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ABSTRACT:In situ quantitative measurements of neurotransmitter activities cap 24”529
provide useful insights into the underlying mechanisms of steneezilidtion, the < .
formation of neuronal networks, and neurodegenerative diseases. Currently,”néure-+ &=

transmitter detection methodsesufrom poor spatial resolution, nonspetitection, £ 47"
and a lack o situanalysis. To address this challenge, hereimstwieveloped a oo ey e

S array

ine (DA) D:‘?;'r‘:ei:‘g Raman dye
v o0

graphene oxide (GO)-hybrid nanosurface-enhanced Raman scattering (SER
detect dopamine (DA) in a selective and sensitive manner. Using the GO-hybric
SERS array, we successfully measured a wide range of DA concentfatiioh8 {10
M) rapidly and reliably. Moreover, the measurement of DA frerardiating neural
stem cells applies to the characterization of neuroeadndiation. Given the
challenges @i situdetection of neurotransmitters at the single-cell level, our devel Raman signal
SERS-based detection method can represent a unique tool for investigating single-cell= z - “==l10
. . . . g . Untifferentiation Differentiation
signaling pathways associated with DA, or other neurotransmitters, and their r in
neurological processes.
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Decrease of

N eurotransmitters are endogenous biochemical messengensitive manner is quite challenging. Even though previous
molecules that play a vital role in controlling neurostudies commonly used electrochemical detection methods to
physiological processes such as cognition, memory, améasure the DA levels in human blood or urine s&niples,
psychological behaviors in the central nervous systesne critical drawback of electrochemical DA sensing is high
(CNS). Dopamine (DA), for example, is one of the mostsignal interference from-target redox molecules such as
common neurotransmitters, which can directly regulatgscorbic acid, uric acid, and similar catecholamines in which
motivational and reward mechanisms, motor function, anskidation and reduction potentials partially overlap with that of
cognitive functioh.* Abnormal levels of DA in the brain have pa.

been linked to several neurological diseases such as Barkinsog this end, surface-enhanced Raman scattering (SERS)-
disease (PD). Besides this, DA is one of the representatiygsed biosensing methods have been introduced as an
neuronal dierentiation markers used to monitor themi  ajternative tool to overcome the limitations of electrochemical
entiation process of neural stem cells (NSCs) intQnethods for DA detection, as well as to improve the detection
dopaminergic neurons (DA-neurctidhwever, conventional  senitivity. Typically, Raman peaks are known to be highly
methods for detecting neurotransmitters have some drawbaclscic to the chemical structure of the target molecule and

including poor selectivity, low sensitivity, andullies of — can pe signgantly amplied in the presence of noble-metal
detection with a nondestructive method. In particular, .., gold (Au) and silver (Ag)] nanostruct&t8sTo

nondestructl\_/e detect|_on method for monitoring the release velop highly sensitive SERS-based DA sensing methods
neurotransmitters during stem celedintiation and neuro-

genesis at the single-cell level would be critical for gaining new —

insights into various cellular interactions in neural networks g§c€ived: August 4, 2020
well as the stem cell dientiation process. However, becausdiéVised: September 1, 2020
of low concentration levels and various types of neurduPlished:September 1, 2020
transmitters secreted at etient neuronal dérentiation

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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Figure 1.Schematic diagram illustrating the method to detect dopamine (DA) releasing from single live cells using graphene oxide (GO)-hyh
nano-SERS. (A) Raman-enhancing graphene oxide (GOgehiydiirid 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 depos
method foiin situmonitoring of neural stem cell (NSC)atentiation. (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 |
enhancement. (C) The DA released from single dopaminergic new@mtiatied from NSC induces the detachment of Raman dye-labeled
aptamers, which results in the decrease of Raman intensity on the Raman-mapping imagessittiéetsaiisn of DA released from single

live cells.

