et al., 2011; Oh et al., 2017).

Neurogenic miRNA was reported to regulate neurogenesis via de-
livery within exosomes from donor to recipient cells (Delaloy et al.,
2010; Zernecke et al., 2009). Exosomes contain many peptides, nucleic
acids, and miRNAs involved in the regulation of proliferation and dif-
ferentiation (Åkerblom and Jakobsson, 2014; Chen et al., 2004; Delaloy
et al., 2010; Deregibus et al., 2007; Makeyev et al., 2007; Niu et al.,
2013; Pegtel et al., 2010; Ratajczak et al., 2006; Skog et al., 2008;
Zernecke et al., 2009). We observed that exosomes from differentiated
neural progenitor cells delivered neurogenic miR-193a contained
within them to promote neurogenesis of neighboring undifferentiated
clones. Functional consequences of miR-193a were verified with bio-
luminescence imaging using luciferase with a sense sequence in the 3′
untranslated region (UTR) against the antisense sequence of miR-193a
(Kim et al., 2008; Ko et al., 2009; Tani et al., 2010) using the proto-
typical method for analysis of mature miRNA action (Hwang and Lee,
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2012; Ko et al., 2009; Lee et al., 2008; Oh et al., 2013).
Luciferase reporter imaging provides excellent results without

background in vivo and in vitro; however, luciferase activity is decreased
by target miRNA, which is termed a “signal-off system.” Mature miRNA
activity is observed by examining the degree of decreased reporter
activity. An issue with the signal-off system is that the decreased in
reporter signal can also be due to cell conditions such as cell viability.
The molecular beacon was proposed as a “signal-on system” for mon-
itoring RNA expression (Peng et al., 2005; Tan et al., 2004). We re-
ported the use of fluorescence nanoparticle-based molecular beacon
system for monitoring miRNA expression (Hwang et al., 2010). Gra-
phene-oxide quenching-based detection system adopts the same signal-
on strategy to successfully detect the presence of multiplex miRNAs in
live cultured cells (Ryoo et al., 2013).

Neuronal miRNAs turn over rapidly in retinal, hippocampal and
cortical neurons depending upon stimuli or activity (Krol et al., 2010)
and are transported to dendrites as pre-miRNA to be converted to
mature miRNA in response to activity-dependent stimuli (Calin and
Croce, 2006; Kosaka et al., 2010; Pritchard et al., 2012). Development
of a sensing platform for detection of the expression levels of specific
mature miRNAs will enable elucidation, of the spatial localization and
transient actions of miRNAs in neuronal cell bodies and dendrites.

Therefore, an effective sensing method for miRNAs will be crucial
for detection of various cellular events (Li et al., 2009; Wang et al.,
2011). Recently, various sensing methods have been developed based
on label-free probe for direct miRNA detection including molecular
beacon (Hartig et al., 2004), surface plasmon resonance (SPR) (Fang
et al., 2006) and surface-enhanced Raman spectroscopy (SERS)
(Driskell and Tripp, 2010). Among these, the fluorescence-based mo-
lecular beacon system has been extensively employed for miRNA de-
tection, due to its high sensitivity and selectivity, as well as its simple,
robust, and accurate high-throughput miRNA profiling in living cells
(Duan et al., 2011; Pu et al., 2010; Ran et al., 2015; Shi et al., 2016).

Graphene oxide and its π-π stacking interaction for absorption and
release of fluorescent dye-labeled peptide nucleic acid (PNA) probes by
hydrogen bonds of endogenous miRNA were used for multiplexed
miRNA detection (Ryoo et al., 2013) and for differential detection of
miRNAs showing single-base pair mismatches (Lee et al., 2015). Gra-
phene's fluorescence quenching capability is manifested when it at-
taches to fluorescent dye-labeled PNA and fluorescence is recovered
upon detachment of PNA from graphene due to the complimentary
sequences of endogenous miRNA to those of PNA probes. PNA, a non-
natural nucleic acid analog, has the backbones held by uncharged
amide bonds which differs from the negatively charged-phosphodiester
bonds of classical nucleic acids (Hanvey et al., 1992; Lu et al., 2012).

The miRNA sensing strategy is based on the recovery of fluorescence
of the quenched dye-labeled PNA as a probe that was tightly bound to
the surface of GO as a fluorescence quencher and subsequent recovery
of the fluorescence upon addition of target miRNA (Fig. 1). This miRNA
sensing platform allows high sensitivity and specificity toward target
miRNA with low background signal. Microfluidic cell culture assay can
be used for observation and capturing of various phenomena between
cells (Wang et al., 2018; Lee et al., 2017) and to simulate in vivo cellular
interactions under in vitro setting using tissue-mimetic architectures
with hydrogel-incorporating microfluidic device and interstitial mi-
micking fluid (Shin et al., 2012).

