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As the concentrations of different neurotransmitters can indicate the presence of certain disorders affecting
brain functions, quantitative analyses of neurotransmitters have attracted increasing attention in various
fields. Surface-enhanced Raman scattering (SERS) spectroscopy is an outstanding spectroscopic analytical
tool that enables detection at the single molecule level with high specificity. As local field enhancement of
surface plasmon is effective within nanometers, active interaction between SERS-active noble metals (gold
and silver) and analyte molecules enhances the molecular detection capacity of SERS. However,
neurotransmitters and noble metal nanoparticles are often not affinitive, because neurotransmitters
generally have a hydroxyl group rather than a thiol group. As a result, the interaction between the two
typically remains inactive, which makes detection more difficult. To overcome this limitation, in the present
work we utilized metal-chelation to attract dopamine, a neurotransmitter molecule, close to the surface of
silver nanoparticles. AGNS was capped with poly(vinyl alcohol) (PVA) and sequentially integrated with copper

ion to bind dopamine in the form of chelate bonding between dopamine and copper. The PVA linked AgNS
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Accepted 19th April 2024 and metal ions through a coordinate bond between hydroxyl groups and metal ions. This metal-chelation-

functionalized nanoprobe allowed us to stably detect dopamine in aqueous solution at a concentration of
less than 107® M. Therefore, this method provides a convenient and easy-to-prepare option for the
effective detection of dopamine, thus meaning it has the potential to be applied to other neurotransmitters.
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1 Introduction

There are many different types of neurotransmitters that are
released from neurons in the brain and transport important
messages from the central nervous system throughout the
body."! The major neurotransmitters in the human nervous
system are acetylcholine, glutamate, GABA, glycine, dopamine,
norepinephrine, and serotonin.> Since imbalances in these
neurotransmitters can be indicative of certain disorders, and
since the amounts of neurotransmitters released strongly affect
brain function, quantitative analysis of these molecules is an
important aspect of accurate diagnoses of brain and neurolog-
ical disorders. For example, dopamine levels serve as the diag-
nostic indicator of both Alzheimer's disease and Parkinson's
disease."®* Serotonin regulates neural activity, such as the
proliferation of adult neural stem cells,” and serotonin defi-
ciency is associated with kidney disease and anxiety-related
disorders."® Meanwhile, GABA and glutamate—a precursor of
GABA—are the primary inhibitory neurotransmitters that
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regulate mood and deficiency in GABA transaminase cause
encephalopathy, a brain disease.”® Lastly, lower levels of
acetylcholine are associated with Alzheimer's disease,” while
lower levels of norepinephrine are associated with depression.*®

Quantitative analyses of these neurotransmitters are typically
achieved using methods such as high-performance liquid chro-
matography (HPLC),"*** electrochemical methods,"*** fluores-
cence,'® etc. However, these methods suffer from various
limitations, such as being restricted to use with off-site analytes
and the inability to accomplish instantaneous identification."”
HPLC is a time-consuming and highly complicated process that
requires a large and heavy analyzer.” Electrochemical methods
are also time-consuming and complex.' Meanwhile, fluorescence
methods show less sensitivity and limited multiplexing capacity.*

In this context, surface-enhanced Raman spectroscopy
(SERS) has recently attracted attention for its ability to detect
multiple analytes and its desirable characteristics as an
analytical tool. It is one of the most outstanding spectroscopic
analytical technologies due to its high sensitivity and specificity.
Since its discovery, SERS has been utilized in various fields,
including biomolecular detection®"** and in situ monitoring.>*>*

Despite its numerous advantages, the range of surface
plasmon is only effective within several nanometers in SERS;*
thus, the target molecules must be located close to the nano-
particle surface—the hotspot—to obtain effective augmenta-
tion. Therefore, materials that have affinities with metal
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nanoparticles have been the main targets of detection in related
research.”*?® However, most neurotransmitters, including the
aforementioned neurotransmitters, have less affinities with
metal nanoparticles.>*® So, to detect neurotransmitters using
SERS, it is necessary to design a method that can attract them
close to the surface of nanoparticles.