and to overcome the critical challenge of irreproducible Ramarteractions, which contribute to the amsption of Raman
intensities, which are often caused by high variations sfgnals to achieve higher sensitivity and selectivity for
electromagnetic enhancemérit! it is essential to generate biosensing platforhs.® Compared to conventional electro-
SERS-active nanoarrays that contain a uniform size, shape,creimical DA detection systénis;’ our developed hybrid
well-dened spacing/distribution of noble-metal nanostrucnano-SERS arrays can minimize the chance of detecting false
tures. positive signals, reliably monitor DA release from single live
To address the challenges mentioned above in detectifglls, and can be potentially used as a tool to investigate
cellular DA eux from single live cells, herein, we developed gubcellular mechanisms of neurotransmitter secretion. Fur-

highly selective and sensitive SERS-based sensing platforfigmore, our platform is a noninvasive detection method

detect neurotransmitters (DA molecules) using graphene oxi#@ich prevents possible cell damage as opposed to other

(GO)-hybrid nano-SERS arrays and performeih aity  intracellular methods.

noninvasive investigation of the neurotransmitter (DA)

(Figure ). The GO-hybrid nano-SERS array, whose tooth- RESULTS AND DISCUSSION

like nanostructures were designed to enhance the Raman signgjevempment of the Hybrid Nano-SERS Platform for
intensity, was fabricated via an advanced nanofabricatigie Improvement of SERS-based Signal Generation.
method based on laser interference lithography (LIL)Precisen situanalysis of neurotransmitters via SERSssu
followed by electrochemical deposition (ECD), and lastrom considerable signal variation due to theutties in

modi ed with GO nanosheéfs® GO is an interesting generating large-scale homogeneous nanostructures. The
carbon nanomaterial that possesses intrinsic properties tiggheration of hot spots, the point at which Raman signals
adsorb speat molecules of interest via and electrostatic  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
di erence between the large-scale homogeneous gold nanoarrays and the conventional Raman-enhancing substrate that utilizes rar
distributed gold nanoparticles for the control experiment. (B) Helium ion microscopic (HIM) images of hybrid nano-SERS array (right) for Ramg
enhancement and scanning electron microscopic (SEM) image of randomly distributed spherical gold nanoparticles (left), respectively. Scale
1 m. (C) Atomic force microscopic (AFM) image of the hybrid nano-SERS array to visualize dimensions of each nanostructure generated on
surface of indium tin oxide (ITO). Scale bar = 500 nm. (D) Raman mapping images<{800 m, at 830 cr) of two di erent GO-moded

substrates with (i) hybrid nano-SERS array and (ii) randomly distributed spherical gold nanoparticles. Raman spectra were recorded using &
laser-emitting light at a wavelength of 785 nm, with an irradiation laser power of 3 mW for 1 s. Scate &y FetOdi erent Raman spectra
extracted from (D) showing D and G peaks of GO at 1403taooh 1650 cnt, 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 intBhBj)yd{stributions obtained from three-dimensionide-

di erence-time-domain calculations at wavelength 780 nm of hybrid structures and randomly distributed spherical gold nanopatrticles. Scale
500 nm.

topographic and geometric arrangement of nanostrueicroscope (SEM), and atomic force microscope (AFM)
tures’® ** We hypothesized that a hybrid nano-SERS arrayFigure 2 C). Furthermore, as our LIL-based fabrication is
composed of a large-scale homogeneous array of tooth-likask-free, large-scale (over 1.0 by #)Goays with precise

gold nanostructures, could yield a signi Raman enhance- nanostructure control can be generated in a high-throughput
ment with a low signal variation. We cmed the successful manner, as opposed to other techniques that are limited by
synthesis of the desired array of tooth-like gold nanostructunesttern area. Therefore, we achieved precise size control over
through a helium ion microscope (HIM), scanning electrorthe fabricated homogeneous nanostructures (tooth-like gold
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Figure 3.Detection of DA on theat gold and hybrid nano-SERS array based on Raman spectroscopy. (A) Schematic diagezenoétbe di

the Raman intensity before and after the addition of DA on the G@dnatigold substrate and hybrid nano-SERS array. (B, C) Raman spectra
of malachite green (MG)-labeled aptamer on GO before and after additivh@Alusing (B) at gold and (C) hybrid nano-SERS array as
supporting substrates. (D) Averaged intensities of fetgrdiRaman peaks of MG before and after the addition of DA. The hybrid nano-SERS
array shows a clearalience in Raman intensity while the GO-raddat gold substrate failed to show therdince between before and after

the addition of DA. Raman intensities were expressed as theSRd&ufn = 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.