Here, we applied the above miRNA sensing probes using dye-labeled
PNA and GO for sensitive and real-time monitoring of specific miRNAs
in living cells on microfluidic devices. We examined individual re-
cipient neural progenitor cells receiving exosomes containing relevant
miRNAs and responding to the cell-exosome fusion by commencing
differentiation into the neurons (Oh et al., 2017). In our previous study
(Oh et al., 2017), we established that the microfluidic platform could
visualize convective exosomal transport and exosome-mediated com-
munication between undifferentiated and differentiated cells. Based on
this study (Oh et al., 2017), in this investigation, we established

molecular beacon imaging to detect endogenous miRNA expression
based on fluorescence dye-labeled PNA-GO beacon during exosome-
mediated neurogenesis in the hydrogel-incorporating microfluidic
platform.

2. Experimental section

2.1. Cell culture

F11 cells, rat dorsal root ganglion, mouse neuroblastoma hybrid
cells, and mouse neural stem cells (NE-4C) were cultured in Dulbecco's
modified Eagle's medium (DMEM, Gibco) supplemented with 10% fetal
bovine serum (FBS; Gibco), 10 U/mL penicillin, and 10 μg/mL strep-
tomycin in a humidified atmosphere of 5% CO2 at 37 °C. To induce
neuronal differentiation, F11 cells were incubated with DMEM con-
taining 0.5% FBS and 1mM dibutyryl cyclic AMP (db-cAMP, Sigma-
Aldrich) or transfected (Lipofectamine2000; Invitrogen) with miR-193a
(Ambion®) for 3 days.

2.2. Synthesis of PNA and DNA oligomers

The fluorescent dye (FAM)-labeled PNA probe was synthesized by
Panagene Inc (HPLC profiles and MS spectra of all FAM-labeled PNA
probes are represented in Supplementary information Fig. S1). The
sequences of oligomers were 5′-ACTGGGACTTTGTAGGCCAGTT-3′
(FAM-PNA193a complementary oligomer) and 5′- TTGACCGGATGTT
TCAGGGTCA-3′ (FAM-PNAscr complementary oligomer). All PNA
probes were 22-mer in length (Supplementary information Table S1).

2.3. Quantitative RT-PCR analysis

Total RNA from differentiated F11 cells was prepared using Trizol
(Invitrogen) and mirVana™ miRNA Isolation Kit (Ambion®). Isolated
RNA was analyzed for purity and concentration in a Nanodrop-1000
Spectrophotometer (Thermo Scientific). The cDNA samples for miRNA
was prepared by reverse transcription (RT) with the miRNA 1st-strand
cDNA synthesis kit (Agilent Technologies). RT-PCR amplification was
performed using ABI® 7500 (Applied Biosystems™) with the TaKaRa
SYBR Green Master mix (Clontech Laboratories), which is specific for
mature miRNA sequences. PCR primer for miR-193a was 5′-AACTGG
CCTACAAAGTCCCAGT-3′ (forward) and the universal reverse primer
was used for reverse primer. Relative values were normalized to U6
snRNA as an internal control. All experiments were performed in tri-
plicate.

2.4. miR-193a detection using GO-PNA complexes

FAM-PNA probe (40 pmol per probe) was mixed with a series of GO
(Lemonex Inc) solution, concentrations ranging from 0.1 μg to 0.9 μg in
100 μL of buffer (Tris-HCl, pH 7.5) for 15min at room temperature (FT-
IR spectrum of GO is shown in Supplementary information Fig. S1). The
quenched fluorescence signals were monitored after the formation of
FAM-PNA probe-GO complex. FAM-PNA-GO complex solution was
mixed with various concentrations (2.5–40 pmol in 50 μL of buffer
[Tris-HCl, pH 7.5]) of target oligomers with the complementary se-
quence. Fluorescence signals were measured using a Varioskan Flash
Multimode Reader (Thermo Fisher Scientific). The fluorescence images
of mixtures in a 96-well black plate were obtained using IVIS-100
imaging system (Xenogen).

2.5. miR-193a detection in differentiated cells

F11 cells were seeded on 6-well plates at 1.5× 105 cells per well
and incubated with DMEM containing 0.5% FBS and 1mM db-cAMP
(Sigma-Aldrich) for 3 days. FAM-PNA probe (100 pmol per probe) was
mixed with GO (1 μg) in opti-MEM media (Invitrogen) for 15min at
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room temperature. The FAM-PNA193a-GO complexes were treated to
F11 cells for 14 h at 37 °C and then vigorously washed three times with
phosphate-buffered saline (PBS). The cells were fixed with 4% paraf-
ormaldehyde (PFA). Nuclei were counterstained with 4′-6-diamidino-2-
phenylindole (DAPI, Vector Laboratories). Fluorescent images were
obtained using a FV1000 confocal laser scanning microscope
(Olympus).

2.6. Cytotoxicity assay of GO

F11 and NE-4C cells were seeded at 1×104 cells per well in a 24-
well cell culture plate and maintained for 24 h. The cells were in-
cubated with GO (at concentrations ranging from 0 to 50 μg/mL) in
opti-MEM and incubated for 14 h at 37 °C. Following GO treatment,
cells were rinsed with opti-MEM, and 20 μL of Cell Counting Kit-8 (CCK-
8) solution (Dojindo, Rockville, MD) was added to each well containing
100 μL of opti-MEM. The cells were incubated for 2–3 h until color
developed. Subsequently, 100 μL of the solution was transferred to a 96-
well plate. The absorbance was measured at 450 nm using a GloMax®-
Discover Microplate Reader (Promega, Fitchburg, WI).