In the present study, the metal-chelation method was
introduced to attract neurotransmitters that are nearby nano-
particles for SERS detection. To fabricate a metal-chelation
functionalized silver bumpy nanoshell, a polymer having
hydroxyl groups was instituted to connect the silver nanoshell
and metal ions. Poly(vinyl alcohol) (PVA) is a widely used poly-
mer that has plenty of hydroxyl groups throughout its back-
bone, along with the advantages of excellent water solubility,
biocompatibility, low cost, low toxicity, and even high adsorp-
tion capacities for heavy metals.*"** The PVA polymer coating
stabilizes silver bumpy nanoshells in aqueous solution. The
hydroxyl groups of PVA can also capture heavy metals near the
surfaces of nanoparticles through the formation of chelation
bonds. Metal ions, including Fe**, Cr**, and Cu**, have great
adsorption capacities for PVA chelation.®® Among them, Cu**
shows high affinity to PVA polymer. A previous study** used PVA
to efficiently adsorb copper in the solutions, and the addition of
PVA to the nanoprobes led to increased stability and greater
adsorption efficiency of copper. In another report, copper was
captured with PVA-treated absorbent membranes.**

Herein, we fabricated surface-modified silver bumpy nanoshell
using PVA polymer and copper ion to attract dopamine based on
a metal-chelation method. PVA-coated silver bumpy nanoshells
can form a chelation bond with copper; this allows dopamine to
be captured near the surface of the silver bumpy nanoshells. We
conducted an experiment showing that dopamine was success-
fully detected using the metal-chelation method despite the low
affinity of the hydroxyl groups toward the metal nanoparticles.

2 Experimental section

2.1. Materials

Tetraethyl orthosilicate (TEOS), ammonium hydroxide (NH,OH,
28-30%), 3-mercaptopropyltriethoxysilane (MPTS), absolute
ethanol (99.9%), silver nitrate (AgNO3, 99.99%), ethylene glycol,
hexadecyl amine, poly(vinyl alcohol) (MW 9000-10 000, 80%
hydrolyzed), copper(u) acetate (95%), dopamine hydrochloride,
sulfuric acid (H,SO4, 98%), hydrogen peroxide (H,O,, 35%), and
P4VP (MW ~60 000) were all purchased from Sigma-Aldrich and
used as received without further purification.

2.2. Synthesis of silver bumpy nanoshell

Silver bumpy nanoshells were synthesized based on a previously
reported method.*® First, silica nanoparticles (SiNPs, 150 nm in
diameter) were prepared by stirring TEOS with aqueous
ammonium hydroxide that had been dissolved in 40 mL abso-
lute ethanol for 20 h at RT. The synthesized SiNPs were washed
with ethanol 5 times. Next, thiolated SiNPs were prepared by
stirring 1 mL of the previously fabricated SiNPs (50 mg/1 mL)
with 50 puL of MPTS and 10 pL of ammonium hydroxide for 12 h
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at RT. The synthesized thiolated SiNPs were then washed with
ethanol 5 times. After washing, 60 L of thiolated SiNPs (a 3 mg
portion) was dissolved in 25 mL ethylene glycol. Then, 25 mL
ethylene glycol solution containing 30 mg of AgNO; was added
to the previous solution, followed by the addition of 1 mL of
5 mM hexadecylamine dissolved in 1 mL ethanol. This mixture
was stirred thoroughly for 1 h at room temperature (RT). Finally,
the synthesized silver bumpy nanoshells were washed with
ethanol 5 times.

