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ABSTRACT: In situ quantitative measurements of neurotransmitter activities can
provide useful insights into the underlying mechanisms of stem cell differentiation, the
formation of neuronal networks, and neurodegenerative diseases. Currently, neuro-
transmitter detection methods suffer from poor spatial resolution, nonspecific detection,
and a lack of in situ analysis. To address this challenge, herein, we first developed a
graphene oxide (GO)-hybrid nanosurface-enhanced Raman scattering (SERS) array to
detect dopamine (DA) in a selective and sensitive manner. Using the GO-hybrid nano-
SERS array, we successfully measured a wide range of DA concentrations (10™* to 10~°
M) rapidly and reliably. Moreover, the measurement of DA from differentiating neural
stem cells applies to the characterization of neuronal differentiation. Given the
challenges of in situ detection of neurotransmitters at the single-cell level, our developed
SERS-based detection method can represent a unique tool for investigating single-cell
signaling pathways associated with DA, or other neurotransmitters, and their roles in
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eurotransmitters are endogenous biochemical messenger

molecules that play a vital role in controlling neuro-
physiological processes such as cognition, memory, and
psychological behaviors in the central nervous system
(CNS)." Dopamine (DA), for example, is one of the most
common neurotransmitters, which can directly regulate
motivational and reward mechanisms, motor function, and
cognitive function.””* Abnormal levels of DA in the brain have
been linked to several neurological diseases such as Parkinson’s
disease (PD). Besides this, DA is one of the representative
neuronal differentiation markers used to monitor the differ-
entiation process of neural stem cells (NSCs) into
dopaminergic neurons (DA—neurons).5 However, conventional
methods for detecting neurotransmitters have some drawbacks,
including poor selectivity, low sensitivity, and difficulties of
detection with a nondestructive method. In particular, a
nondestructive detection method for monitoring the release of
neurotransmitters during stem cell differentiation and neuro-
genesis at the single-cell level would be critical for gaining new
insights into various cellular interactions in neural networks as
well as the stem cell differentiation process. However, because
of low concentration levels and various types of neuro-
transmitters secreted at different neuronal differentiation
states, in situ sensing of the release of the target neuro-
transmitter at the level of single cells in a highly selective and
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sensitive manner is quite challenging. Even though previous
studies commonly used electrochemical detection methods to
measure the DA levels in human blood or urine samples,®™"
one critical drawback of electrochemical DA sensing is high
signal interference from off-target redox molecules such as
ascorbic acid, uric acid, and similar catecholamines in which
oxidation and reduction potentials partially overlap with that of
DA.

To this end, surface-enhanced Raman scattering (SERS)-
based biosensing methods have been introduced as an
alternative tool to overcome the limitations of electrochemical
methods for DA detection, as well as to improve the detection
sensitivity. Typically, Raman peaks are known to be highly
specific to the chemical structure of the target molecule and
can be significantly amplified in the presence of noble-metal
[e.g, gold (Au) and silver (Ag)] nanostructures.”'® To
develop highly sensitive SERS-based DA sensing methods
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Figure 1. Schematic diagram illustrating the method to detect dopamine (DA) releasing from single live cells using graphene oxide (GO)-hybrid
nano-SERS. (A) Raman-enhancing graphene oxide (GO)-modified hybrid nano-surface-enhanced Raman scattering (SERS) arrays were uniformly
generated on the surface of the indium tin oxide electrode via sequential laser interference lithography (LIL) and electrochemical deposition
method for in situ monitoring of neural stem cell (NSC) differentiation. (B) Raman dye (malachite green)-labeled aptamer was functionalized on
the surface of hybrid nano-SERS array to selectively detect DA based on SERS by electromagnetic (EM) enhancement and chemical (CM)
enhancement. (C) The DA released from single dopaminergic neurons differentiated from NSC induces the detachment of Raman dye-labeled
aptamers, which results in the decrease of Raman intensity on the Raman-mapping images. It enables in situ detection of DA released from single

live cells.

and to overcome the critical challenge of irreproducible Raman
intensities, which are often caused by high variations of
electromagnetic enhancement,“_14 it is essential to generate
SERS-active nanoarrays that contain a uniform size, shape, and
well-defined spacing/distribution of noble-metal nanostruc-
tures.