2.7. Microfluidic device fabrication

The microfluidic co-culture system was composed of poly-
dimethylsiloxane (PDMS; Sylgard 184; Dow Corning). The SU-8 pho-
toresist pattern master (MicroChem) was used as a master mold, using a
conventional soft lithography process to replicate the microchannel-
patterned PDMS. PDMS was mixed with the curing agent at a 10:1 wt
ratio, poured onto the wafer, and cured by baking in an oven at 60 °C
for 8 h. The PDMS replica was detached from the wafer, and all re-
servoir patterns of the PDMS replica were punched by dermal biopsy
punches (a 6mm punch for media reservoirs and a 1mm punch for gel
filling reservoirs). The PDMS replica and glass coverslip were sterilized
and bonded together via oxygen plasma (Femto Science) and placed at
60 °C in an oven for at least 48 h to restore hydrophobicity of the mi-
crochannel surfaces.

2.8. Co-culture of F11 cells in the microfluidic system

Type 1 collagen ECM (2mg/mL; BD Biosciences) was diluted to
2mg/mL in a mixture of 10× PBS (Gibco) and distilled deionized

water. The pH of the hydrogel solution was adjusted to 7.4 with 0.5 N
NaOH. Type 1 collagen ECM was inoculated into hydrogel channels and
gelled for 30min. The cell culture channel was then filled with medium
to prepare cell seeding. F11 cells (donor cells) were seeded into the cell
culture channel (left channel), and conditioned medium was added into
the right cell culture channel. After cell attachment, the medium in the
left channel which contained donor cells of the differentiated group,
was replaced with differentiation medium (DMEM containing 0.5% FBS
and 1mM db-cAMP) for 48 h. DiI-labeled F11 cells (recipient cells)
were seeded into the cell culture channel (right) and co-cultured with
donor cells at 37 °C in 5% CO2 for 3 days. Density of F11 cells (donor
and recipient) suspended in conditioned medium was 1× 106 cells/mL.
Three days after co-culture, FAM-PNA probes (100 pmol per probe)
mixed with GO (1 μg) in opti-MEM media (Invitrogen) were incubated
for 15min at room temperature. The FAM-PNA193a-GO complexes
were treated with recipient F11 cells (right cell culture channel) for
14 h at 37 °C and then vigorously washed three times with PBS. The
cells were fixed with 4% PFA. Nuclei were counterstained with 4′-6-
diamidino-2-phenylindole (DAPI, Vector Laboratories). Fluorescent
images were obtained using a FV1000 confocal laser scanning micro-
scope (Olympus).

2.9. Two-step simulation of donor-released exosome transport

The concentration profiles of exosomes by convection (laminar
flow) and diffusion were simulated using COMSOL Multiphysics
(COMSOL, Stockholm, Sweden) software. The convective transport was
designed by hydrostatic pressure differences in the case of daily
medium addition to all reservoirs. The diffusion coefficients for exo-
somes in culture medium and type 1 collagen gel were calculated from
the size (50–200 nm) using Einstein relation and the stochastic model
(Pluen et al., 1999) (Supplementary information Table S2). Diffusive
transport was simulated using a time transient model (0–24 h,
Supplementary information Fig. S2).

2.10. Simulation of exosome concentration released from nD-F11 cells

The diffusive transport of exosomes released from nD-F11 cells to
recipient cells was simulated using a time transient model for 24 h. The
exosomes released from F11 cells were quantified using CD63-RFP
fluorescence images (Supplementary information Fig. S3A). Exosome

Fig. 1. Scheme of strategy for miR-193a sensing based on graphene oxide (GO) and peptide nucleic acid (PNA) in differentiated neural cells.
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production rate was calculated as a molecular concentration
(3.878×10−14). The nD-F11 cell population was assumed to be 15%
of all recipient cells quantified from fluorescence images
(Supplementary information Fig. S3B).

2.11. Statistical analysis

Results of all experiments were collected from three or four in-
dependent experiments for each sample. Data are presented as means
± standard deviation (SD). The Student's t-test was used to calculate P
values. P-values< 0.005 were considered statistically significant.

3. Results

3.1. Neurogenesis of neural progenitor F11 cells by miR-193a

In our earlier work, we identified that miR-193a was involved in
Ngn1-induced neurogenesis. We validated that miR-193a was highly
expressed in differentiated neural cells by Ngn1 or db-cAMP and con-
firmed the neurogenic function of miR-193a in neural progenitor cells.
To measure miR-193a expression in differentiating neural cells, F11
cells were treated with differentiation media containing db-cAMP for 3
days. Unlike undifferentiated F11 cells (UD-F11 cells), differentiated
F11 cells (D-F11 cells) showed a neurite outgrowth and the expression
of the neural marker, Tuj-1 (Fig. 2A). In qRT-PCR, the expression of
miR-193a was quantified; a high amount of miR-193a was only de-
tected in D-F11 cells (Fig. 2B). To validate the effects of miR-193a on
neurogenesis, F11 cells were transfected with miR-scr or miR-193a for 3
days to induce neurogenesis. Normal F11 cell morphology was main-
tained, and most of the F11 cells underwent proliferation when treated
with miR-scr. However, F11 cells transfected with miR-193a showed a
neurite outgrowth pattern at 3 days after transfection. Tuj-1 expression
was examined by immunofluorescence staining (Supplementary in-
formation Fig. S4A) and qRT-PCR analysis (Supplementary information

Fig. S4B). Tuj-1 was more highly expressed in F11 cells transfected with
miR-193a, compared to F11 cells treated with miR-scr (Supplementary
information Fig. S4A and B). In summary, miR-193a was induced
during neurogenesis in F11 cells and could induce neurogenesis when
transfected.

