
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy xxx (xxxx) xxx

SAA-117890; No of Pages 10

Contents lists available at ScienceDirect

Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy

j ourna l homepage: www.e lsev ie r .com/ locate /saa
Controlled fabrication of gold nanobipyramids/polypyrrole for shell-
isolated nanoparticle-enhanced Raman spectroscopy to detect γ-
aminobutyric acid
Waleed Ahmed El-Said a,b,c, Wael Alshitari c, Jeong-woo Choi a,⁎
a Department of Chemical and Biomolecular Engineering, Sogang University, 35, Baekbeom-Ro, Mapo-Gu, Seoul 04107, Republic of Korea
b Department of Chemistry, Faculty of Science, Assiut University, Assiut 71516, Egypt
c University of Jeddah, College of Science, Department of Chemistry, P.O. 80327, Jeddah 21589, Saudi Arabia
⁎ Corresponding author at: Department of Chemica
Sogang University, Seoul, Republic of Korea.

E-mail address: jwchoi@sogang.ac.kr (J. Choi).

https://doi.org/10.1016/j.saa.2019.117890
1386-1425/© 2019 Published by Elsevier B.V.

Please cite this article as: W.A. El-Said, W. A
nanoparticle-enhanced R..., Spectrochimica A
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 31 July 2019
Received in revised form 27 November 2019
Accepted 1 December 2019
Available online xxxx

Keywords:
γ-Aminobutyric acid
Glutamate
Gold nanobipyramids
Polypyrrole
Shell-isolated nanoparticle-enhanced Raman
spectroscopy
Shell-isolated nanoparticle-enhanced Raman Spectroscopy (SHINERS) has been a non-destructive, highly sensi-
tive, specific and powerful sensing method. Detection of γ-aminobutyric acid (GABA) and glutamate, main neu-
rotransmitters in the human brain, is important to diagnosis the neurological disorder. The purpose of this study
is preparing a simple, rapid and inexpensive fabrication of Au nanobipyramids/polymer core/shell as a SHINERS-
based biosensor to detect different neurotransmitters such as GABA and glutamate with high sensitivity and
specificity. Au nanobipyramids/polymer core/shell was fabricated by using two steps process. In the first Au
nanobipyramids with longitude and latitude axial of about 100 nm and 10 nm, respectively, was prepared
based on the chemical reduction of Au ions by using sodium borohydride as a reducing agent. Then a thin
layer of polypyrrole was used for decorating the Au nanobipyramids by using direct polymerization in the pres-
ence of Au nanobipyramids. The sensor composed Au nanobipyramidswith a thin layer of polypyrrole that could
measure GABAwithin a wide range of concentrations in the presence of human serum. And this sensor was used
for directmonitoring of GABA and glutamate. The proposed biosensor can be applied tomonitor the level of neu-
rotransmitters accurately for the diagnosis of various neurological disorders with optical signal enhancement.

© 2019 Published by Elsevier B.V.
1. Introduction

Raman spectroscopy represented one of the vital nondestructive an-
alytical techniques that possess many advantages including high speci-
ficity, quick response and its ability to provide rich information about
the target species without needing for sample preparation. Neverthe-
less, the weak Raman intensity has limited its applications for detecting
trace species. Several techniques were applied for improving the inten-
sity of the Raman signals; among these techniques, surface-enhanced
Raman scattering (SERS) is the most commonly used Raman enhance-
ment technique [1] that enabling detection at very low concentration
levelswith high specificity and sensitivity in presence ofmetal nanopar-
ticles [2]. Several noblemetals including silver (Ag), gold (Au) or copper
(Cu) nanostructures with different sizes and shapes have been used as
high active-SERS agents [3–7]. The chemical nature, dimensions, mor-
phology, and spacing of the nanomaterials play the main influences on
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the intensity of the SERS signals. Ag at the nanoscale is the firstmaterials
used for enhancing the Raman intensity; furthermore, Ag and Au's
nanostructures represented the widely used SERS-based agents for the
different applications. Although there is notable progress in SERS re-
search, many challenges achieving a repeatable and quantitative SERS
signal and fabrication of uniform and stable nanoparticles hindering
its development.

