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ABSTRACT: The full realization of stem cell-based treatments
for neurodegenerative diseases requires precise control and
characterization of stem cell fate. Herein, we report a multifunc-
tional magneto-plasmonic nanorod (NR)-based detection plat-
form to address the limitations associated with the current
destructive characterization methods of stem cell neurogenesis.
Exosomes and their inner contents have been discovered to play
critical roles in cell−cell interactions and intrinsic cellular
regulations and have received wide attention as next-generation
biomarkers. Moreover, exosomal microRNAs (miRNA) also offer
an essential avenue for nondestructive molecular analyses of cell
cytoplasm components. To this end, our developed non-
destructive, selective, and sensitive detection platform has (i) an immunomagnetic active component for exosome
isolation and (ii) a plasmonic/metal-enhanced fluorescence component for sensitive exosomal miRNA detection to
characterize stem cell differentiation. In a proof-of-concept demonstration, our multifunctional magneto-plasmonic NR
successfully detected the expression level of miRNA-124 and characterized neurogenesis of human-induced pluripotent
stem cell-derived neural stem cells in a nondestructive and efficient manner. Furthermore, we demonstrated the versatility
and feasibility of our multifunctional magneto-plasmonic NRs by characterizing a heterogeneous population of neural
cells in an ex vivo rodent model. Collectively, we believe our multifunctional magneto-plasmonic NR-based exosomal
miRNA detection platform has a great potential to investigate the function of cell−cell interactions and intrinsic cellular
regulators for controlling stem cell differentiation.
KEYWORDS: magneto-plasmonic nanorods, exosomal miRNAs, stem cells, neuronal differentiation, nondestructive characterization

A lthough stem cells hold great potential for the treatment
of neurodegenerative diseases and central nervous
system (CNS) injuries,1−4 precise control and charac-

terization of stem cell fate are critical issues that need to be
addressed before their therapeutic potential can be fully
realized.5−8 The current characterization methods for stem
cell biomarkers are intrinsically destructive to cellular activities
and functions, which then limits further analyses and biomedical
applications.9,10 Therefore, the discovery of new biomarker
molecules and the corresponding detection methods, which can
be utilized without compromising cellular vitality, would be
essential for the effective analysis of stem cell differentiation into
specific cell lineages. Recent studies show that cell−cell
interactions and intrinsic cellular regulators are critical for

controlling stem cell neurogenesis through noncoding RNAs
[e.g., microRNAs (miRNAs)].11,12 For example, miRNAs in
stem cell-derived exosomes are one of the key regulators during
stem cell neurogenesis. Interestingly, exosomes, actively
secreted by mammalian cells including stem cells, have emerged
as an interesting cellular component for intercellular commu-
nication.13−16 These membrane-bound phospholipid nano-
vesicles (approximately 50−100 nm in diameter) are physically
stable and composed of critical signaling molecules (including
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proteins, RNAs, and DNAs) to facilitate cell−cell communica-
tion.17 Notably, recent evidence suggests the importance of the
small noncoding RNAs (miRNAs) (approximately 76% of total
oligonucleotides inside of exosomes) as post-transcriptional

gene regulators, which are involved in the determination of cell
fates.18−20 For example, researchers have demonstrated that
exosomal miRNA secreted from donor cells could target
acceptor cells and directly modulate gene expression.21−24

Figure 1. Schematic diagram illustrating the nondestructive, selective, and sensitive characterization of stem cell differentiation through
exosomal miRNA detection. Multifunctional magneto-plasmonic nanorods are utilized to (a) extract and concentrate exosomes
immunomagnetically, (b) analyze exosomal miRNA sensitively via metal-enhanced fluorescence effect, and (c) monitor stem cell
differentiation nondestructively.

Figure 2. Generation and characterization of multicomponent magneto-plasmonic nanorods. (a) Schematic illustration of sequential steps to
generate multicomponent magneto-plasmonic NRs using an electrochemical deposition method on an anodized aluminum oxide template. (b)
Optical image of magnetophoretic separation property of multicomponent magneto-plasmonic NRs. (c) Corresponding UV−vis−NIR
absorption spectrum ofmulticomponentmagneto-plasmonic NRs. (d) Representative SEM image ofmulticomponentmagneto-plasmonic NRs
(scale bar: 200 nm). (e) Energy-dispersive X-ray spectroscopy spectrum (EDS) of as-prepared multicomponent magneto-plasmonic NRs. (f)
Representative SEM images of single multicomponent magneto-plasmonic NR and corresponding EDS element mappings (scale bar: 100 nm).
(g) EDS elemental line profiles of multicomponent magneto-plasmonic NRs. (h) Size distributions (diameter and length) of as-synthesized
multicomponent magneto-plasmonic NRs.
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Hence, the accurate and simple analysis of exosomal
molecules (especially miRNAs) from each cell stage would be
a key prerequisite for a better understanding of cell−cell
communication and the function of stem cell microenviron-
ments on stem cell behaviors. However, current exosome
analysis procedures require large sample volumes and
specialized tools (such as an ultrahigh centrifuge with 100000g
and a specific filtration membrane) to compensate for weak
signals and poor isolation efficiency.17,25−27 To this end, an
innovative isolation and detection approach for exosomal
miRNA in a nondestructive, selective, and sensitive manner is
of great value for stem cell-based therapies.
Addressing the challenges above, we developed a method to