3.2. FAM-PNA-GO complexes as sequence-specific molecular beacon

We tested the fluorescence quenching of FAM-PNAscr or FAM-
PNA193a (fluorescent dye-conjugated PNA probe) based on GO at-
tachment. Fluorescence of FAM-PNAscr or FAM-PNA193a solution (40
pmol) was completely quenched at 0.4 μg of GO (Fig. 3A). We used
FAM-PNAscr-GO or FAM-PNA193a-GO mixture at a ratio 40 pmol:
0.4 μg for subsequent experiments. PNA193a probe had the com-
plementary sequence to miR-193a. FAM-PNA-GO complex recovered
the fluorescence of miR-193a but not that of miR-scr (Fig. 3B). In the
cell culture plate, fluorescence signals increased in a miR-193a con-
centration-dependent manner upon addition of complementary miR-
193a (Supplementary information Fig. S5).

3.3. Visualization of miR-193a expression in differentiating neural
progenitor cells using FAM-PNA193a-GO molecular beacon

We examined whether FAM-PNA-GO complex could visualize miR-
193a expression in differentiated F11 cells as miR-193a was highly
expressed in D-F11 cells in qRT-PCR (Fig. 2B). We performed CCK-8
assay to evaluate cytotoxicity of GO in F11 and NE-4C neural stem cells.
These cells showed over 90% cell viability upon treatment with GO at
concentrations lower than 12.5 μg/mL (Supplementary information Fig.
S6). For miRNA sensing, we used GO at 4 μg/mL, which ensures ~100%
viability in F11 cells. Addition of GO to FAM-PNA probes completely
quenched fluorescence of FAM in opti-MEM medium (Supplementary
information Fig. S7). This quenching was not affected in opti-MEM
medium while differentiation medium or complete medium increased

Fig. 2. The enhanced expression of miR-193a in cAMP-induced neuronal differentiation of F11 cells. A) Representative images of phase contrast (left panel) and
immunofluorescence staining for Tuj-1 (right panel) in UD- or D-F11 cells. Scale bar, 20 µm. B) Quantitative RT-PCR (qRT-PCR) analysis for the expression of miR-
193a in UD- and D-F11 cells. Data is displayed as means ± standard deviation (SD). **P < 0.005. UD: undifferentiated cells, D: differentiated cells.
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fluorescence by a small but significant amount (Supplementary in-
formation Fig. S8). As miR-193a was up-regulated during neurogenesis
in neural progenitor cells, fluorescence signals were observed in the
cytoplasm of D-F11 cells treated with FAM-PNA193a-GO while fluor-
escence was not recovered in D-F11 cells treated with FAM-PNAscr-GO
and in UD-F11 cells treated with FAM-PNAscr-GO, or FAM-PNA193a-
GO (Fig. 3C).

We validated the selectivity of FAM-PNA193a probe for target miR-
193a in differentiated F11 cells after the inhibition of miR-193a ex-
pression. miR-193a expression was significantly increased in differ-
entiated F11 cells (Fig. 2B). In a previous study, we confirmed that miR-
193a expression and neurogenesis were repressed in differentiating F11
cells in the presence of anti-miR-193a (Oh et al., 2017). Quenched
fluorescence signals of FAM-PNA193a-GO were not recovered in dif-
ferentiating F11 cells after the inhibition of miR-193a expression
(Supplementary information Fig. S9). These results suggest that the
FAM-PNA193a-GO system provides a highly sensitive and selective
method for monitoring changes in endogenous mature miR-193a ex-
pression between pre-and post-neuronal differentiation by sensing the
increase in miR-193a level during neurogenesis.

3.4. Molecular beacon imaging of miR-193a expression during exosome-
mediated neurogenesis on the microfluidic platform

In our previous study (Oh et al., 2017), we confirmed exosomal
transport from differentiated to undifferentiated cells through exosome-
mediated transport of miR-193a in co-culture, transwell culture and on
the microfluidic platform. The exosomes were labeled with RFP fused
with CD63 to visualize their migration on the microfluidic chambers
from undifferentiated to differentiated F11 cells (Supplementary in-
formation Fig. S10). In this microfluidic system, luciferase-laden re-
cipient undifferentiated neural progenitor cells received exosomes by
convective flow, and “signal off” of luminescence signified the func-
tional effects of exosome-mediated miR-193a delivery from differ-
entiated cells (Oh et al., 2017).