To address the challenges mentioned above in detecting
cellular DA efflux from single live cells, herein, we developed a
highly selective and sensitive SERS-based sensing platform to
detect neurotransmitters (DA molecules) using graphene oxide
(GO)-hybrid nano-SERS arrays and performed an in situ,
noninvasive investigation of the neurotransmitter (DA)
(Figure 1). The GO-hybrid nano-SERS array, whose tooth-
like nanostructures were designed to enhance the Raman signal
intensity, was fabricated via an advanced nanofabrication
method based on laser interference lithography (LIL),
followed by electrochemical deposition (ECD), and last
modified with GO nanosheets.'”'® GO is an interesting
carbon nanomaterial that possesses intrinsic properties that
adsorb specific molecules of interest via 7—x and electrostatic
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interactions, which contribute to the amplification of Raman
signals to achieve higher sensitivity and selectivity for
biosensing platforms.'”"® Compared to conventional electro-
chemical DA detection systems,” *'’ our developed hybrid
nano-SERS arrays can minimize the chance of detecting false
positive signals, reliably monitor DA release from single live
cells, and can be potentially used as a tool to investigate
subcellular mechanisms of neurotransmitter secretion. Fur-
thermore, our platform is a noninvasive detection method
which prevents possible cell damage as opposed to other
intracellular methods.

B RESULTS AND DISCUSSION

Development of the Hybrid Nano-SERS Platform for
the Improvement of SERS-based Signal Generation.
Precise in situ analysis of neurotransmitters via SERS suffers
from considerable signal variation due to the difficulties in
generating large-scale homogeneous nanostructures. The
generation of hot spots, the point at which Raman signals
are enhanced with low signal variation, is a direct result of the
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Figure 2. The characterization of the hybrid nano-SERS array for the enhancement of Raman intensity. (A) Schematic illustration representing the
difference between the large-scale homogeneous gold nanoarrays and the conventional Raman-enhancing substrate that utilizes randomly
distributed gold nanoparticles for the control experiment. (B) Helium ion microscopic (HIM) images of hybrid nano-SERS array (right) for Raman
enhancement and scanning electron microscopic (SEM) image of randomly distributed spherical gold nanoparticles (left), respectively. Scale bar =
1 pm. (C) Atomic force microscopic (AFM) image of the hybrid nano-SERS array to visualize dimensions of each nanostructure generated on the
surface of indium tin oxide (ITO). Scale bar = 500 nm. (D) Raman mapping images (100 ym X 80 ym, at 830 cm™") of two different GO-modified
substrates with (i) hybrid nano-SERS array and (ii) randomly distributed spherical gold nanoparticles. Raman spectra were recorded using a NIR
laser-emitting light at a wavelength of 785 nm, with an irradiation laser power of 3 mW for 1 s. Scale bar = 10 ym. (E) Ten different Raman spectra
extracted from (D) showing D and G peaks of GO at 1400 cm™" and 1650 cm™, respectively. (F) The signal intensity and its variation obtained
from the D and G peaks of GO shown in (E). (G) Top and side view of intensity (E/E,) distributions obtained from three-dimensional finite-
difference-time-domain calculations at wavelength 780 nm of hybrid structures and randomly distributed spherical gold nanoparticles. Scale bar =
500 nm.

topographic and geometric arrangement of nanostruc- microscope (SEM), and atomic force microscope (AFM)
tures.””~>> We hypothesized that a hybrid nano-SERS array, (Figure 2A—C). Furthermore, as our LIL-based fabrication is
composed of a large-scale homogeneous array of tooth-like mask-free, large-scale (over 1.0 by 1.0 cm?) arrays with precise
gold nanostructures, could yield a significant Raman enhance- nanostructure control can be generated in a high-throughput
ment with a low signal variation. We confirmed the successful manner, as opposed to other techniques that are limited by
synthesis of the desired array of tooth-like gold nanostructures pattern area. Therefore, we achieved precise size control over
through a helium jon microscope (HIM), scanning electron the fabricated homogeneous nanostructures (tooth-like gold

7672 https://dx.doi.org/10.1021/acs.nanolett.0c03205

Nano Lett. 2020, 20, 7670-7679


https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03205?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03205?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03205?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03205?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c03205?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

Large change of
Raman intensity

g & QY

A

o

a8
TEES
ETEEY

>

Small change of
Raman intensity

& Q@

-~

DA-binding
DNA Aptamer

p Vo
N

Raman dye

€. : DA-Aptamer
complex

() : Dopamine (DA)

HOmNHZ
HO

O~ 508
!