Biosensors (optical or electrical biosensors) could be divided into
label-based [8] and label-free biosensors [9]. Label-free biosensors are
advantages due to their simple cost-effective, speed detection, easier
and direct detection properties. Recently, Choi's group have used Au
nanostar/ITO for monitoring the neural stem cell differentiation [3] de-
tecting dopamine neurotransmitter [4], β-amyloid peptide [5], and
study effects of some chemotherapeutic agents towards different cancer
cells [6] based on SERS technique. The PANI/Au nanodots/ITO electrode
was used as an electrochemical biosensor for the rapid and simulta-
neous determination of different purine bases [10]. Also, Au nanodots/
ITO was used for investigating the intracellular and extracellular redox
states of the neural cells based on Spectroelectrochemical (Raman spec-
troscopy and linear sweep voltammetry) method detect several targets
at a very highly sensitive level [7].
d fabrication of gold nanobipyramids/polypyrrole for shell-isolated
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γ-Aminobutyric acid (GABA) considered as one of the main inhibi-
tory neurotransmitters [11], while glutamate (Glu) is among the main
excitatory neurotransmitters [12] in the central nervous system (CNS).
They play vital roles in decreasing neuronal excitability throughout
the CNS [13]. Changes in the Glu and GABA levels were accompanied
by neurological and psychiatric disorders, for example, epilepsy, schizo-
phrenia, and Alzheimer's disease [14–18].

Therefore, monitoring the changes in the concentrations of the neu-
rotransmitters may offer an additional tool for several studies, including
drug design, elucidation of CNS function and dysfunction accompanying
different kinds of brain insult, nursing drug efficiency or drug abuse. The
detection of very low levels of GABA needs highly selective assays such
as high-performance liquid chromatography (HPLC) combined with ei-
ther fluorescence or electrochemical detection, liquid chromatography/
mass spectrometry and liquid chromatography/tandem mass spec-
trometry were used for detecting GLU and GABA in biological samples
[19,20]. However, GABA and Glu themselves are neither fluorescent
nor electroactive, so they need derivatization prior to detection
[21–24]. Elution and derivatization are time-consuming processes that
limited the applications of HPLC uses for analysis of Glu and GABA neu-
rotransmitters [23–25]. Additionally, these methods are very time-
consuming, complicated procedures and their accessories are highly
cost [26]. Capillary electrophoresis-laser-induced fluorescence was
also used for monitoring of GABA neurotransmitter [27]; nonetheless,
it also needed a derivatization process that increased the cost and longer
time is needed.

SERS have been applied independently for monitoring the neuro-
transmitters (e.g. GLU, GABA, and norepinephrine) levels [28–31]. The
simultaneousmeasurement of GLUandGABA is vital for correct analysis
of neurological disorders, and the potential for evolving novel neuro-
pharmacological agents [32]. However, owing to the similarity in chem-
ical structures of Glu and GABA, there is an overlapping between the
Raman bands of GLU and GABA; thus it is needed the uses the signal
Scheme 1. Schematic diagram of the neurotransmitters biosensor by using A

Please cite this article as: W.A. El-Said, W. Alshitari and J. Choi, Controll
nanoparticle-enhanced R..., Spectrochimica Acta Part A: Molecular and Bio
processing techniques such as the principal component analysis (PCA)
technique to differentiate between them. Therefore, there is an urgent
need for simple and cost-effective procedures that can provide a precise,
simultaneous and fast measuring of GLU and GABA.

Li and his group have reported on fabrication an ultrathin of silica or
alumina shell coated Au or Ag NPs and their uses as shell-isolated
nanoparticle-enhanced Raman spectroscopy (SHINERS) for enhancing
the intensity of the Raman signals [33]. Recently, several SHINERS in-
cluding polymers, graphene and graphene's derivatives films were fab-
ricated and studied [34–48], this shell could inhibit the nanomaterials
agglomeration, improves their stability, preserves themetals NPs isolate
them from the direct connection with the probed material and allows
the NPs to adapt with different contours of substrates. This shell-
isolated could offer strong enhancement of the Raman effect and
hence provide highly sensitive and diverse practical applications to nu-
merousmaterials. However, still, there is an urgent needing for the fab-
rication of new SHINERS and its biological application.