characterize the stem cell differentiation process in a non-
destructive manner using multifunctional magneto-plasmonic
nanorod (NR)-based detection of exosomal miRNA in both a
selective and sensitive manner [Figure 1]. For this purpose,
homogeneous magneto-plasmonic NRs were synthesized by
utilizing an anodized aluminum oxide (AAO) template method.
We carefully designed a magnetic (nickel, Ni) component in the
middle of themagneto-plasmonic NRs to selectively capture and
isolate targeted exosomes through magnetic immunoprecipita-
tion [Figure 1a], while the plasmonic (gold, Au) components at
both ends of the magneto-plasmonic NRs selectively and
sensitively recognize targeted exosomal miRNA using a
molecular beacon (MB, a fluorophore-labeled hairpin single-
stranded synthetic DNA) [Figure 1b]. During the stem cell
differentiation process, exosomes were immunomagnetically
isolated from biological samples, allowing a significant increase
in the concentration of exosomal miRNAs. Sequentially, at the
surface of the multifunctional magneto-plasmonic NRs, the
captured exosomes were lysed, and the exosomal miRNA was
released and then hybridized by the MB on the plasmonic Au
component. We hypothesized the fluorescence signal from the
miRNA−MB complex could be amplified to increase signal-to-
noise ratio through metal-enhanced fluorescence (MEF) effects
at the plasmonic (gold, Au) component region of magneto-
plasmonic NRs [Figure 1b]. Furthermore, taking advantage of
the physical and optical property of magneto-plasmonic NR
components, we successfully characterized stem cell neuro-
genesis in a nondestructive manner [Figure 1c]. In our proof-of-
concept demonstration, we characterized neuronal differ-
entiation of human induced pluripotent stem cell-derived neural
stem cells (hiPSC-NSCs) using our multifunctional magneto-
plasmonic NR method to detect exosomal miRNA-124 (miR-
124) signal as a neuronal biomarker.

RESULTS AND DISCUSSION
Generation and Characterization of Multicomponent

Magneto-Plasmonic Nanorods. To develop the magneto-
plasmonic NR-based efficient exosome isolation and exosomal
miRNA detection method, we synthesized the homogeneous
multicomponent magneto-plasmonic NRs through potentio-
static electrochemical deposition utilizing AAO (pore size 0.2
μm) as a template [Figure 2a]. The diameter and the length of
the multicomponent magneto-plasmonic NRs could be
independently tuned by varying the pore size of AAO templates
and the applied total electrical charge, respectively [Figure S1].
Specifically, adjusting the diameter and the length of the
multicomponent magneto-plasmonic NRs enabled us to tune
the aspect ratio as well as the property of the localized surface
plasmon resonance (LSPR). In our multicomponent magneto-
plasmonic NR system, we utilized the Au−Ni−Au configuration

to protect the Ni component during the etching process.28 The
ferromagnetic Ni component allowed the magnetic isolation of
our multicomponent magneto-plasmonic NR from solution
[Figure 2b], and the LSPR-active Au component (at 540 and
720 nm) allowed fluorescence signal amplification [Figures 2c
and S2]. As demonstrated, the multicomponent magneto-
plasmonic NRs are a hybrid nanomaterial having orthogonal
magnetic and optical properties. The distinct separation of the
magnetic and plasmonic components is crucial for the
orthogonal conjugation chemistry into our synthesized NRs
for efficient exosome capture and selective exosomal miRNA
detection. To this end, we verified the structure and distinct
regions of our multicomponent magneto-plasmonic NRs
through field emission scanning electron microscopy (FE-
SEM) [Figure 2d]. Through energy dispersive X-ray (EDX)
analysis, we proved the multicomponent magneto-plasmonic
NRs to have a bimetallic multicomponent structure showing
definite segregation of the Au and Ni elements [Figure 2e, f, and
g]. In detail, we observed distinct X-ray emission peaks of Mα
and β of Au at around 2.1 keV, Lα of Au at around 9.7 keV, Lα of
Ni at around 0.8 keV, and Kα1,2 of Ni at around 7.5 keV, which
clearly demonstrated the presence of both Au and Ni
components on our multicomponent magneto-plasmonic
NRs. The presence of Kα1,2 of Si (silicon) at around 1.7 keV
and Lα, β1,2, and γ1 of In (indium) at around 3.3, 3.5, 3.7, and 3.9
keV was due to the sample holder (indium tin oxide-coated glass
substrate) for FE-SEM imaging. We logically designed our
magneto-plasmonic NRs to be larger than exosomes (30−100
nm) for extracting exosomes and concentrating them. For this
purpose, the ferromagnetic Ni component was designed to be
250 nm in length and diameter. From our SEM analysis, the
multicomponent magneto-plasmonic NRs had a homogeneous
size distribution and were found to be 267.35 ± 23.78 nm in
diameter and 745.31± 89.09 nm in length, with an aspect (ratio
of length/width) ratio of 3 [Figure 2h].