(Malachite green)

a High Raman singal

Low Raman singal

Hybrid Nano-SERS arrays GO-gold substrate

C

B

F 35
;'« & 3000
> GO-Flat gold-aptamer > Nano-SERS-aptamer
= 60 | ——— GO-Flat gold-aptamer-DA g 2500 ——— Nano-SERS-aptamer-DA
=
[
£ £2
% 40 g
: ;
& &
o5 20 ; =
I I
= =
£ 0 E o R N Y N et
S T T T T o T T T T
Zo 600 700 800 900 1000 1100 z 600 700 800 900 1000 1100

; -
Raman shift / cm-1 Raman shift / cm

Hybrid nano-SERS arrays

- Before DA release
I After DA release

—>

Raman intensity
AL
80-fold increase

GO-gold substrate

830 920

980

920 980 730

Raman shift/cm

Figure 3. Detection of DA on the flat gold and hybrid nano-SERS array based on Raman spectroscopy. (A) Schematic diagram of the difference of
the Raman intensity before and after the addition of DA on the GO modified flat gold substrate and hybrid nano-SERS array. (B, C) Raman spectra
of malachite green (MG)-labeled aptamer on GO before and after addition of 1 uM DA using (B) flat gold and (C) hybrid nano-SERS array as
supporting substrates. (D) Averaged intensities of four different Raman peaks of MG before and after the addition of DA. The hybrid nano-SERS
array shows a clear difference in Raman intensity while the GO-modified flat gold substrate failed to show the difference between before and after
the addition of DA. Raman intensities were expressed as the mean + SEM (n = 10). Raman spectra were recorded using a NIR laser-emitting light
at a wavelength of 785 nm, with an irradiation laser power of 3 mW for 1 s.

730 830

with four differently shaped nanoarrays with the similar pattern
and gap sizes, and it was verified that the hybrid nano-SERS
platform structure was the most suitable for enhancing Raman

nanoarray) to promote electromagnetic (EM) enhancement,
all of which would be essential for constructing our hybrid
nano-SERS array. In addition, Raman signals were measured

7673 https://dx.doi.org/10.1021/acs.nanolett.0c03205

Nano Lett. 2020, 20, 7670-7679


https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03205?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03205?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03205?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03205?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c03205?ref=pdf

Nano Letters pubs.acs.org/NanoLett

A e @ @ P

. m-minteraction .

,%%553 € ~

Raman dye (MG)-aptamer

o~ ‘o ) p
*aee P AR A
29
-*® Strong signal

| AR | ]

DA Measurement by

Aptamer-modified . .
Difference of Raman Intensity

Nano-SERS arrays

O

MG signal: 830 em!

MG signal: 920 em!

MG signal: 980 em1

-
N

-

°
o
o

e o
o
o
o

OO OO A A aaaa
NPro®oibh o o
1
IS

o

)
e
N

o

=)
e
=

10 9 -8 -7 6 -5 -4
Log concentrations of DA (M)

&
Difference of Raman intensity / a.u. x 103
o
-

10 9 8 7 6 5 -4 -3
Log concentrations of DA (M)

Difference of Raman intensity / a.u. x 103m
Difference of Raman intensity / a.u. x 103 O

m

DA neuron

: .
:(2) Releasing DA
. o
' :(3) Aptamer dissosiation
- .
m Raman intensity Low : N g .
Aptamer-modified """ Changes in .(4) Decrease of Raman intensity :
Nano-SERS array SERS signal
*(p<0.01)
High 1 - 1.4 '
= H ! 2 1.2 $
4 e
g \ $S 1.0
s \ £% o8 1
] I =
g S® 0.6 i
g I ‘ g
Low S 0.4 ‘
Scheme Raman image Optical image 0.2
*N: Nucleus C: Cytosol N C E