2.3. Metal-chelation functionalization of silver bumpy
nanoshell

To begin, the solvent of the silver nanoshell (AgNS) was changed
from ethanol to deionized (DI) water. Next, 2 mg of (PVA), which
was selected as the optimal concentration for analysis, was dis-
solved in 30 mL of AgNS (3 mg/30 mL) and stirred thoroughly for
1 h at RT. The resulting AgNS@PVA solution was washed with DI
water two times. Then, copper(u) acetate solution, which was
prepared at an optimized concentration of 10 mM with the
solvent of DI water, was added to the AgNS@PVA solution and
stirred for 30 min at RT, followed by washing with DI water once.

2.4. Dopamine detection with metal-chelated silver bumpy
nanoshell

To evaluate the SERS ability of metal-chelation nanoshell,
100 mM dopamine solution of DI water was prepared and
sequentially diluted to lower concentrations, down to 10™% M.
The prepared dopamine solutions were diluted to the target
concentrations in metal-chelation functionalized AgNS solu-
tion. The final concentrations of the dispersed dopamine
solution ranged from 10™% M to 2 x 10~* M. The mixtures were
shaken for 2 h at RT, after which the prepared mixture solutions
were loaded in a capillary tube for SERS analysis.

2.5. Instrument and SERS measurement

The morphologies of the synthesized nanoparticles were
analyzed through EF-TEM (LIBRA 120, Carl Zeiss, Germany),
SEM (SUPRA 55VP, Carl Zeiss, Germany), and XPS (AXIS-His,
Kratos, UK). The UV-visible extinction spectra of the mixture
solution and all concentrations of dopamine were obtained
using a UV-visible spectrophotometer (Evolution One Plus,
Thermo Fischer Scientific, USA). The SERS performance of
metal-chelated nanoshells was obtained with a Raman system
(LabRAM 300, HORIBA, Japan) with a 660 nm laser with 2.5 mW
power. The acquisition time was 60 s with the use of multi-
window and an x10 lens.

3 Results and discussion

3.1. Characterization of the synthesized nanoparticles

The AgNS fabrication procedure and further surface functionali-
zation are shown in Fig. 1a and b, respectively. Briefly, AgNSs were
coated with PVA and sequentially integrated with copper. PVA
served as a connecting material for AgNS and copper. After
attaching copper on the surface of PVA-coated AgNSs with
a metal-chelation bond, the target analyte was added to the
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Fig.1 Schematic illustration of synthesis of metal-chelation silver nanoshell with surface functionalization. (a) Synthesis of AQNS@PVA@Cu with
poly(vinyl)alcohol and copper treatment on AgNS, and detection of dopamine using AgQNS@PVA@Cu. (b) Detection of dopamine through capture
near surface of silver bumpy nanoshell with the formation of metal-chelation bond.

nanoprobe solution. As shown in Fig. 1a, the copper ion forms
a chelation bond with two hydroxyl groups of PVA. Then, the
copper ion effectively captures analytes with the remaining
chelation sites of copper by forming the chelation bond ortho-
dihydroxyl group of analytes. Fig. 1b illustrates the process
through which dopamine is captured by PVA/Cu-coated silver
nanoshells.

To characterize and confirm the fabricated nanoparticles, we
carried out analyses with TEM and SEM. Fig. 2 shows the TEM
and SEM images of the untreated silver bumpy nanoshells and

(a) (b)

200 nm

(© (d)

200 nm

Fig. 2 Morphologies of silver nanoshells before and after surface
functionalization. (a) TEM and (b) SEM images of untreated nanop-
robes. (c) TEM and (d) SEM images of nanoprobes after PVA polymer
and copper treatment.
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surface functionalized silver bumpy nanoshells. The fabricated
AgNSs show densely populated silver on the surface of silica
nanoparticles. The average size of silver bumpy nanoshells is
approximately 240 nm (Fig. S17). They have a bumpy surface of
silver that forms an abundance of hotspots, even in a single
nanoshell particle, thus facilitating a strong electromagnetic
field enhancement. As shown in Fig. 2, the shape of AgNSs was
not collapsed and the silver on the surface was not detached,
thus reflecting the solidity of both fabricated AgNSs and PVA/
Cu-functionalized AgNSs. To verify the presence of the Cu**
ion at the AgNS surface, we carried out X-ray photoelectron
spectroscopy analysis for PVA/Cu-functionalized AgNSs.