Here, we have fabricated Au nanobipyramids (Au NbPs) and coated
themwith a thin layer of polypyrrole as an isolated shell. Then, we have
used the isolated shell polypyrrole/Au NbPs as label-free biosensors
based on the SERS technique for direct detection of GLU and GABA neu-
rotransmitters dissolved in PBS (pH, 7.4) solutionwith a detection limit
of 1.16 nM, also we have detected GABA neurotransmitter soluble in
human serum.
2. Experimental

2.1. Materials

Pyrrole, ammonium persulfate (98%), ascorbic acid, sodium borohy-
dride (NaBH4), hexadecyltrimethylammonium bromide (CTAB, 98%)
andHAuCl4·3H2Owere purchased fromSigma-Aldrich. Sodiumdodecyl
u NbPs/PPy based on surface-enhanced Raman spectroscopy technique
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Fig. 2. TEM images of Au nanostructures at different magnification values.

Fig. 1. SEM images of Au nanostructures at different magnification values.
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sulfate (SDS, 99%) was purchased from Fisher Scientific. Deionized
water (resistivity about18.2 MΩ·cm) was used for all preparations.

2.2. Preparation of gold nanobipyramids (Au NbPs)

Au NbPs were synthesized based on the seed-mediated technique
through two steps method (Scheme 1) that including the preparation
of small Au seeds then allowed these seeds to grow and formation of
Au NbPs in the existence of CTAB as a structure-directing agent. Typi-
cally, in the first step seeds solution was prepared as following, 0.6 mL
of ice-coldNaBH4 (1mM)wasmixedwith a 7.75mL (0.1M) of aqueous
solution of CTAB that contain 0.323 mM of chloroauric acid under stir-
ring for 2 min and then the reaction mixture was kept at room temper-
ature for 1 h to obtain the seeds solution. In the second step, a growth
solution consists of a mixture of 0.1 M CTAB, a solution of 0.1 mM of
chloroauric acid and 7 mL (1 M) of ascorbic acid. Finally, the seed solu-
tion was ten times diluted with deionized water (DIW) and 0.35 mL of
Fig. 3. TEM images of Au nanocubes a
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the diluted solution was added to the growth solution and leave to
grow for 4 h.

2.3. Fabrication of Au nanobipyramids/polypyrrole core/shell

Au NbPs@PPy core/shell nanostructures were synthesized based on
chemical polymerization of the pyrrole monomer by using ammonium
persulfate [49,50]. In the beginning, the extra CTAB was removed from
the surface of the Au NbPs before preparing Au NbPs@PPy core/shell
nanostructures by centrifuge the Au NbPs solution at 4000 rpm for
10 min. After removing the supernatant, the residual was redispersed
in DIW. Then, 3.5 mL of the CTAB-wrapped Au NbPs were separated
by using the centrifuge at a speed of 4000 rpm for 10 min, and the con-
centrated AuNbPswere redistributed in 2mL amixture of 2mMof pyr-
role and 0.25 mL of 40 mM SDS, and vortex the reaction mixture for
1 min for complete mixing. Finally, 1.5 mL of 2 mM of ammonium per-
sulfate dissolved in 10 mM of an aqueous solution of HCl was added to
t different magnification values.
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the above mixture (Au NbPs, pyrrole, and SDS) and vortexed for 10 s
and kept at room temperature for 24 h for complete polymerization.
The Au NbPs@PPy core/shell nanostructures were obtained by centri-
fuge at 6000 rpm for 10 min and redispersed in 1.5 mL of 3.6 mM SDS
solution. The surface morphologies of the Au NbPs and Au NbPs@PPy
were analyzed by a field-emission scanning electron microscope (FE-
SEM) (Zeiss SIGMA VP-FESEM).

2.4. Fabrication of neurotransmitters sensor

At the beginning, a monolayer of the Au NbPs was formed over an
ITO substrate as following, 100 μL of Au NbPs solution was added to
an ITO substrate (1 cm × 1 cm) and dispersed by using spin-coated at
a spin speed of 1000 rpm for 1 min, then allowed the substrate to dry
under a constant drying ambient and evaporation rate [10]. Then, ten
microliters of the neurotransmitters with different concentrations
were drop-casted onto the Au NbPs/ITO substrate and allowed for
Fig. 4. (a & b) TEM images of Au NbPs, scale bar 20 nm, (c–g) TEM imag
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immobilization based on self-assembly assay for 1 h under humid con-
ditions to avoid the dryness of the samples. Finally, the modified sub-
strates were rinsed with DIW and dried with N2 gas and used directly
for the Raman spectra measurements.