E: Extracellular space

Figure 4. Quantitative measurements of DA in the cell-free configuration and released from single dopaminergic cells. (A) MG-labeled aptamer
modified hybrid nano-SERS array was utilized to detect DA based on Raman spectroscopy. Three different peaks of MG were selected as indicators
to achieve the linearity of DA concentration and Raman intensity. The signal differences from negative control (0 M of DA) of (B) 830 cm™', (C)
920 cm™, and (D) 980 cm™' were obtained and normalized to GO peaks (G bands) for quantitative measurement of DA. Three different
wavelengths were shown to have a high linearity value (R* > 0.96) for the DA detection based on the surface-enhanced Raman resonance (SERS)
signal. The standard deviation of the controls were (B) 0.026, (C) 0.016, and (D) 0.012, respectively. Data were expressed as the mean + SEM (n
= 10). (E) Schematic diagram depicting a strategy to detect DA released from single cells. Cells that released DA showed the mass detachment of
Raman dye-modified aptamers on the GO surface, which contribute to a huge decrease in Raman signals that appear in Raman mapping images.
(F) Representative Raman images of the (i) Raman mapping and (ii) optical image of single dopaminergic cells at 830 cm™". The optical image
exactly matches with that of the Raman mapping image. Scale bars = 20 ym. (G) Raman signal intensities (830 cm™") that were obtained from
different regions of Raman mapping images that appeared in (B). A single dopaminergic cell shows a clear intensity difference from each of the
sections in the Raman spectra (n = 10; *p < 0.01, Student’s unpaired t-test).
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signal intensity due to its structural features that concentrate
electrons surrounding each nanostructure (Figure S1).

Besides the EM enhancement by the homogeneous
nanostructures, chemical (CM) enhancement could be
induced by chemical surface modification with moieties such
as GO. Therefore, we sought a reliable method for synthesizing
hybrid nano-SERS arrays combined with GO coatings on the
tooth-like gold nanostructures. GO-based CM enhancement,
known as graphene-enhanced Raman scattering (GERS),”™**
has been well-established and can induce the synergistic effect
with EM. Additionally, GO serves as an essential adaptor for
our hybrid nano-SERS array-based sensing platform, as GO
mediates the attachment and selective detachment of the
Raman dye-conjugated aptamers in the presence of target
analytes (e.g, dopamine).”® Therefore, an efficient and
uniform coating of GO on the tooth-like gold nanoarray is
fundamentally necessary for achieving optimal SERS signals
and ensuring selectivity in dopaminergic neuron cellular
sensing. To this end, suspension of small-sized negatively
charged GO was incubated with the cysteamine coated,
positively charged $old nanoarray to improve its cell
attachment properties’ >*”*® and to produce a binding affinity
between the aptamer and GO surface via a 7—7 interaction.””
We confirmed our uniform coating method by performing
large-scale Raman mapping, in which we observed a strong
Raman signal from the D (1350 cm™) and G (1600 cm™)
bands of the GO with a low signal variation to support the
homogeneity of the SERS substrate (Figure 2D—F). As a
control, gold nanoparticle aggregates, which typically show
substantial EM enhancement, were prepared and tested with
Raman mapping. Strikingly, Raman mapping shows that the
overall intensities of the hybrid nano-SERS arrays were
approximately doubled compared to the random nanoparticle
aggregates. While the generation of Raman peaks showed
significant variation from the random nanoparticle aggregates,
all ten attempts with the hybrid nano-SERS array exhibited
similar signal intensities. Moreover, the enhanced homogeneity
of our hybrid nano-SERS array is strongly supported by its
lower maximum-to-minimum ratio of SERS intensities [1.08
(D band of GO)] compared to the random nanoparticle
aggregates [2.35 (D band)]. Regarding the relative standard
deviation (RSD) value, the nano-SERS array showed much less
RSD (both 3% for D and G bands) than the random spherical
nanoparticles (27% and 25% for D and G bands, respectively)
due to the homogeneity of the nano-SERS array (Figure 2F).
Therefore, by generating the tooth-like gold nanoarray and
adapting a solution-based GO coating strategy, our nano-SERS
array can serve as an attractive platform for both sensitive and
reliable sensing of biomolecules. Interestingly, a theoretical
three-dimensional finite-difference-time-domain (FDTD) sim-
ulation on the control (randomized gold nanoparticle) and
nano-SERS array substrates verified the experimental results
(Figure 2G). For instance, whereas randomized gold nano-
particle aggregates only locally increased the field intensity, our
hybrid nano-SERS array demonstrated a much more uniform
and large-scale enhancement pattern. Based on these results,
by overcoming several inherent limitations of current SERS
substrates, our developed nano-SERS array is strongly
advantageous for highly sensitive and reliable detection of
biomolecules.