Surface Functionalization of Multicomponent Mag-
neto-Plasmonic Nanorods for miRNA Detection. The
selective and sensitive detection of stem cell neurogenesis
markers in a nondestructive manner is crucial for characterizing
cell identities before effective clinical applications. For the
nondestructive characterization of neural differentiation, on the
two ends of the multifunctional magneto-plasmonic NR, we
attached an miR-124 [miRNA-124]-specific MB (molecular
beacon) on the surface of the plasmonic Au blocks [Table S1].
We chose miR-124 as a specific biomarker for stem cell
neurogenesis due to its low expression levels in NSCs and high
expression level in differentiated neurons.29 For the sensitive
detection of neurogenesis, we investigated the distinct LSPR
property of gold nanostructures, which can both quench and
enhance the fluorescence signal from the fluorophore attached.
Accordingly, we designed the MB (length of complementary
strands approximately 5 to 15 nm) to control the leading
phenomena between quenching and enhancement of fluo-
rescence signal.30,31 Moreover, 5(6)-carboxyfluorescein (FAM)
was selected as the fluorophore of our MB, as its emission band
(520 nm) matches up with the transverse plasmon absorption of
the magneto-plasmonic NRs (540 nm) to generate MEF effects
[Figure S2].32,33 To maximize the MEF effect and provide a
theoretical explanation, we further performed finite-difference
time-domain (FDTD) simulation on the electromagnetic (EM)
field surrounding the multicomponent magneto-plasmonic NRs
to investigate the fluorescence signal amplification of FAM
[Figure 3]. Based on the parameters derived from physical
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measurements obtained through SEM analysis, we defined the
structures of the multicomponent NRs in the FDTD simulation
to ensure the simulation results precisely represented the
experimental conditions [Figure 2h]. The local electric field
enhancement [(|E|/|E0|)] was defined as the ratio between the
near-field (|E|) intensity and the incident field (|E0|) intensity,
which determined the extent of excitation enhancement due to

the process of MEF. The calculated EM field enhancement

distribution images indicated that when multicomponent

magnetic-gold NRs were exposed to incident light in either

direction, longitudinal [Figure 3a1 and a2] or transverse [Figure

3a3], the local electric field enhancement significantly increased

around the Au components.

Figure 3. Surface functionalization of multicomponent magneto-plasmonic nanorods for miRNA detection. (a) Side (a2) and top view (a1, and
a3) of EM field intensity (E − E0) of multicomponent magneto-plasmonic NRs under three-dimensional finite-difference time-domain
simulation using 490 nm wavelength light. (b) Schematic illustration of fluorescence intensities from quenched, metal-enhanced fluorescence,
and free fluorescence with respect to the folded, unfolded, and cleaved MB from the Au surface of magneto-plasmonic NRs. (c) Schematic
illustration and calculated fluorescence signal intensities based on different lengths (bp) of molecular beacons. (d) Fluorescence signal value
obtained from the positive complementary miR-124 DNA sequence, single mismatched synthetic DNA sequence, and mature miRNA67 DNA
sequence (negative target) using a solution assay. (e) Linear correlations between concentrations (range from 1 pM to 1 μM) of miRNA-124
and observed fluorescence signals. (The error bars represent mean ± SD; n = 3, **p < 0.01 by one-way ANOVA with Tukey’s post hoc test.)
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To verify the ability of our MB-functionalized magneto-
plasmonic NRs to both quench and enhance fluorescence signal
during the inactive and active states, we quantified the
fluorescence signal readings from three different conditions

(folded MB, unfolded MB, and cleaved MB) [Figure 3b]. By
varying the temperatures, we obtained no observable
fluorescence signal from the folded MB on the magneto-
plasmonic NR sample due to fluorescence quenching at room

Figure 4. Nondestructive, selective, and sensitive characterization of neurogenesis of hiPSC-NSCs through immunomagnetically concentrated
exosomal miRNA detection. (a) Schematic illustration of nondestructive, selective, and sensitive characterization of stem cell differentiation
through immunomagnetically concentrated exosomes using multifunctional magneto-plasmonic NRs. (b) Representative immunocytochem-
istry images of hiPSC-NSC differentiation into neurons. Nucleus (Hoechst, blue), Nestin (Alexa Fluor 488, green), and TuJ1 (Alexa Fluor 647,
red) (scale bar = 100 μm). (c) PCR analyses of cell lysate for a well-known neuronal marker, TuJ1, and miRNA-124 expression during the
neuronal differentiation period (range fromD1 toD22). (d) Representative scanning electronmicroscope (SEM) images of captured exosomes
on the surface of multifunctional magneto-plasmonic NRs (scale bar = 100 μm). (e) Absorbance intensities obtained from HRP-TMB reaction
(630 nm) in the absence and presence of anti-CD63 antibody on the surface of magneto-plasmonic NRs. (f) Fluorescence signals from time-
dependent monitoring (range from D1 to D22) of hiPSC-NSC during neuronal differentiation. A total of 3.0 × 106 cells were seeded on a 9.5
cm2 surface area and treated with fresh hiPSC-NSCmedia without growth factors. (g) Fluorescence signals for other cell types from each lineage
(ectoderm, neuron, hiPSC-NSC, and astrocyte; mesoderm, mesenchymal stem cell; endoderm, vascular endothelial, and dermal fibroblast).
(The error bars represent mean ± SD; n = 3, **p < 0.01 by one-way ANOVA with Tukey’s post hoc test.)
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temperature. At elevated temperature (65 °C), the MB strand
unfolded, and a clear and strong fluorescence signal at 520 nm
was observed. The cleavage of MB from the magneto-plasmonic
NR surface using exonuclease I (ExoI), on the other hand,
showed 15-fold less fluorescence signal compared to the
unfolded state. These results clearly demonstrated the robust-
ness of the MEF effect obtained by our magneto-plasmonic NR-
based exosomal miRNA detection method. We further
optimized the enhancement of the fluorescence signal by testing
different lengths of MBs from 19 to 49 bps (6.5 to 16.7 nm in
length). Due to the quenching and MEF effect, MB-25 (25 bps,
8.5 nm) showed the strongest fluorescence signal [Figure 3c],
while the fluorescence signal was quenched for the shorter MB
and significantly decreased for the longer MBs.
Next, we validated the specificity of our multifunctional