The characteristic peaks for Cu®>" was observed on the AgNS
surface, thus confirming the successful introduction of PVA/Cu
at the AgNS surface (Fig. S2t).

3.2. Extinction spectra analysis for the formation of
chelation bond between dopamine and copper

Copper is known to have a coordination number of 4. To verify the
formation of a chelation bond between copper and dopamine, extinc-
tion spectra were measured for the mixture solutions of 10 mM copper
and various concentrations of dopamine using a UV~visible spectro-
photometer. Since metal ions, ligands, and complexes are known to
have unique d-d charge transfers and ligand-based transitions, it is
appropriate to use UV-visible extinction spectra to identify metal-ligand
complexes in that they show different spectra with the formation of
different complexes.”* The mixture solutions were prepared by
dispersing aqueous dopamine into 1 mL of 10 mM copper acetate
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solution, with the final dopamine concentrations of 1 mM, 200 M, 100
uM, 10 uM, and 1 pM, respectively. The overall UV-visible extinction
spectra results are presented in Fig. 3a, which shows an increase in the
intensity of the absorption band at the 350 nm along with a slight
decrease in the location of the maximum absorption peak around
750 nm with increasing dopamine concentration. Fig. S3(a) and (b),}
respectively show the exact values for an increase in absorbance at the
350 nm band and a decrease in the location of maximum absorption.
The color of the copper{n) solutions changed from pale blue to dark
greenish yellow with increasing concentration of dopamine from 1 M
to 1 mM, as shown in Fig. 3b, thus supporting the results of changes in
extinction shown in Fig. 3a. From Fig. 3a, an increase in absorbance at
the 350 nm bands reflects an increase in the metaltoligand charge
transfer absorption bands.**** Moreover, a decrease in the absorption
peak from 785 nm to 734 nm suggests the formation of a bond between
copper and dopamine.” Similar to the previously reported study
results,** these spectral changes indicate the formation of metal-
chelation bonds between copper and dopamine.

3.3. SERS characterization of the metal-chelated Ag
nanoshell

The SERS performance of the metal-chelation nanoshell was
investigated using dopamine as a target molecule. Fig. 4a
presents the SERS spectra of dopamine, which compare two
types of nanoprobes: untreated AgNS and AgNS@PVA@Cu. In
the absence of PVA and Cu treatment, no characteristic bands of
dopamine appeared with the addition of dopamine, indicating
that untreated AgNSs have little affinity with dopamine. By
contrast, the corresponding signals of dopamine were highly
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Fig.3 Effect of the formation of metal-chelation between copper and
dopamine. (a) UV-vis extinction spectra of mixed solution of Cu with
various concentrations of dopamine (DA): 1 mM, 200 uM, 100 uM, 10
M, 1 uM. (b) Color change in copper solution according to addition of
various concentrations of dopamine.

(b)
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enhanced with AgNS@PVA®@Cu. This enhancement was mainly
due to a decreased distance between the nanoprobes and tar-
geted molecules.”” Since the effect of surface plasmon spreads
within a few nanometers, it is important to attract target
molecules that are close to the surface of nanoprobes to amplify
the SERS signal. If the attracted molecules with metal-chelation
are located at “hotspots”, the intensity of the SERS signal can be
strongly enhanced. The enhanced SERS signal of dopamine
exhibits augmented Raman bands compared to the normal
Raman of dopamine, as shown in Fig. S4.1 In particular, the
signal intensity of the band at 1381 cm ™' was enhanced by ca.
465-fold. The characteristic bands of chelated dopamine are
located at 948, 968, 1381, and 1600 cm ‘. Among the various
assigned dopamine bands, the highest band at 1381 cm ™" was
selected for further analysis. This band was assigned to the
aliphatic chain CH,-CH, bending.***°