In the current investigation, we used FAM-PNA193a-GO molecular
beacon to monitor the expression of miR-193a by exosome-mediated
neurogenesis. We designed a microfluidic platform to elucidate func-
tional outcomes of exosome-mediated miRNA delivery in a recipient
chamber with convective flow from the donor chamber that contained
differentiated neural progenitor cells (Fig. 4A). Donor F11 cells were

Fig. 3. Specificity test of FAM-PNA193a-GO complex against target miR-193a. A) The fluorescence intensity of FAM-PNA193a and FAM-PNAscr after incubation with
GO. Data are displayed as means ± standard deviation (SD). B) Fluorescence recovery of the quenched FAM-PNA probe-GO complex after the addition of miR-scr or
miR-193a. Data are displayed as means ± standard deviation (SD). F, fluorescence intensity of FAM-PNA probe-GO complex in the presence of miR-193a oligomer;
F0, basal fluorescence intensity of FAM-PNA probe-GO complex without miR-193a treatment. C) Detection of miR-193a 14 h after treatment with FAM-PNA193a-GO
or FAM-PNAscr-GO complex in UD- or D-F11 cells. Scale bar, 20 µm. UD: undifferentiated cells, D: differentiated cells.
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Fig. 4. Neurogenic miR-193a sensing during exosome-mediated neurogenesis in the microfluidic assay. A) Schematic representation of the microfluidic cell culture
assay (left panel) and exosome-mediated miR-193a transfer from donor D-F11 cells to recipient UD-F11 cells (right panel). B) Representative fluorescence images
showing donor D-F11 cells or recipient F11 cells 14 h after treatment with FAM-PNA193a-GO. Scale bar, 10 µm. C) Immunofluorescence staining for Tuj-1 in
recipient F11 cells cultured with RFP-exosome-releasing donor UD- or D-F11 cells. Scale bar, 20 µm. D) Two-step simulation for exosomal transport from donor D-F11
cells in the microfluidic system: i) convective transport by adding culture medium to all reservoirs; ii) diffusive transport after hydrostatic equilibrium. E) The
simulation i) images and ii) profiles for relative concentrations of exosomes (50–200 nm) at 24 h. F) The simulation images of i) fractional nD-F11 cells and ii) total
nD-F11 cells in recipient channel. iii) The concentration of exosomes transported from donor D-F11 cells and nD-F11 cells at 24 h.
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seeded into the left cell culture channel and cultured with differentia-
tion medium containing db-cAMP to induce neurogenesis. After 48 h,
once donor cells were considered to have differentiated, recipient F11
cells were seeded into the right channel. Three days after co-culture in
both channels, D-donor cells or recipient cells co-cultured with D-donor
cells were treated with FAM-PNA193a-GO molecular beacon for 14 h in
opti-MEM medium, and then observed using fluorescence confocal
microscopy.

Fluorescence from D-donor cells and recipient cells cultured with D-
donor cells was recovered from the dark background. This fluorescence
represented FAM-PNA193a detachment through the reaction of miR-
193a in exosomes of D-donor cells and uptake by recipient cells from
exosomes delivered convectively through the gel channel from differ-
entiated cells of donor cell channel (Fig. 4B). Fluorescence of recipient
cells was barely visible in recipient cells cultured with undifferentiated
donor cells (Supplementary information Fig. S11).

3.5. Heterogeneity of exosome and miR-193a delivery and consequent
neural differentiation marker in recipient neural progenitor cells

Exosomes labeled with CD63-RFP released from donor UD- and D-
F11 cells moved to and were taken up by recipient F11 cells similarly
(Supplementary information Fig. S11, red dots). Recipient UD-F11 cells
which took up exosomes recovered fluorescence of PNA193a-GO mo-
lecular beacon, as did their neighboring cells. In contrast, some re-
cipient F11 cells did not recover fluorescence despite having taken up
exosomes. The agreement of cellular exosome uptake and delivery of
miR-193a in these exosomes were easily recognized by observing in-
dividual recipient F11 cells. In the individual recipient cells, differences
in the amount of miR-193a loaded in donor exosomes (or donor exo-
somes without miR-193a) would have resulted in variable fluorescence
recovery. We also observed some recipient cells with positive fluores-
cence recovery without having taken up exosomes. Notably, almost all
recipient F11 cells showed homogeneous Tuj-1 expression regardless of
exosome uptake. In addition to recipient F11 cells with exosome up-
take, other recipient cells without CD63-RFP fluorescence showed
homogeneous Tuj-1 expression (Fig. 4C). On the microfluidic platform
with two channels separated by an intervening gel channel, exosome
delivery was observed upon convective media flow from donor to re-
cipient channels in both differentiated and undifferentiated F11 cells.
When the donor cells were differentiated F11 cells, exosome uptake in
the recipient cells and consequent miR-193a delivery were hetero-
geneous but Tuj-1 expression was homogeneous. Nevertheless, when
donor cells were undifferentiated F11 cells, neither miR-193a expres-
sion nor Tuj-1 expression were observed. Similar results were obtained
when PNAscr-GO molecular beacon was used.