nanoarray) to promote electromagnetic (EM) enhancementyith four di erently shaped nanoarrays with the similar pattern
all of which would be essential for constructing our hybridnd gap sizes, and it was eerithat the hybrid nano-SERS
nano-SERS array. In addition, Raman signals were measyiatform structure was the most suitable for enhancing Raman
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Figure 4.Quantitative measurements of DA in the cell-fregu@tion and released from single dopaminergic cells. (A) MG-labeled aptamer
modi ed hybrid nano-SERS array was utilized to detect DA based on Raman spectroscopyeiitpeaks of MG were selected as indicators

to achieve the linearity of DA concentration and Raman intensity. The siggraladi from negative control (0 M of DA) of (B) 83¢,0i@)

920 cm?, and (D) 980 cnt were obtained and normalized to GO peaks (G bands) for quantitative measurement of DAerghtee di
wavelengths were shown to have a high linearityRfalu.06) 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 expresseSEd the mean
=10). (E) Schematic diagram depicting a strategy to detect DA released from single cells. Cells that released DA showed the mass detachrmr
Raman dye-modid aptamers on the GO surface, which contribute to a huge decrease in Raman signals that appear in Raman mapping im:
(F) Representative Raman images of the (i) Raman mapping and (ii) optical image of single dopaminergic céllF e &@licahimage

exactly matches with that of the Raman mapping image. Scale bans (E2®aman signal intensities (830 %rthat were obtained from

di erent regions of Raman mapping images that appeared in (B). A single dopaminergic cell shows a cleareintenfsdynd@ach of the