magneto-plasmonic NR-based detection method by examining
the synthetic miR-124-targeting MB. Using a solution-based
assay, we observed a strong fluorescence signal from the
hybridization between the synthesized miR-124-targeting MB
and complementary DNA sequences (positive control).
However, when miR-124-targeting MB interacted with single-
base-pair-mismatched DNA and miRNA-67 (miR-67) DNA
sequence (negative control), little to no fluorescence signals
were observed [Figure 3d and Table S1]. In addition, our MB-
functionalized magneto-plasmonic NR-based miRNA detection
method showed good linearity (R2 = 0.98) at different
concentrations (ranging from 1 pM to 1 μM) of the
complementary DNA sequence of miR-124 [Figure 3e], which

agreed with previously reported miRNA assays.34−36Altogether,
we showed that our multicomponent magneto-plasmonic NRs
based on the miRNA detection method were highly selective
and sensitive and can quantify the concentrations of miR-124 in
exosomes secreted by cells.

Nondestructive, Selective, and Sensitive Character-
ization of Neurogenesis of hiPSC-NSCs through Immu-
no-Magnetically Concentrated Exosomal miRNA Detec-
tion. After confirming the selectivity and sensitivity of our
magneto-plasmonic NRs miRNA detection platform, we then
applied our nondestructive detection technique to demonstrate
its feasibility for characterizing the neuronal differentiation of
hiPSC-NSCs [Figure 4a]. For this purpose, we first confirmed
the neuronal differentiation of hiPSC-NSCs through immuno-
cytochemistry staining of Nestin and neuron-specific class III β-
tubulin (TuJ1), the representative markers of neural stem cells
(NSCs) and differentiated neurons, respectively.37,38 As shown
in Figure 4b, we observed a clear TuJ1 expression (D8 and D22)
in cells that have undergone neuronal differentiation, while the
undifferentiated hiPSC-NSCs cells (D1 and D4) showed Nestin
expression only, without any significant TuJ1 expression.
Additionally, we conducted reverse transcription polymerase
chain reaction (RT-PCR) over the differentiation period (3
weeks) and found that the expression trend of miR-124 was
similar to that of Tuj1 mRNA expression. The expression level
(from D1 to D22) of miR-124 showed a time-dependent
increase and saturation as the neuronal differentiation
proceeded [Figure 4c]. On the basis of the well-correlated

Figure 5. Nondestructive characterization of neural cell distribution in the explanted brain tissues. (a) Schematic illustration of nondestructive,
selective, and sensitive characterization of dissected brain tissue explants using multifunctional magneto-plasmonic NRs. (b, c) Relative
fluorescence signal values from (b) neurons and (c) astrocytes. (d) Representative immunocytochemistry staining images of brain tissue
explants and relative fluorescence signals obtained frommultifunctional magneto-plasmonic NRs for eachmiRNA expression from the different
cross-sections of brain tissue explants (i−iv). Nucleus (Hoechst, blue), GFAP (Alexa Fluor 488, green), and TuJ1 (Alexa Fluor 647, red) (scale
bar = 100 μm) (i−iv). (The error bars represent mean ± SD; n = 3, **p < 0.01 by one-way ANOVA with Tukey’s post hoc test.)
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expressions of miR-124 with neuronal marker TuJ1, we
concluded that the monitoring of miR-124 expression was a
reliable method to characterize neuronal differentiation of
hiPSC-NSCs.
To effectively capture and isolate exosomes, we attached anti-

CD63 IgG antibody, one of many general membrane markers
(CD63, CD9, etc.), on the outer membrane of the exosome15,16