Quantitative Analysis of DA in Cell-Free Configu-
ration Based on the Hybrid Nano-SERS Platform. An
essential factor for the development of biomolecular detection
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systems is the incorporation of a target-specific recognition
moiety. To this end, antibodies have been widely used as
capturing moieties due to their excellent selective binding
ability against targeted molecules. Despite these advantages,
inherent disadvantages such as poor stability and exposed
active sites for antigen binding can limit their translational
application.’®** Moreover, immunoassays often require two
different antibodies, which cause difficulties with in situ live-
cell, label-free detection. On the other hand, aptamers are
more stable to a wider range of temperatures, more readily
exposing binding sites than an antibody and needing only a
single aptamer for the simultaneous targeting and sensing.
Furthermore, after being bound to the surface of GO through
7—rm interaction, aptamers can be selectively released from GO
upon binding to its target molecule due to the aptamer’s
conformational change. Therefore, in this study, we utilized a
DA-specific aptamer as a targeting and signaling moiety labeled
with a Raman dye (malachite green, MG) for signal generation.
When the aptamer initiated binding to the DA, the MG-labeled
aptamer detached from the hybrid nano-SERS surface, which
resulted in the significant decrease of SERS intensity specific to
MG (Figure 3A). Therefore, DA could be quantified by the
reduction of the MG SERS signal intensity. At four distinct
peaks corresponding to MG on the hybrid nano-SERS array
(Figure S2), there was a remarkable signal decrease after the
reaction with DA (1 uM) (Figure 3C and Figure S3). In
contrast, the difference between these peaks was almost
negligible in the control GO-coated flat gold substrate
conditions due to the weak Raman enhancement effect (Figure
3B). This result proves that our design of the hybrid nano-
SERS structure can effectively induce a substantial increase in
Raman signal intensity. A comparison of signal intensity with
GO-coated flat gold and hybrid nano-SERS array shows that
the nano-SERS array performs with an around 80 times
stronger signal intensity than the GO-coated flat gold before
applying DA (Figure 3D). The hybrid nano-SERS array was
designed for enhancing the Raman intensity by inducing a hot-
spot phenomenon according to the shape of the gold
nanostructure, which has a cup-like configuration. On the
other hand, the flat gold-GO substrate does not enhance the
Raman intensity nor improve the sensitivity for the detection
of MG-aptamer desorption. Consequently, an enhanced signal
from the hybrid nano-SERS surface can facilitate the highly
sensitive detection of DA through a signal change caused by
the detachment of MG-labeled aptamer from the GO surface.