sections in the Raman specira (L0;*p < 0.01, Studeistunpaired-test).
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signal intensity due to its structural features that concentraggstems is the incorporation of a target-spestognition
electrons surrounding each nanostruckigeie SiL moiety. To this end, antibodies have been widely used as
Besides the EM enhancement by the homogeneowsipturing moieties due to their excellent selective binding
nanostructures, chemicalM) enhancement could be ability against targeted molecules. Despite these advantages,
induced by chemical surface mmation with moieties such inherent disadvantages such as poor stability and exposed
as GO. Therefore, we sought a reliable method for synthesizamgive sites for antigen binding can limit their translational
hybrid nano-SERS arrays combined with GO coatings on tagplicatiorf® ** Moreover, immunoassays often require two
tooth-like gold nanostructures. GO-based CM enhancemeuni, erent antibodies, which causecdities within situlive-
known as graphene-enhanced Raman scattering (GERS), cell, label-free detection. On the other hand, aptamers are
has been well-established and can induce the synegrgistic emore stable to a wider range of temperatures, more readily
with EM. Additionally, GO serves as an essential adaptor fexposing binding sites than an antibody and needing only a
our hybrid nano-SERS array-based sensing platform, as &ifigle aptamer for the simultaneous targeting and sensing.
mediates the attachment and selective detachment of tRerthermore, after being bound to the surface of GO through
Raman dye-conjugated aptamers in the presence of target interaction, aptamers can be selectively released from GO
analytes (e.g., dopamin®)Therefore, an ecient and upon binding to its target molecule due to the aptamer
uniform coating of GO on the tooth-like gold nanoarray isonformational change. Therefore, in this study, we utilized a
fundamentally necessary for achieving optimal SERS sigrizdsspecic aptamer as a targeting and signaling moiety labeled
and ensuring selectivity in dopaminergic neuron cellulavith a Raman dye (malachite green, MG) for signal generation.
sensing. To this end, suspension of small-sized negativlien the aptamer initiated binding to the DA, the MG-labeled
charged GO was incubated with the cysteamine coatemptamer detached from the hybrid nano-SERS surface, which
positively charged g70Id nanoarray to improve its celesulted in the sigmant decrease of SERS intensity spteci
attachment propertié$?® and to produce a binding ity MG (Figure A). Therefore, DA could be quaetl by the
between the aptamer and GO surface via anteractiort.’ reduction of the MG SERS signal intensity. At four distinct
We conrmed our uniform coating method by performing peaks corresponding to MG on the hybrid nano-SERS array
large-scale Raman mapping, in which we observed a str¢Rgyure SR there was a remarkable signal decrease after the
Raman signal from the D (1350 &vand G (1600 cnt) reaction with DA (1 M) (Figure € and Figure SB In
bands of the GO with a low signal variation to support theontrast, the derence between these peaks was almost
homogeneity of the SERS substraigu(e B F). As a negligible in the control GO-coatedt gold substrate
control, gold nanoparticle aggregates, which typically sh@enditions due to the weak Raman enhancensatifeigure
substantial EM enhancement, were prepared and tested wii). This result proves that our design of the hybrid nano-
Raman mapping. Strikingly, Raman mapping shows that t8ERS structure careetively induce a substantial increase in
overall intensities of the hybrid nano-SERS arrays weRaman signal intensity. A comparison of signal intensity with
approximately doubled compared to the random nanopartic®O-coated at gold and hybrid nano-SERS array shows that
aggregates. While the generation of Raman peaks showes nano-SERS array performs with an around 80 times
signi cant variation from the random nanoparticle aggregatestronger signal intensity than the GO-coatéedjold before
all ten attempts with the hybrid nano-SERS array exhibitexpplying DA [igure B®). The hybrid nano-SERS array was
similar signal intensities. Moreover, the enhanced homogenealgsigned for enhancing the Raman intensity by inducing a hot-
of our hybrid nano-SERS array is strongly supported by iépot phenomenon according to the shape of the gold
lower maximum-to-minimum ratio of SERS intensities [1.08anostructure, which has a cup-like gumation. On the
(D band of GO)] compared to the random nanoparticleother hand, theat gold-GO substrate does not enhance the
aggregates [2.35 (D band)]. Regarding the relative standaR&man intensity nor improve the sensitivity for the detection
deviation (RSD) value, the nano-SERS array showed much leb#G-aptamer desorption. Consequently, an enhanced signal
RSD (both 3% for D and G bands) than the random sphericftom the hybrid nano-SERS surface can facilitate the highly
nanoparticles (27% and 25% for D and G bands, respectivedgnsitive detection of DA through a signal change caused by
due to the homogeneity of the nano-SERS &gy E). the detachment of MG-labeled aptamer from the GO surface.
Therefore, by generating the tooth-like gold nanoarray andAfter the successful detection of DA on the hybrid nano-
adapting a solution-based GO coating strategy, our nano-SERESRS array, a quantitative assay was conducted with a broad
array can serve as an attractive platform for both sensitive andge of DA concentrationsiqure 4). We conrmed the
reliable sensing of biomolecules. Interestingly, a theoretickcrease in Raman signal with the presence of DA after 1 h, a
three-dimensionahite-di erence-time-domain (FDTD) sim- suitable time frame to monitor live dallstuin a noninvasive
ulation on the control (randomized gold nanoparticle) andnanner. All three graphs at each sp&aman peak exhibited
nano-SERS array substratesedetihe experimental results linear curves with a correspondingly Rgivalue (above
(Figure ). For instance, whereas randomized gold nand.96) for accurate and quantitative DA anaBjgisré 8 and
particle aggregates only locally increasedlthiatensity, our  C). More interestingly, the range of DA concentration that can
hybrid nano-SERS array demonstrated a much more unifobe measured by a hybrid nano-SERS array wasasiti
and large-scale enhancement pattern. Based on these redmitmder [1 nM to 100 M] compared to other analytical
by overcoming several inherent limitations of current SERS8ethods. On the basis of these results, we found that the
substrates, our developedno-SERS array is strongly aptamers readily detached from the GO surface via the DA-
advantageous for highly sensitive and reliable detection sgfecic aptamer interaction, proving that even low nanomolar

biomolecules. concentrations of DA existed on the hybrid nano-SERS array.
Quantitative Analysis of DA in Cell-Free Congu- Furthermore, we anticipated that the Raman intensity could
ration Based on the Hybrid Nano-SERS PlatformAn decrease within an hour due to its sensitive detection system.