on the surface of the ferromagnetic Ni block of the magneto-
plasmonic NRs for the immunomagnetic isolation and
concentration of the targeted exosomes. Specifically, we were
able to collect cell culture medium throughout the neuronal
differentiation period (3 weeks) of hiPSC-NSCs and immuno-
magnetically isolate and concentrate exosomes to analyze
exosomal miR-124 expression in a nondestructive, selective,
and sensitive manner [Figure 4a]. The capture and concen-
tration of exosomes by the multifunctional magneto-plasmonic
NRs were verified through two independent methods: scanning
electron microscope (SEM) analysis and a sandwich assay based
on 3,3′,5,5′-tetramethylbenzidine (TMB) reaction.15 From the
SEM analysis, we confirmed the surface of the ferromagnetic Ni
block region, functionalized with exosomes capturing anti-
CD63 antibody, of the magneto-plasmonic NRs was densely
covered with cell-derived exosomes, demonstrating the high
capture and isolation properties [Figure 4d]. Additionally, the
TMB sandwich assay also showed a clear absorbance signal,
while no observable signal was obtained from magneto-
plasmonic NRs without the functionalization of anti-CD63
antibody [Figure 4e]. After immunomagnetic isolation of
exosomes, concentrated exosomes were lysed to release the
encapsulated components including miRNAs. As shown in
Figure 4f, no observable fluorescence signal was registered by
the undifferentiated hiPSC-NSCs (D1). In contrast, a distinct
fluorescence signal began to be prominent starting from the
premature (D4) time point and saturated at the mature (D15)
neuron formation [Figure 4f]. Furthermore, the results collected
from our nondestructive exosomal miRNA detection method
were in agreement with the results collected by the cell lysing
traditional RT-PCR technique for characterizing neuronal
differentiation [Figure 4c]. In addition, owing to the specificity
of our designed MB to miR-124, our multifunctional magneto-
plasmonic NRs showed the ability to selectively and sensitively
distinguish neurons from other types of ectoderm cells including
hiPSC-NSCs and astrocytes, as well as endoderm andmesoderm
cells [Figure 4g].
Nondestructive Characterization of Neural Cell Dis-

tribution in the Explanted Brain Tissues. With the
encouraging results from the above studies thus far, we set
forth to explore the practicability of applying our magneto-
plasmonic NR in a more complex, heterogeneous system such as
biological tissue. Since the supporting cells of the brain are
predominantly astrocytes, we designed an additional miRNA-
449a (miR-449a) MB to specifically target astrocytes [Table
S1].39,40 In this proof-of-concept demonstration, we charac-
terized the distribution of cell types in brain tissue [Figure 5a].
Similar to our previous optimization process, we first verified the
correlation between cell-type-specific exosomal miRNAs in
neurons and astrocytes separately using miR-124- and miR-
449a-specific MB-functionalized magneto-plasmonic NRs [Fig-
ure 5b and c]. As expected, neurons showed a fluorescent signal
from miR-124-specific magneto-plasmonic NRs only, and
astrocytes showed a fluorescent signal with miR-449a-specific
magnetic-gold NRs only. The fluorescent signals obtained from
neurons- and astrocytes-derived exosomes were positively

correlated to the number of cells in the cell culture conditions
[Figure S3a and b]. Through the collected ratiometric
fluorescence signals among cocultured neurons and astrocytes
at various ratios [Figure S3c], we proved that our non-
destructive, selective, and sensitive multifunctional magneto-
plasmonic NR-based detection method was a reliable and
quantitative exosomal miRNA detection method.
Owing to the modular, interchangeable targeting moieties

(e.g., target specific MB and antibody) and the nondestructive,
selective, and sensitive neurogenesis characterization of our
magneto-plasmonic NRs, we then analyzed the different cell
populations of mouse brain tissue explants [Figure 5a]. In this ex
vivo rodent model, brain tissues were dissected from a mouse
(postnatal day 4) and cultured on Matrigel-coated plates.
During this step, brain tissue sections from different regions of
the brain such as the cerebral cortex, cerebellum, and the rest of
brain adhered on Matrigel-coated plates. After 3 days of
cultivation, the cell culture medium was collected for analysis,
and the tissues were fixed with formaldehyde solution. The
distribution of neurons and astrocytes was characterized
through immunocytochemistry staining of the neuron-specific
marker (TuJ1) and glial fibrillary acidic protein (GFAP),
representative markers of neurons and astrocytes, respectively.
The populations of neurons and astrocytes varied from each
brain tissue sample following the glia to neuron ratios reported
for rodents depending on the sections of the brain (such as
cerebral cortex, cerebellum, and the rest of the brain).41 Using
our magneto-plasmonic NRs-based exosomal miRNA detection
method, we also showed correlative fluorescent signal ratios on
each brain tissue sample with immunostaining results [Figure
5d]. These results demonstrated the feasibility of our magneto-
plasmonic NRs to verify the distribution ratio of neurons and
astrocytes in real tissues in a nondestructive, selective, and
sensitive manner. Although these results were obtained from
brain tissue explants, we firmly believe our innovative exosomal
miRNA detection method can be extended to the actual clinical
settings for patients who suffer neurodegenerative diseases and
injuries as well.

CONCLUSIONS
In conclusion, we have successfully developed an innovative
exosomal miRNA detection method to monitor stem cell
neurogenesis in a nondestructive, selective, and sensitive
manner using multifunctional magneto-plasmonic NRs by
integrating (i) a central Ni component to immunomagnetically
isolate and concentrate exosomes and (ii) two end-capping Au
components to detect captured miRNA expression viaMB with
an MEF effect. We further explored a potential realistic
application of our multifunctional magneto-plasmonic NRs by
characterizing heterogeneous populations of brain tissue
explants. We will further investigate the versatility of our
multifunctional magneto-plasmonic NRs-based miRNA analysis
such as subtype-specific neurons (dopaminergic, glutamatergic,
etc.) detection for more clinically relevant applications. More-
over, by avoiding any destructive analysis processes such as cell
lysis and cell fixation, our multifunctional magneto-plasmonic
NR-based sensing method can lead to a breakthrough in
preclinical research such as the transplantation of differentiated
stem cells. We believe that our multifunctional magneto-
plasmonic NRs-based characterization method will not only
advance stem cell differentiation assays by providing a practical,
nondestructive monitoring tool but also promote the realization
of stem cell-based therapies and advanced diagnostics.
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METHODS
Generation of Magneto-Plasmonic Nanorods via Electro-