After the successful detection of DA on the hybrid nano-
SERS array, a quantitative assay was conducted with a broad
range of DA concentrations (Figure 4A). We confirmed the
decrease in Raman signal with the presence of DA after 1 h, a
suitable time frame to monitor live cells in situ in a noninvasive
manner. All three graphs at each specific Raman peak exhibited
linear curves with a correspondingly high R* value (above
0.96) for accurate and quantitative DA analysis (Figure 4B and
C). More interestingly, the range of DA concentration that can
be measured by a hybrid nano-SERS array was significantly
broader [1 nM to 100 yM] compared to other analytical
methods. On the basis of these results, we found that the
aptamers readily detached from the GO surface via the DA-
specific aptamer interaction, proving that even low nanomolar
concentrations of DA existed on the hybrid nano-SERS array.
Furthermore, we anticipated that the Raman intensity could
decrease within an hour due to its sensitive detection system.
Therefore, a time-lapse experiment was conducted using
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Figure S. In situ detection of DA released from undifferentiated/differentiated NSCs. (A) Schematic diagram depicting a strategy to detect DA
released from single neural stem cells, which were differentiating to the neuron for 20 days. (B) Representative immunofluorescence images of the
undifferentiated/differentiated NSCs from day 0 to 20 after induction of differentiation. Scale bars = 50 ym. (C) Representative Raman mapping
images corresponding to (B) at 830 cm™". Scale bars = § ym. The dotted lines indicate the boundary of the cells. (D) mRNA levels of the Sox-1
and MAP-2 of the differentiated NSCs, which were corresponded to (B) and (C) (n = S; *p < 0.01, Student’s unpaired t-test). (E) Raman signal
intensities (830 cm™) that were obtained from different regions of Raman mapping images that appeared in (C) (n = 10; *p < 0.01, Student’s

unpaired t-test).

Raman mapping, which resulted in a greater than 70% signal
reduction within 40 min (Figure S4). For the verification of the
low signal variation, homogeneous signal generation was
confirmed by 25 Raman images, whose image sizes was 100
X 100 ym, with an aptamer-MG complex (Figure SS). Raman
intensities were stably distributed around 2.4~2.7 X 10* a.u.
due to the uniform nanostructured surface of the nano-SERS
array. Moreover, the specificity of the hybrid nano-SERS array
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was validated by the treatment of molecules similar to DA,
such as epinephrine, L-dopa, ascorbic acid, and uric acid. As
anticipated, SERS intensity did not decrease since the DA
aptamer could not interact with the other molecules, whereas
DA exhibited drastic decrease of the Raman intensity (Figure
S6). In short, the advantages mentioned above verifies that the

hybrid nano-SERS array is an excellent biosensing platform for
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the facile detection of DA in a highly sensitive and selective
manner.

In Situ Detection of DA Release from Single
Dopaminergic Cells Based on SERS. To measure DA
secretion from single cells, PC-12 and human NSCs, which
readily differentiate into neurons, were chosen as model
dopaminergic cell lines. PC-12 cells can produce and secrete
DA via extracellular vesicles, and the release of DA can quickly
be induced through KCI stimulation.>> As such, we
hypothesized that the secreted DA from single dopaminergic
cells would interact with aptamers bound on the hybrid nano-
SERS surface and trigger the dissociation of aptamers from the
underlying substrate. Since the aptamers possess Raman dye,
the Raman signal will decrease as the binding event occurs
between DA and aptamer (Figure 4E). To test our hypothesis,
Raman signals were measured from multiple spots (32 X 32 in
50 X 50 um?*) of a PC-12 cultivated hybrid nano-SERS array
and reconstructed by Raman mapping to correlate with optical
microscopic images of cells as shown in Figure 4F. Overall,
Raman signals were significantly decreased intracellularly
within the cytosol regions. These results indicate that the
secretion of DA from single cells can be measured in situ by
SERS on a hybrid nano-SERS array using Raman mapping and
quantitative analysis (Figure 4G and Figure S7). Intriguingly,
Raman intensities were significantly decreased around the
nucleus, not the whole intracellular region. This phenomenon
may be caused by the higher release of DA vesicles from
intracellular nuclear areas compared to the total cytosol. We
anticipate that the KCl-induced burst-release and diffusion of
DA vesicles from the endoplasmic reticulum (ER) and Golgi
apparatus, where extracellular vesicles are generated near the
nucleus,**** to the cytosol may reflect the observed
distribution in Raman signal intensity. This pattern of signal
distribution was also observed during the analysis of Raman
mapping on multiple cells localized together on the MG-
aptamer-modified hybrid nano-SERS array (Figure S8). These
observations show that our platform can define a spatial release
profile of DA from single cells and multicellular populations.