3.6. Simulation of exosome transport from donor D-F11 cells to recipient
nD-F11 cells on the microfluidic platform

To explain the homogeneous Tuj-1 expression levels regardless of
fractional exosome uptake in recipient cells, we performed a two-step
simulation to investigate exosome transport on the microfluidic system.
We designed a two-step simulation process: first, a simulation of the
initial convective transport caused by adding medium; second, a si-
mulation of diffusive transport after hydrostatic equilibrium (Fig. 4Di
and ii). Exosomes (50–200 nm) secreted from donor D-F11 cells were
simulated at 24 h after co-culture (Fig. 4Ei). The results demonstrated
that sufficient amounts of exosomes (about 13–30%) delivered to re-
cipient cells by convection and diffusion induced differentiation in
some recipient cells (Fig. 4Eii). To elucidate homogenous Tuj-1 ex-
pression in recipient cells, we presumed that some differentiated re-
cipient cells released exosomes to induce neurogenesis, which were
taken up by adjacent recipient UD-F11 cells. We simulated exosome
concentrations from recipient D-F11 cells assumed to be approximately
15% in all recipient cells, which caused cascade exosome delivery to

adjacent recipient UD-F11 cells (Supplementary information Fig. S2).
The simulation results at 24 h indicated that exosomes released from a
small population of recipient D-F11 cells were delivered to adjacent
recipient UD-F11 cells (Fig. 4Fi). The simulation results for the con-
centration profiles of exosomes revealed that exosomes delivered from
donor D-F11cells and secreted from newly differentiated (nD) recipient
F11 cells were uniformly distributed and sufficiently exposed to all
recipient F11 cells (Fig. 4Fii and iii).

4. Discussion

Neurogenic miRNAs play key roles in regulating relevant gene ex-
pression for neurogenesis in neural development (Åkerblom and
Jakobsson, 2014; Chen et al., 2004; Makeyev et al., 2007). In neuronal
cells, activity plays a regulatory role in miRNA turnover, which is
generally rapid (Krol et al., 2010). Activity-dependent stimulation of
glutamate receptor produced mature miRNA in dendrites and somata in
a spatially localized manner (Sambandan et al., 2017). Understanding
the roles of dynamic miRNA expression in neuronal cells in physiology
and pathology, requires elucidation of the temporal and spatial ex-
pression of mature miRNA. In this regard, the development of a highly
sensitive sensing platform to detect mature miRNAs will be critical. This
developmental endeavor ranges from studies of neuronal development
or differentiation-related changes to studies of temporally and spatially
localized expression of mature miRNAs participating in various phy-
siologic or pathologic processes. To further understand the cell-auton-
omous roles of miRNA in neuronal lineage cells, it is necessary to elu-
cidate intercellular neuronal communication with either
macromolecules such as peptides or lipid mediators or using exosomes
containing packaged nucleic acids, peptides, or other small molecular
mediators. How intercellular communication via exosomes contributes
to the differentiation of neural stem cells is not understood. To under-
stand this cell-non-autonomous phenomenon, a method for visualizing
the delivery and action of mediators such as miRNA in individual cells
is required. In our previous study (Oh et al., 2017), we used three
methods of 2D co-culture, transwell co-culture and microfluidic assay to
investigate donor-recipient communications via exosomes within clones
of neural progenitor cells at different stages of differentiation. We de-
monstrated that exosome transfer of miR-193a was an intercellular
communication mechanism heralding messages concerning neuronal
differentiation from preceding differentiated cells to recipient cells. On
the microfluidic platform, we divided firstly differentiated cells and
undifferentiated cells into separate channels and generated a convective
flow of media from donor to recipient cell channels. We confirmed that
miR-193a was transferred via the exosomes from differentiated donor
cells to undifferentiated recipient cells to induce neurite outgrowth and
the expression of neural markers in recipient cells. The functional
outcome of successful miRNA delivery was verified using recipient cells
containing the transgene of miR-193a-complementary target sequences
in the 3′UTR of luciferase transgene. Luciferase activity was clearly
decreased in recipient undifferentiated cells after receiving exosome-
mediated miR-193a on this microfluidic platform (Oh et al., 2017).
However, in our previous study, it was necessary for neural progenitors
to be selected clonally with transgenes integrated into their chromo-
somes, and the “signal off” nature of the luciferase reporter necessitated
concomitant verification that the cells were not mostly dying or already
dead.