deposition. The generation method for magnetic-gold nanorods was
adopted from previous reports.42−44 Briefly, a thin layer of silver
(approximately, 300 nm) was evaporated on one side of the AAO
template (Anodisk 13, Whatman) by physical vapor deposition as a
conducting layer. By providing electrical contact with aluminum foil in
the Teflon cell with a Ag layer on one side of the AAO template, the
AAO template served as a working electrode in an electrochemical
setup. In addition, a Ag/AgCl and a Pt wire served as the reference and
counter electrode to form a three-electrode configuration. To block the
irregular branch part of the AAO nanopores, Ag was predeposited into
AAO by a commercial plating solution at −0.95 V (vs Ag/AgCl). In
order to synthesize the magneto-plasmonic nanorods, approximately
250 nm of both Ni and Au components are sequentially deposited by a
commercial plating solution at −0.95 V (vs Ag/AgCl). The desired
configuration and length of each block of nanorods were controlled by
the type of plating solution selected and the depositing Coulomb value
applied. Specifically, ca. 0.07 Coulomb was needed for the growth of a
250 nm block of Au, and ca. 0.20Coulombwas needed for the growth of
a 250 nm block of Ni. The lengths of Au and Ni components were
measured from SEM images obtained by cross-deposition of Au and Ni
on an AAO template with varying charge Coulombs. The correlation
between Coulomb values applied for electrochemical growth of each
component (Au and Ni) was characterized by FE-SEM (Sigma, Zeiss,
Germany). Twenty random components from each condition were
used to measure the length of each component [Figure S1]. The Ag
layer was etched with a 4:1:1 ratio mixture of methanol (CH3OH),
hydrogen peroxide (H2O2) (30% vol/vol), and ammonium hydroxide
(NH4OH) (28% in H2O), respectively.

44 The AAO template was then
completely removed by 3MNaOH for 50 min.43 The resulting samples
were rinsed with distilled water and visualized with an FE-SEM on an
indium tin oxide-coated glass substrate.
Preparation of Multifunctional Magneto-Plasmonic Nano-

rods. Each component of magneto-plasmonic NRs was functionalized
with a FAM-tagged MB against miR-124 and antibody against CD63,
respectively [Table S1]. First, presynthesized magneto-plasmonic NRs
were washed with phosphate-buffered saline (PBS) three times using
centrifugation (centrifuge 5415R; Eppendorf, Germany). To selectively
functionalize the surface of the Au component only, magnetic-gold NRs
were incubated with thiol group-functionalized MB (final concen-
tration 10 μM) [Table S1] and 1,4-dithiothreitol (C4H10O2S2) (final
concentration 100 μM) for 8 h at 4 °C to promote covalent bonding
between Au and thiol. After functionalizing the Au block, magnetic-gold
NRs were washed with PBS three times and incubated with the anti-
CD63 antibody (final concentration range from 10 μg/mL) to
functionalize the Ni component as well. After an 8 h incubation period
at 4 °C, 3% bovine serum albumin (BSA) was added to the mixed
solution to stabilize the multifunctional magneto-plasmonic NRs.
Fluorescence Measurements and Experimental Setup. Anti-

CD63 antibody and FAM-tagged miR-124-targeting MB-modified
multifunctional magneto-plasmonic NRs (20mg/mL) weremixed with
cell culture medium (1 mL) which are obtained during neuronal
differentiation of human stem cells. After 30 min, magneto-plasmonic
NRs were isolated under magnetic field (BioMag, Polyscience Inc.) and
resuspended in a transparent 96-well plate with PBS with 0.1% Tween
20 (100 μL). The fluorescence spectra were recorded with an excitation
of 490 nm and emission of 520 nm at 25 °C using a 96-well plate reader
(Infinite M200pro, TECAN Group, Ltd., Switzerland).
Finite-Difference Time-Domain Simulation. To study the

metal-enhanced fluorescence surrounding the multicomponent mag-
neto-plasmonic NRs, electromagnetic field enhancement surrounding
the magneto-plasmonic NRs was simulated and calculated using the
FDTD package provided by Lumerical. To match the fluorescence
excitation wavelength, a plane wave light source model with a single
wavelength of 490 nm was introduced. Magneto-plasmonic NRs with a
diameter of 278 nm and heights of 248, 250, and 248 nm for each
section were used to be consistent with the nanorods we synthesized.
Re (index) and Im (index) were used from the materials library without
further modifications. To simulate light from different directions, two

models were calculated: one model with the light source vertical to the
longitudinal axis of the NR and the other model with the light source
horizontal to the longitudinal axis of the NR. In the vertical model, the
light source was placed at 400 nm on top of the NR, while in the
horizontal model the distance is kept at 500 nm. A mesh size of 4 nm
was utilized for all simulations, and themedia surrounding the nanorods
were set as a vacuum. Monitors were set at different locations of NRs
with fixed wavelengths of 490 nm. The electromagnetic field was
calculated and plotted in the heat map of E/E0 and summarized in
Figure 3b.