2.5. Raman measurements

The chemical composition of the prepared AuNbPs/PPy, the SERS ef-
ficiency of Au NbPs/PPy core-shell and its applications were studied by
Raman spectroscopy using Raman NTEGRA spectra (NT-MDT, Russia).
The resolution of the spectrometer was 200 in the XY plane nm and
500 nm along the Z-axis. The SERS spectra were recorded by using
near-infrared laser emitting light at a 785 nmwavelength, at 50× objec-
tive with a spot size of 620 nm. The maximum scan-range, XYZ was
100 μm × 100 μm × 6 μm. Five scans of 5 s accumulation time within
a range from 200 cm−1 to 2000 cm−1 were measured at different ran-
dom spots and the average data was used.
es of Au NbPs, scale bar 10 nm and (h) HR-TEM image of Au NbPs.
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3. Results and discussion

3.1. Control preparation of gold nanobipyramids

Here, we have fabricated Au nanostructures coated with a thin film
of polypyrrole as shown in Scheme 1. Firstly, the Au nanostructures
were prepared by using NaBH4 as a reducing agent. The morphology
of the prepared Au nanostructures was studied by using FE-SEM and
HR-TEM techniques. Fig. 1 showed the SEM images of the Au nanostruc-
tures at different magnifications that illustrated the formation of two
morphologies. Furthermore, TEM was used to investigate the morphol-
ogy of the obtained Au nanostructures (Fig. 2), which showed the for-
mation of a mixed two forms nanobipyramids and rounded
nanocubes. This mixture of the Au nanobipyramids and rounded
nanocubes was separate based on a centrifuge at different speeds
since we obtained the Au nanobipyramids after centrifuged the Au
nanostructures solution at 4000 rpm for 10 min; while Au rounded
nanocubes were obtained after centrifuged the residual at 6000 rpm
for 10min. It is obvious that the obtained AuNbPswere stable in the so-
lution for a long time without noticeable precipitation due to the exis-
tence of CTAB on the Au surface. However, repeating of centrifuge
several times results in the CTAB dissociation from the Au NbPs that
led to an irreversible aggregation of the Au nanostructures [51]; thus
it isn't recommended to repeat the centrifuge process. Fig. 3 showed
the TEM images of Au rounded nanocubes that illustrated the formation
of highly uniform rounded nanocubes; the lengths of the edges of the
rounded nanocubes were analyzed by using SPIP program by analyzed
23 particles (Fig. S1), which demonstrated that the lengths of the aver-
age edges of the nanocubeswere 20 nm. Furthermore, Fig. 4 showed the
TEM images of the Au NbPs. The width of the NbPs was analyzed by
using SPIP as shown in Fig. S2, which demonstrated that the average
width size was about 14 ± 4 nm.
Fig. 5. TEM images of Au Nb
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3.2. Preparation of gold nanobipyramids/polypyrrole core/shell

A thin film of polypyrrole was formed as an isolated shell on Au
NbPs; the morphology of the Au NbPs@PPy core/shell was investigated
by using the TEM technique as shown in Fig. 5, which demonstrated the
formation of ultrathin PPy film of a thickness of 1 nm. The formation of
the PPy layer was resulted in changing the solution color from pink to
green color as shown in Fig. S3. The presence of this polymer film
could result in addition to enhancing in the Raman intensity, protect
the Au nanostructures from the accumulation and increase the adsorp-
tion of the neurotransmitters onto the Au nanostructures.

3.3. UV–vis of gold nanobipyramids/polypyrrole core/shell

Fig. 6a represented the UV–vis absorption spectrum of Au NbPs@
PPy, which clearly showed two absorption bands, one at λmax of about
412 nm (within the visible region) that could be attributed to the trans-
verse electronic oscillation. Furthermore, the second band was within
the near-infrared region at λmax of about 796 nm, which owing to the
longitudinal oscillation of the conduction band electrons, which is
more sensitive towards the local dielectric environment than the ab-
sorption band that results from the transverse electronic oscillation
[7]. Furthermore, the formation of the PPy layer was confirmed by
using the Raman technique. Fig. 6b showed the Raman spectra of five
different spots, which showed the same Raman peaks with narrow var-
iation in the peaks' intensities that indicated the homogeneous of the
polymer film. Raman spectrum of the Au NbPs/PPy (Fig. 6b) showed
the characteristic bands of PPy film that including band at 1055 cm−1

(C\\H in-plane bending vibration of PPy), band at 1176 cm−1 (CH in-
plane bending mode of quinoid and semiquinoid rings). In addition, a
band at 1250 cm−1 (N\\H in-plane deformation) and two bands at
1349 cm−1 (inter-ring C\\C stretching) and 1502 cm−1 (C_N
Ps/PPy, scale bar 10 nm.
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stretching for quinine diimine structure). Furthermore, there are two
bands at 1592 cm−1 and 1613 cm−1 (C_C symmetry stretching).
These results confirmed the formation of PPy onto the surface of the
Au NbPs.