To overcome this limitation, the molecular beacon imaging system
based on “signal on” methods was developed. Molecular beacon ima-
ging system has been repeatedly reported extensively in the literature
(Hwang et al., 2010; Peng et al., 2005; Tan et al., 2004). It has the
advantage of visualizing individual cell clusters, allowing elucidation of
whether mature miRNAs work in specific spatial or temporal sequences
in vivo (Hwang et al., 2010) as well as in vitro (Ryoo et al., 2013).
Conventional miRNA detection methods such as Northern blotting,
microarrays and qRT-PCR are labor-intensive, time-consuming and
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costly (Ma et al., 2018; Wang et al., 2016). In particular, these methods
require the sample to be lysed for isolating intracellular miRNA. One of
the most promising tools for miRNA sensing, surface-enhanced Raman
scattering (SERS) platform, has many advantages including low back-
ground signal, high sensitivity and multiplexing. However, the SERS
platform has difficulties detecting miRNAs in living cells, due to miRNA
isolation by cell lysis (Jiang et al., 2018). Although intracellular miRNA
detection by the SERS platform became possible in recent years (Ye
et al., 2017), visualization and real-time monitoring of intracellular
miRNA was accomplished by the fluorescence-based molecular beacon
system, which provided simpler and more sensitive imaging compared
to SERS imaging using Raman microscopy. In the current study, we
used miRNA sensing method with PNA-GO probe which was success-
fully used to detect multiple miRNAs in living cells with high sequence
specificity and low background signal (Ryoo et al., 2013). The capacity
of GO as a delivery vehicle to the cytoplasm, robust quenching of at-
tached FAM, and easy detachability of single-stranded nucleic acids
attached to them by their complementary sequenced miRNAs allows
multiplexing (Ryoo et al., 2013) and discovery of differential single-
base mismatches of target miRNAs (Lee et al., 2015). GO interacts with
target miRNA through π–π stacking interactions including non-covalent
Van der Waals forces, which are relatively weaker than ionic bonds or
covalent bonds. In the nanographene sensor, the PNA probe, which has
a complementary sequence to target miRNA, interacts on the nano-
graphene surface based on π–π interactions. As the hybridization en-
ergy between the target miRNA and PNA probe is higher than the π–π
interaction energy between the PNA probe and graphene surface, FAM-
PNA can be separated from the graphene surface. This displacement is
dependent on the sequence of PNA, hence an in vitro recovery test
(dose-dependent treatment of target RNA sequence in a tube) should be
performed. In this regard, PNA was reported to be superior to classical
nucleic acids as their delivery with GO vehicle through the cell mem-
brane was easier, and their detachability from GO was guaranteed
when the molecular beacon met the relevant miRNAs in the cytoplasm.

In this investigation, we used fluorescent dye FAM-labeled mole-
cular beacon, FAM-PNA-GO as the imaging tool to visualize mature
miRNA action in vitro. PNA-GO probes were reported to minimize
nonspecific fluorescence and also provide sensitive and single-base
specific response to target mature miRNAs with low background
fluorescence signals with very low cytotoxicity even in living cells
(Ryoo et al., 2013). GO exhibits a dose-dependent increase in toxicity
(roughly 10–200 μg/mL in vitro) and in vivo (Li et al., 2014; Zhang et al.,
2014). Dose- and time-dependent decrease in cytotoxicity was also
observed to be more than 50 μg/mL and 48 h. PNA have also little or no
toxicity in vitro, and could be administered systematically (Fabani et al.,
2010; Sazani et al., 2002). Therefore, we exploited these advantages for
molecular beacon imaging of recipient cells on the microfluidic plat-
form. The microfluidic cell culture platform enabled us to observe cell-
cell interactions at high resolution in real time while allowing easy
modification or control of the sophisticated fluidic system (Shin et al.,
2012). We used the same miRNA-sensing microfluidic platform as that
in our previous study (Oh et al., 2017) but with “signal-on” molecular
beacon of FAM-labeled PNA-GO complex to detect the presence of
neurogenic mature miR-193a delivered by exosomes while varying in-
terstitial flow to simulate in vivo conditions. This microfluidic platform
allowed sequential seeding and precedent induction of neurogenesis in
donor cells and observation of recipient cells receiving exosomes and
their contents. In these microfluidic channels, both the donor and re-
cipient cells were kept viable by daily medium replacement, in contrast
to conventional transwell co-culture studies (Oh et al., 2017; Shin et al.,
2012). Furthermore, this microfluidic platform allowed repeated ob-
servation of the recipient channel cells using standard confocal micro-
scopes and thus enabled the visualization of molecular beacon “sig-
naling on” within the recipient cells. As miR-193a was expressed during
neurogenesis and was transferred via exosomes from differentiated cells
to undifferentiated cells on the microfluidic platform, we used FAM-