Cell Culture and Differentiation. The human induced
pluripotent stem cell-derived neural stem cells were maintained in
mixture of neural basal medium (Gibco) and DMEM/F12 (Gibco)
(50:50 ratio) supplemented with 0.5% N2 (Gibco), 0.5% B27, and 20
ng/mL FGF basic (Fibroblast growth factor-basic, PeproTech),
respectively. All cells were maintained at 37 °C in a humidified
incubator with 5% CO2. To differentiate cells, hiPSC-NSCs were
seeded on Matrigel (Life Technologies)-precoated plates (300 000
cells/well in a six-well plate) 24 h prior to experimentation. After 1 day
of cultivation to promote cell attachment and spreading, the fresh
hiPSC-NSC media without FGF basic (differentiation media) was
treated to stop proliferation and induce neuronal differentiation. The
medium was changed with fresh differentiation media every 3 to 4 days
during the differentiation. For consistency, all experiments were carried
out on cells between three passage differences. Human mesenchymal
stem cells (American CryoStem) were maintained in Alpha MEM (L-
glutamine) supplemented with 10% SCM141 (PLTMax human platelet
lysate), 30 mg of heparin sodium salt, and 1% penicillin/streptomycin
(Gibco). The human cerebral microvascular endothelial cells were
cultured in the human endothelial cell culture medium (Cell
Applications, Inc.) supplemented with 5% fetal bovine serum (FBS),
penicillin (100 units/mL), streptomycin (100 μg/mL), 1.4 μM
hydrocortisone, 5 μg/mL ascorbic acid, 10 mM HEPES, and 1 ng/
mL basic fibroblast growth factor (bFGF). The astrocytes were
maintained in the astrocyte culture medium (Sciencell) with 10% FBS,
penicillin (100 units/ml), and streptomycin (100 μg/mL). Human
dermal fibroblasts were cultivated in fibroblast growth medium (Cell
Applications, Inc.). For the collection of exosomes from each of the cell
lines, 3 × 106 cells were seeded in a six-well plate, and each media were
collected after 3 days from the seeding. ReN cells (human neural
progenitor cell line) were obtained from Merck and maintained in
DMEM/F12 (Gibco) supplemented with 1% L-glutamine (200 nM,
Invitrogen), 2% B27, 20 ng/mL heparin (Sigma-Aldrich), gentamycin
(10 μg/mL), 0.1% bFGF (Sigma-Aldrich), and 0.1% EGF (epidermal
growth factor, Sigma-Aldrich), respectively. In the case of the ReN cell
differentiation, a similar protocol was used with hiPSC-NSCs. ReN cells
were seeded on Matrigel-precoated plates (2 000 000 cells/well for six-
well plate) 24 h prior to experimentation. After 1 day of cultivation to
promote cell attachment and spreading, the fresh ReN cell media
without bFGF basic (differentiation media) was treated to stop
proliferation and induce neuronal differentiation. ReN cells and
astrocytes were cocultured in one dish and induced neural differ-
entiation. Both were maintained in a mixture of DMEM/F12 (Gibco)
and astrocyte culture medium (1:1 ratio) with all supplements. Total
seeding numbers of cells were 2.0× 106, corresponding to 1:9/1:4/1:1/
4:1/9:1 ratios for ReN cells and astrocytes, respectively. ReN cells and
astrocytes were seeded on Matrigel-precoated plates 24 h prior to
experimentation. After 1 day of cultivation to promote cell attachment
and spreading, the fresh mixture of cell media without bFGF basic was
treated to stop proliferation and induce neuronal differentiation. The
medium was changed with fresh differentiation media every 3 to 4 days
during the differentiation. The culture media was collected 10 days after
the induction of neural differentiation. Then, the media were
centrifuged at 2000 rpm for 5 min to separate the cell debris. For
consistency, all experiments were carried out on cells between passages
3 and 5.

Immunocytochemistry. To study the extent of neuronal differ-
entiation, cells and explanted brain tissue were washed with PBS (pH
7.4) and fixed with 4% formaldehyde solution for 10 min at room
temperature, followed by washing with PBS three times. Then, cells
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were permeabilized with 0.1% Triton X-100 in PBS for 10 min, and
nonspecific binding was blocked with 5% normal goat serum (NGS)
(eLife Technologies) in PBS for 1 h at room temperature. The primary
rabbit antibody against Nestin (1:200 dilution, Invitrogen) and primary
mouse antibody against TuJ1 (1:200 dilution, Biolegend) were used for
the cells. Moreover, the primary rabbit antibody against GFAP (1:200
dilution, Invitrogen) and primary mouse antibody against TuJ1 (1:200
dilution, Biolegend) were used for the explanted brain tissues.
Following the manufacturer’s protocol, the fixed samples were
incubated overnight at 4 °C in a solution of this antibody in PBS
containing 1% BSA and 0.3% Triton X-100. After washing three times
with PBS, the samples were incubated for 1 h at room temperature in a
solution of anti-rabbit secondary antibody labeled Alexa Fluor 488
(1:100, Life Technologies), anti-mouse secondary antibody labeled
with Alexa Fluor 647 (1:100, Life Technologies), and Hoechst (3 μg/
mL, Life Technologies) to stain nuclei in PBS containing 1% NGS and
0.3% Triton X-100. After washing three times, all the samples were
imaged using a Nikon T2500 inverted fluorescence microscope.
Gene Expression Analysis.Gene expression level was analyzed by