Further, the detection of other molecules with hydroxyl group
was demonstrated by utilizing AgNS@PVA®@Cu. The SERS signals
of catechol, naphthalene and serotonin were measured after
being mixed with AgNS@PVA@Cu (Fig. 4b). By using PVA/Cu®"
functionalized AgNSs, it was possible to detect characteristic
SERS signals for 0.01 M of catechol. The signals for the catechol
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Fig. 4 (a) SERS performance comparison of dopamine of 100 pM

aqueous solution from AgNS@PVA@Cu and AgNS. (b) Signal
enhancement of other molecules with metal-chelation method:
catechol (brown), naphthalene (purple), serotonin (dark green).
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molecule were highly enhanced with AgNS@PVA®@Cu, indicating
that the attraction strategy using metal-chelation is effective for
those ortho-dihydroxybenzene compounds. However, despite
having a hydroxyl group, no distinguishable signals were detected
for serotonin. This result suggests that metal-chelation-based
detection using AgNS@PVA®@Cu, which is specifically effective
for molecules containing ortho-dihydroxyl group, coincides with
the well-established mechanism of chelation of Cu®" that
specifically targets ortho-dihydroxyl group.*>* Considering that
other neurotransmitter molecules, such as epinephrine and
norepinephrine, also contain an ortho-dihydroxyl group,® this
detection strategy using metal chelation can be further expanded
to the detection of a wide range of neurotransmitter molecules.

3.4. Optimization of PVA and copper concentration for
effective detection of dopamine

To effectively detect dopamine with metal-chelation, it is impor-
tant to appropriately set the concentrations of both PVA and the
copper reagent by considering signal enhancement effectiveness
and nanoprobe stability. Therefore, additional experiments were
conducted to identify the optimal PVA and copper concentration
with which to effectively capture dopamine. The ideal concen-
tration of PVA for metal-chelation was explored to form effective
binding of Cu®" ion at the metal nanoparticle surface.

To optimize the PVA concentration, four concentrations of
dopamine—200 pM, 100 pM, 10 uM, and 1 pM—were prepared in
each of the metal-chelation Ag nanoshell solutions, then treated
with 150 mg/30 mL, 50 mg/30 mL, 10 mg/30 mL, 2 mg/30 mL, or
0.5 mg/30 mL of PVA, and treated with 10 mM of copper
sequentially. Fig. 5a shows a comparison of the SERS performance
of each PVA-treated AgNS. As shown in Fig. 5a, AgNS with 2 mg of
PVA treatment showed the highest intensity. For AgNSs treated
with PVA concentrations exceeding 2 mg, the signal intensity
decreased as the concentration of PVA increased. These results
suggest that a higher concentration of PVA may hinder the inter-
action between AgNSs and dopamine. When treated with a higher
concentration of PVA, the treated polymer forms a thicker PVA
polymer layer around the nanoshell surface. Even though more
dopamine molecules were captured by the interaction with Cu**,
dopamine molecules might be located relatively farther from the
silver nanoshell surface compared to the treatment with a lower
concentration of PVA (Fig. S51). Analytes are assumed to be
located closer to the surface of the silver nanoshell with thinner
polymer layers, consequently achieving a higher degree of
enhancement for analytes. Therefore, the PVA concentration of 2
mg/30 mL was selected for further detection of analytes.

Next, for the copper ion, if the concentration of copper is too
low, the fabricated nanoprobes cannot attract sufficient dopa-
mine; moreover, a low concentration of copper would form
a chelation bond with hydroxyl groups of polymers prior to the
addition of dopamine, consequently leaving no room for
dopamine chelation. On the other hand, with an excessively
higher concentration of copper, a higher level of aggregation
would cause instability in nanoprobes.