PNA193a-GO as the molecular beacon for imaging on the microfluidic
platform. On this platform, miR-193a was highly expressed in recipient
cells at all 3 days of co-culture, but neurite outgrowth started 2 days
after co-culture, and neural markers appeared 3 days after co-culture
(Oh et al., 2017). These results suggest that exosomal miR-193a from
differentiated donor cells induces neurogenesis of undifferentiated re-
cipient cells initially. This promotes miR-193a action in recipient cells
that uptake exosomes, which triggers the sequential process of neuro-
genesis. However, further studies are required to elucidate whether the
recipient cells that have taken up exosomes differentiate alone, whether
adjacent cells also differentiate, and whether neurogenic miR193a-in-
duced differentiating neurons begin to differentiate into neurons and
recover fluorescence as secondary (or tertiary) endogenous miR-193a
expression. In Fig. 4B, CD63-RFP-bound exosomes derived from donor
cells were taken up by a certain portion of recipient cells, which showed
recovery of FAM fluorescence, indicating the presence of mature miR-
193a. Notably, the cells adjacent to the differentiation-labeled cells
which received CD63-RFP exosomes also showed recovery of FAM
fluorescence. We speculate that the exosomal delivery of neurogenic
miR-193a commences differentiation in the recipient cells but also
delivers the same or other neurogenic messages to adjacent cells in a
cell-non-autonomous way. Neuronal marker expression in the recipient
cells in Fig. 4C was more extensive in adjacent cells despite not having
received any exosomes from donor cells (absence of CD63-RFP). This
implies that there may be cascade delivery between undifferentiated
cells in the recipient channel. We did not confirm whether the sec-
ondary transfer from CD63-RFP-positive to CD63-RFP-negative re-
cipient cells were also mediated by exosomes, but this may have been
the case if the cascade of neurogenesis occurred via miR-193a con-
taining exosomes. We propose that FAM-PNA-GO probe can act as
molecular beacon imaging tool capable of detecting the presence of
miR-193a during neurogenesis in neural progenitor cells in a cell-non-
autonomous fashion. Fluorescence of quenched FAM-PNA193a-GO
probe was not recovered by miR-scr oligomer (Fig. 3B). Fluorescence
recovery of FAM-PNA193a-GO with matching complementary miRNAs
was dose dependent. Transmembrane cytoplasmic uptake of molecular
beacon made of GO and PNA was homogenous; we observed fluores-
cence recovery in every cell of cAMP-stimulated differentiated clones
(Fig. 3C, lower right picture). Although the background was dark when
donor cells were undifferentiated, we could observe CD63-RFP in the
recipient cells. When the donor cells were differentiated but the mo-
lecular beacon was FAM-PNAscr-GO with scrambled sequences, we
observed no fluorescence recovery in the recipient cells regardless of
CD63-RFP signals in the cells indicating the presence or absence of
exosome delivery (Supplementary information Fig. S11). We propose
that this molecular beacon of FAM-PNA193a-GO can be used for vi-
sualization of individual cellular responses to exosome-mediated
miRNA delivery and transfer in a sensitive and specific way with
minimal background in living cells. The heterogeneity of exosome ac-
cess to the cells despite the assumed ready uptake by recipient cells, and
temporally sequential transfer of differentiation message to adjacent
cells from cells that first encounter the message may recapitulate con-
ditions in vivo. Precedent differentiating cells responding to an internal
clock or certain external stimuli may recruit adjacent cells using exo-
somal delivery of appropriate message to adjacent cells to enact the
differentiation process in a sequential manner. This will create a gra-
dient of apparently synchronous differentiation, and the individual
cellular responses to the messages received from the “donor” cells may
appear heterogeneous. Blotting, qRT-PCR, or assays employing tens or
thousands of cells cultured in vitro will obscure the nuances of this
spatiotemporal information. Individual miRNAs in neurons turn over
rapidly in physiologic or pathologic conditions in dendrites of cerebral
neurons (Sambandan et al., 2017) and peripheral nerve axons (Krol
et al., 2010). This fast turnover was observed for neuron-enriched
miRNAs such as miR-9, miR-125b, and miR-146a, which have half-lives
of 1–3.5 h (Zhang et al., 2012). The rapid turnover of neuron-specific
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miRNAs is dependent on neuronal activity (Krol et al., 2010). Neurons
in the hippocampus exhibit activity-dependent maturation of pre-
miRNAs in dendrites that respond to stimulus activity (Sambandan
et al., 2017). Based on these findings, localized miRNA maturation was
proposed to modulate target gene expression with spatial and temporal
precision. We propose our molecular beacon imaging using fluorescent
dye-PNA (against a specific miRNA)-GO complex as probes has good
cellular uptake, but the sequential imaging of cells of interest will re-
veal the temporal and spatial details of intercellular message transfer
during physiologic or pathologic processes.

The important caveats of using our GO quenching-based molecular
beacon imaging for characterizing the responses of individual cells at
single cell level, are 1) sufficient amount of GO molecular beacon
should be administered so that the recovered fluorescence is homo-
geneous, 2) cells should be located in the recipient chamber of the
microfluidic device and should be individually discernible, and 3) dose-
response relationships according to the amount of a specific active
mature microRNA allows characterization of the quantity (activity) of
microRNAs contained in the exosomes. Secondary, tertiary, or further
signal transfer between recipient cells warrants future investigation as
differentiation markers indicated that all cells eventually participated
in the differentiation; a more refined platform will be needed to dissect
this cell-cell interaction. Homogeneous Tuj-1 expression of secondary
recipient cells provokes speculation regarding the plausible phenomena
induced by exosomes and their contents released from recipient cells
that are beginning differentiation, and whether they mediate the sec-
ondary outcomes or whether new biomolecules mediated this signal
transfer resulting in secondary Tuj-1 expression. Although we used
preceding differentiating cells and undifferentiated cells of the same
clones, the microfluidic platform will allow the use of cells of different
germinal origins.

5. Conclusion

In conclusion, we have demonstrated that the exosome-tracing mi-
crofluidic platform and miRNA sensing strategy based on fluorescent
dye-PNA (against a specific miRNA)-GO complex can be applied to vi-
sualize exosomes and to monitor individual cellular expression of ma-
ture microRNAs. This system enables precise spatial localization of in-
tercellular exosomes in differentiating F11 cells. The fluorescent-
labeled PNA-GO complex was highly sensitive and selective to target
miRNA without nonspecific fluorescence signal in differentiating F11
cells. This miRNA sensing platform is applicable for biosensing and
bioimaging applications such as miRNA detection for biomarkers in a
variety of diseased tissues and monitoring the turnover of specific
miRNAs during neural activity and stem cell differentiation.
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