quantitative reverse transcription PCR from total RNA extracted from
cells by a TRIzol reagent (Invitrogen, MA, USA). The total RNA (1 μg)
was reverse transcribed to cDNA using the SuperScript III first-strand
synthesis system (Invitrogen, MA, USA) following the manufacturer’s
protocol. Subsequently, quantitative PCR was performed on a
StepOnePlus real-time PCR system (Applied Biosystems, MA, USA)
using a SYBR Green PCR master mix (Applied Biosystems) with the
gene-specific primers, listed in Table S2. The standard cycling
conditions were used for all PCR reactions with a melting temperature
of 60 °C. All the measurements were run in triplicate. The gene
expression level was reported relative to the endogenous control gene,
GAPDH.
Quantification of Intracellular miRNA Expression. The

intracellular miRNA expression was quantified throughout differ-
entiation (21 days). At each time point, the total RNA, including
miRNA, was extracted from cultured cells using themiRNeasymicro kit
(Qiagen, MD, USA) following the manufacturer’s protocol. The first-
strand cDNA was synthesized from total RNA (50 ng) using a universal
reverse transcription reaction system offered in themiRCURYLNART
kit (Qiagen). The as-synthesized cDNA template was diluted 60 times
prior to real-time PCR amplification on a StepOnePlus real-time PCR
System (Applied Biosystems, MA). Each real-time PCRwas carried out
in a miRCURY LNAmiRNA PCR system (Qiagen) in a 10 μL reaction
with 3 μL of cDNA, 5 μL of 2× miRCURY SYBR Green master mix,
and the miRNA-specific PCR assays (primers): hsa-miR-124-5p as
miR-124-specific primers and hsa-miR-103a-3p as the endogenous
control. The two-step cycling conditions were performed as follows:
Initiation activation at 95 °C for 2 min, 40 cycles of denaturation at 95
°C for 10 s, and combined annealing/extension at 56 °C for the 60 s.
The resulting CT values were normalized and reported in fold changes
relative to the endogenous control (miR-103a-3p). All measurements
were repeated three times.
Confirmation of Extraction and Concentration of Exosomes

via Magneto-Plasmonic Nanorods Based on HRP-TMB Reac-
tion. Anti-CD63- and miR-124-targeting MB-functionalized magneto-
plasmonic NRs (20 mg/mL) were mixed with cell culture medium (1
mL), which were attained during neuronal differentiation of hiPSC-
NSCs. After 30 min, NRs were isolated under a magnetic field and
resuspended with the anti-CD9-HRP antibody (Santa Cruz Bio-
technology, Inc.) in PBS (final concentration 10 μg/mL). After 30 min,
multifunctional magneto-plasmonic NRs were repeatedly isolated
under magnetic field and resuspend with PBS three times for separation
of unbound anti-CD9-HRP. After the washing step, TMB (MP
Biomedicals, Inc.) was added to the multifunctional magneto-
plasmonic NR solution for 30 min. The UV/vis absorbance value was
obtained at 650 nm using a 96-well plate reader (Infinite M200pro,
TECANGroup, Ltd., Switzerland). In addition, to validate the exosome
isolation efficiency and selectivity of our system, we compared our
immunomagnetic isolation method to the most widely used “ultra-
centrifugation” method (centrifugation with 100000g for 1 h at 4 °C,
Optima XE-90 with SW41 Ti rotor; Beckman Coulter, USA) [Figure

S4a]. We measured the overall lipid concentrations (lipid assay kit,
Abcam, UK) from the collected exosomes after the isolation
procedures. As shown, the isolation efficiency of the immunomagnetic
(IM) isolation method (95.8 ± 10.3%) was comparable to the
ultracentrifugation (UC) method at the condition of 100 mg/mL of
multifunctional magneto-plasmonic NRs for 1 mL of biological fluid
[Figure S4b].We also performed the bicinchoninic acid (BCA) assay to
measure the overall protein concentration from the collected exosomes
after the isolation procedures to validate the specificity of exosome
isolation methods (UC and IM) [Figure S4c].45 Compared to lipid
quantification, protein quantification (BCA assay) (89.3 ± 5.1%)
showed a large signal difference between UC and IM. These results
could be due to the presence of nonexosomal protein impurities such as
aggregated proteins and ribonuclear protein particles obtained from the
ultracentrifugation method.17 As a result, the overall exosome isolation
efficiency of our platform was comparable to the most widely used
isolation method “ultracentrifugation”. In addition, our platform has
the advantage of improved selectivity from the attached antibody
specific to exosomes on the surface of multifunctional magneto-
plasmonic NRs.

Nondestructive Characterization of Neural Cell Distribution
in the Explanted Brain Tissues. CD1 postnatal day 4 (P4) mice
brain tissue was dissected and maintained in a mixture of neural basal
medium (Gibco) and DMEM/F12 (Gibco) (50:50 ratio) supple-
mented with 0.5% N2 (Gibco) and 0.5% B27, respectively. Brain tissue
wasmaintained at 37 °C in a humidified incubator with 5%CO2. After 1
day of cultivation, nonadhered tissue was removed, and the fresh
medium was introduced. The medium was changed with fresh
differentiation media every 3 to 4 days during the differentiation. For
the collection of the exosomes, media were collected after 3 days from
the explant. The cultured media were then centrifuged at 2000 rpm for
5 min to separate the cell debris.
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