In the case of optimizing copper concentration, 50 mM,
10 mM, 5 mM, 1 mM, and 0.1 mM of copper were treated to
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Fig. 5 Determination of the optimal (a) PVA concentration and (b)
copper concentration for metal-chelation with SERS intensity at
1381 cm™! band among four dopamine concentrations: 200 uM, 100
uM, 10 uM, and 1 uM.

a PVA-covered Ag nanoshell with 50 mg/30 mL of PVA,
respectively. Fig. 5b shows a comparison of SERS intensities at
the 1381 cm ' band of dopamine for those solutions. As
shown in Fig. 5b, the intensity increased with increasing
copper concentration, and it reached its maximum when
using 10 mM of copper. The results of previous studies in this
area have indicated that the chelation formed between the
metal ion and the chelating agent achieves equilibrium.
Moreover, the aggregation of nanoprobes was determined by
the stability of chelating complexes.’**> As can be seen in
Fig. 5b, signal intensity increased with increasing concentra-
tion of copper at the surface of nanoshells, since metal-
chelation nanoshells can capture more dopamine molecules.
However, after it reached the saturation point, SERS intensi-
ties showed lower intensity and larger deviation at 50 mM
copper concentration along with a larger level of aggregation,
which was attributed to a decrease in the stability of fabricated
metal-chelation nanoshells. Therefore, the copper concentra-
tion of 10 mM was selected as the optimal concentration for
the detection of dopamine with metal-chelation.
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3.5. Quantitative analysis of dopamine

Under the optimized condition, quantitative analyses for
dopamine with metal-chelation nanoshells were conducted.
Fig. 6a shows the SERS spectra of dopamine at various
concentrations ranging from 10" % M to 2 x 10 * M. Fig. 6b
shows a comparison of the SERS intensity at the band of
1381 cm ™' between the detection of dopamine with untreated
AgNSs (black open square) and that with PVA@Cu treated
AgNSs (red open square). The SERS intensity at the band of
1381 cm™ ' increased in a linear manner as the concentration of
dopamine increased up to 100 puM, after which it decreased.
Decreases in the SERS signal at high concentrations were
caused by the aggregation of nanoprobes, which is caused by
instability in the solution while reacting with a high concen-
tration of dopamine. Fig. S61 presents the SERS spectra of
dopamine with low concentrations, which shows it is distin-
guishable in the 1 pM concentration. Regarding detection with
untreated AgNSs, the SERS intensity is as low as the signal
intensity from control (without dopamine) even in the 2 X
10~* M concentration of dopamine. Based on this finding, we
confirmed that metal-chelation-based nanoprobes could effec-
tively draw dopamine to the nanoparticle surface. These results
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Fig. 6 (a) SERS spectrum of dopamine at different concentrations with

metal-chelation functionalized AgNS, Dopamine concentration range
from 2 x 107 M to 1078 M. (b) DA concentration dependence of SERS
signal intensity at 1381 cm ! band of dopamine.
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validate that our metal-chelation-based Ag nanoshell can
effectively detect dopamine even at a quantitative level below
the concentration of 1 pM, and that our proposed method
shows the potential for extending the range of target molecules
to other neurotransmitters that have hydroxyl groups.

4 Conclusions

Quantitative analysis of neurotransmitters is important because
imbalances in certain neurotransmitter concentrations can be
indicative of brain function disorders. SERS is a promising
spectroscopic tool for neurotransmitter analysis. However, for
SERS, the target molecules should have functional groups that
have a strong affinity with metal nanoparticles to be effectively
detected. Therefore, in this study, the metal-chelation method
was used to capture and attract dopamine molecules close to the
nanoparticles. The AgNSs were coated with PVA polymer and
then integrated with copper ion. With this preparation, the
detection of dopamine was successfully achieved through the
formation of a metal-chelation bond between copper and dopa-
mine: to elaborate, we successfully detected dopamine in solu-
tions with under 10°® M dopamine concentration and
successfully performed a quantitative analysis of dopamine.
Overall, we achieved the detection of a neurotransmitter (dopa-
mine) using metal-chelation functionalized Ag nanoshells while
following a convenient and easy-to-prepare method. Notably, this
method can also be applied to other neurotransmitters.
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