essential factor for the development of biomolecular detectidimerefore, a time-lapse experiment was conducted using
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Figure 5.In situ detection of DA released from uesdintiated/dierentiated NSCs. (A) Schematic diagram depicting a strategy to detect DA
released from single neural stem cells, which warentlating to the neuron for 20 days. (B) Representative inuorgszence images of the

undi erentiated/dierentiated NSCs from day 0 to 20 after induction efeditiation. Scale bars = 0. (C) Representative Raman mapping
images corresponding to (B) at 830%ciBcale bars = 5n. The dotted lines indicate the boundary of the cells. (D) mMRNA levels of the Sox-1
and MAP-2 of the dérentiated NSCs, which were corresponded to (B) and €25;¢* p < 0.01, Studelstunpaired-test). (E) Raman signal
intensities (830 cM) that were obtained from drent regions of Raman mapping images that appearedrir=(0);¢p < 0.01, Studetst
unpaired-test).

Raman mapping, which resulted in a greater than 70% signals validated by the treatment of molecules similar to DA,
reduction within 40 mir{gure Sy} For the verication ofthe  such as epinephrine, L-dopa, ascorbic acid, and uric acid. As

low signal variation, homogeneous signal generation Wasicinated, SERS intensity did not decrease since the DA
con rmed by 25 Raman images, whose image sizes was 109 : :
4 . aptamer could not interact with the other molecules, whereas
x 100 m, with an aptamer-MG complé&xgiure Sp Raman . . o
intensities were stably distributed around2274« 10* a.u. DA exhibited drastic decrease of the Raman intefigitye(

due to the uniform nanostructured surface of the nano-SERX. In short, the advantages mentioned abovewéhat the
array. Moreover, the spetty of the hybrid nano-SERS array hybrid nano-SERS array is an excellent biosensing platform for
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the facile detection of DA in a highly sensitive and selectik erentiation, NSCs (ReN cells) were analyzed by Raman
manner. mapping using the nano-SERS arfagufe 3). For

In Situ Detection of DA Release from Single continuous analysis of the neuronaérditiation, Raman
Dopaminergic Cells Based on SERSTo measure DA mapping was conducted once in 4 days for 20 days without
secretion from single cells, PC-12 and human NSCs, whiglC| treatment, which could damage stem cells. During the
readily dierentiate into neurons, were chosen as modeli erentiation of NSCs, the expression level of a NSC marker
dopaminergic cell lines. PC-12 cells can produce and secr@festin) was reduced, and a mature neuron marker (MAP-2)
DA via extracellular vesicles, and the release of DA can quicklys increasedrFigure B), indicating successful neuronal
be induced through KClI stimulat?tf’nAs such, we  maturation. As expected, Raman mapping images of the
hypothesized that the secreted DA from single dopaminergj erentiating cells also exhibited a decreasing trend in Raman
cells would interact with aptamers bound on the hybrid nan@jgnals, while the signaledences from undirentiated NSCs
SERS surface and trigger the dissociation of aptamers from 88y 0) were gradually increasgdire €). Compared to
underlying substrate. Since the aptamers possess Raman @#{¢€immunostaining analysisFigure B, Raman mapping
the Raman signal will decrease as the binding event ocCyfgysis may be more cently utilized to determine the
between DA and aptameéidure £). To test our hypothesis,  neyronal dierentiation by measuring secreted DA from the

Raman signals were measured from multiple spst3£32 di erentiating cells. In the case of real-time polymerase chain

50x 50 ) of a PC-12 cultivated hybrid nano-SERS arrayeation (RT-PCR) analysis, neuronaréntiation was also

and reconstructed by Raman mapping to correlate with optical, ymeq by quantcation of dierentiation markers,
microscopic images of cells as showigime &. Overall, including Sox-1 and MAP-Zigure B). However, thén

vlflﬁmr?nthzlggy?:)sso\fvicrazioségan%lr):esdfcr?s&tjslssd ir:g%g?g'Itﬂz:l}fd}s%tumonitoring of dierentiation was not possible by PCR due
secretion of DA from single cells can be measusddby the cell lysis needed to get sgeaiRNAs. Besides, typical

. X . RT-PCR methods require complicated reaction steps spanning
SERS on a hybrid nano-SERS array using Raman mapping and . o
quantitative analysisigure & andFigure SYZ Intriguingly, several hours. On the other hand, the intensities of the Raman