To confirm the reproducibility of the hybrid nano-SERS
array’s measurements, Raman mapping at 830 cm™' was
conducted with the different cellular shape of PC-12, which is
circular in form, successfully confirming the signal reduction
inside the cells (Figure S9). Moreover, Raman mapping of the
PC-12 cells with nonaptamer-modified hybrid nano-SERS
arrays (Figure S10) and nondopaminergic cells (NE-4C) with
aptamer-modified hybrid nano-SERS arrays (Figure S11) were
conducted for the confirmation of DA-specific detection. In the
case of the PC-12 cells without aptamer, the difference in
Raman intensity at 830 cm™' was minimal compared with that
which contained aptamer (Figure S10). Interestingly, the
Raman signal intensity was slightly higher at the intracellular
space than the extracellular region owing to the slight Raman
signal generation from several cell components such as the
lipid bilayer membrane and intracellular proteins. On the other
hand, the nondopaminergic cell exhibited homogeneous
mapping trends between intracellular and extracellular regions
because it did not interact with the DA-specific aptamer due to
the absence of the secreted DA (Figure S11). Cell viability was
also tested to check the effect of the Raman mapping,
confirming no significant influence on the viability (Figure
S12).

In Situ Detection of DA Released from Undiffer-
entiated/Differentiated NSCs. For monitoring neuronal
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differentiation, NSCs (ReN cells) were analyzed by Raman
mapping using the nano-SERS array (Figure SA). For
continuous analysis of the neuronal differentiation, Raman
mapping was conducted once in 4 days for 20 days without
KCI treatment, which could damage stem cells. During the
differentiation of NSCs, the expression level of a NSC marker
(Nestin) was reduced, and a mature neuron marker (MAP-2)
was increased (Figure SB), indicating successful neuronal
maturation. As expected, Raman mapping images of the
differentiating cells also exhibited a decreasing trend in Raman
signals, while the signal differences from undifferentiated NSCs
(day 0) were gradually increased (Figure SC). Compared to
the immunostaining analysis in Figure 5B, Raman mapping
analysis may be more efliciently utilized to determine the
neuronal differentiation by measuring secreted DA from the
differentiating cells. In the case of real-time polymerase chain
reaction (RT-PCR) analysis, neuronal differentiation was also
confirmed by quantification of differentiation markers,
including Sox-1 and MAP-2 (Figure SD). However, the in
situ monitoring of differentiation was not possible by PCR due
to the cell lysis needed to get specific mRNAs. Besides, typical
RT-PCR methods require complicated reaction steps spanning
several hours. On the other hand, the intensities of the Raman
signal were gradually decreased and demonstrated to be
inversely proportional to the neuronal differentiation in a more
responsive and noninvasive manner for 20 days (Figure SE).
Based on these results, we speculate that the secretion of DA
from a single dopaminergic cell and differentiating NSC was
successfully measured using our hybrid nano-SERS array in a
noninvasive and nondestructive manner for the determination
of the stage of neuronal differentiation.

B CONCLUSION

In this study, we successfully developed a highly sensitive and
selective in situ detection system to monitor the DA secretion
from dopaminergic cells, including NSCs, at the single-cell
level using the SERS analytical method. To overcome an
inherent drawback of high signal intensity variations in SERS
biosensing, we have fabricated finely tuned homogeneous gold
nanoarrays with tooth-like structures, which can enhance the
Raman signal intensity uniformly. For the specific detection of
DA, Raman dye-labeled aptamers were bound onto the surface
of the hybrid nano-SERS array. The presence of DA can
release the aptamer from the GO surface by forming a DA-
aptamer complex. The subsequent decrease of Raman intensity
due to the detachment of Raman dye (MG)-labeled aptamer
was proportional to the DA concentrations. As a result, our
sensing platform can measure a wide range of DA
concentrations (107" to 107> M) rapidly (within 1 h).
Additionally, the release of DA from single dopaminergic
cells (PC-12) and NSCs were successfully measured. More
specifically, neuronal differentiation could be determined by
measuring the decrease of Raman signals in situ in a spatially
controlled and highly sensitive manner. Moving forward, our
demonstration of sensitive and selective DA detection in live
cells could lead to breakthroughs in stem cell therapies for
CNS diseases such as PD, by validating the therapeutic effects
of dopaminergic cells before their transplantation into patients.
In general, our nano-SERS array represents a novel live-cell
sensing platform and may pave new roads for understanding
and treating many devastating neurological disorders.
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