Raman intensities were sigantly decreased around the signal were gradually decreased and demonstrated to be

nucleus, not the whole intracellular region. This phenomendﬂversely propc&rtmngl to the neuronaélfiantlzaglon ina gore
may be caused by the higher release of DA vesicles fr podnswehan non|r|1va3|ve mannler OL Eigyse( )- ¢ DA
intracellular nuclear areas compared to the total cytosol. sed on these results, we speculate that the secretion o

anticipate that the KCl-induced burst-release ansiati of ~ 10M a single dopaminergic cell aneréntiating NSC was
DA vesicles from the endoplasmic reticulum (ER) and Golguccessfully measured using our hybrid nano-SERS array in a
apparatus, where extracellular vesicles are generated neat'fgvasive and nondestrL_Jctl\_/e manner for the determination
nucleus**® to the cytosol may rect the observed ©f the stage of neuronal eientiation.

distribution in Raman signal intensity. This pattern of signal

distribution was also observed during the analysis of Raman CONCLUSION

mapping on multiple cells localized together on the MG, g study, we successfully developed a highly sensitive and
aptamer-moded hybrid nano-SERS arrajg(re SB These g jactivan situdetection system to monitor the DA secretion

observations show that our platform canela spatial release from dopaminergic cells, including NSCs, at the single-cell

pro le of DA from single cells and multicellular populations.leveI usin :
e ; g the SERS analytical method. To overcome an
To, conrm the reproducibility of thg hybrid nano'SERSinherent drawback of high signal intensity variations in SERS
arrays measurements, Raman mapping at 830 was

conducted with the dérent cellular shape of PC-12, which is biosensing, we have fabricatesly tuned homogeneous gold
circular in form, successfully coring the signal reduction nanoarrays with tooth-like structures, which can enhance the

P : Raman signal intensity uniformly. For the spdetection of
g(s:l_dlezthceeflzsell\slivzi(tghurﬁ oﬁgpll\f :r;\e:r\-/r?wrécli:? ahr’r;gn dmﬁggg_%g_\,tge DA, Raman dye-labeled aptamers were bound onto the surface
arrays figure S1and nondopaminergic cells (NE-4C) with of the hybrid nano-SERS array. The presence of DA can

aptamer-modéd hybrid nano-SERS arrayig/(re Sllwere release the aptamer from the GO surface by forming a DA—_
conducted for the cormation of DA-sped detection. In the aptamer complex. The subsequent decrease of Raman intensity

case of the PC-12 cells without aptamer, thezedice in due to the detachment of Raman dye (MG)-labeled aptamer

Raman intensity at 830 drwvas minimal compared with that Was proportional to the DA concentrations. As a result, our
which contained aptameFigure SID Interestingly, the SE€Nsing platform can measure a wide range of DA
Raman signal intensity was slightly higher at the intracellug@ncentrations (16 to 10° M) rapidly (within 1 h).
space than the extracellular region owing to the slight RamA#ditionally, the release of DA from single dopaminergic
signal generation from several cell components such as 84S (PC-12) and NSCs were successfully measured. More
lipid bilayer membrane and intracellular proteins. On the oth@Pecically, neuronal dérentiation could be determined by
hand, the nondopaminergic cell exhibited homogeneot®easuring the decrease of Raman sigrsifsin a spatially
mapping trends between intracellular and extracellular regici@trolled and highly sensitive manner. Moving forward, our
because it did not interact with the DA-spegitamer due to ~ demonstration of sensitive and selective DA detection in live
the absence of the secreted Bifyfre S1)1 Cell viability was ~ cells could lead to breakthroughs in stem cell therapies for
also tested to check theeet of the Raman mapping, CNS diseases such as PD, by validating the therapaitic e
con rming no signcant inuence on the viabilityFigure of dopaminergic cells before their transplantation into patients.
S132. In general, our nano-SERS array represents a novel live-cell
In Situ Detection of DA Released from Undi er- sensing platform and may pave new roads for understanding
entiated/Di erentiated NSCs. For monitoring neuronal and treating many devastating neurological disorders.
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