3.4. Monitoring of different neurotransmitters

Before recording the Raman spectra of different neurotransmitters,
the Raman spectrum of Au NbPs/PPy (Fig. 6b) was as a blank spectrum.
Ten microliters of the neurotransmitters solution (10 μM) were self-
assembled on the Au NbPs/PPy and then the SERS spectra were re-
corded five times and the average data were represented in Fig. 7. The
SERS spectrum of GABA neurotransmitters was represented in Fig. 7a,
which displayed a set of Raman bands including 885 cm−1 that related
Fig. 7. Raman spectrum of (a) GABA and
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to the C-C-N band and the strong band at 1018 cm−1 assigned to defor-
mation of CH2. Also, Raman bands at 1105 cm−1 (NH2 band),
1344 cm−1 (CH2 band) and a shoulder band at 1387 cm−1 that assigned
to the stretching vibration of OCO, which indicated the immobilization
of adsorbed amino acid. In addition to the Raman band at 1065 cm−1

that corresponding to the zwitterionic form of GABA. Fig. 7b showed
the SERS spectrum of Glu that illustrated some characteristic Raman
bands including Raman band at 757 cm−1 (COO– band), Raman band
at 932 cm−1 that ascribed to the completely ionized form of Glu
(stretching vibration of the C-COO), 1105 cm−1 (NH2 band) and
1358 cm−1 related to the symmetrical stretching vibration of the
COO– group. Fig. 8a displays the average SERS spectra of different con-
centrations of GABA that illustrated an increase in the Raman intensities
with increasing the GABA concentration. Fig. 8b represented the
(b) Glu dissolved in PBS (pH, 7.4).
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Fig. 8. (a) Average Raman spectra of different concentration of GABA, these data are themean offive scans at different spots for each concentration and (b) relationship between the GABA
concentrations and the Raman intensity of the Raman band at 1334 cm−1.
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relationship between the GABA concentration and the intensity of the
Raman signal at 1344 cm−1, which displayed a linear relationship
with an R2 of about 0.9923. The LOD of the GABA was calculated as fol-
lowing, (LOD = 3.3 * (STEYX/Slope of calibration curve)), and it was
found equal 116 nM.

3.5. Gold nanobipyramids/polypyrrole core/shell for a neurotransmitter in
real samples

The capability of the used sensor for the detection of the GABA neu-
rotransmitter in a real sample was investigated based on monitoring a
low concentration of GABA dissolved in PBS contains human serum
(HS, 1%) as a represented real sample. The Raman spectrum of HS was
demonstrated in Fig. 9a, which showed a set of peaks at 820, 1044,
1335, 1383, 1442, and 1614 cm−1 those corresponding to the starching
vibration of CH2& CH3 groups of lipids andproteins; also, Ramanpeak at
1653 cm−1 for Amide I and Lipid. Fig. 9b showed the Raman spectrumof
5 μMofGABA soluble in PBS solutions containingHS after subtracted the
Raman spectrum corresponding to the HSmolecules, which displayed a
set of Raman bands similar to the Raman spectrumof GABA dissolved in
PBS buffer with a little difference in the strength of some bands that
confirmed the ability of this Au NbPs/PPy to measure GABA in human
serum sample without any interference-effect.

4. Conclusions

This work reported the design and fabrication of new hybrid or-
ganic/inorganic material (Au nanobipyramids/polypyrrole) and its
Fig. 9. Raman spectrum of GABA
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uses for enhancing the Raman intensity based on SHINERS. The biosen-
sor with nanobipyramids/polypyrrole was used for the simultaneous
detection of different neurotransmitters, GABA and glutamate. The
high sensitivity of this biosensor based on SHINERS allowedmonitoring
the low concentration of GABAwith a LODof 116 nM. The proposed bio-
sensor can be applied to detect various neurotransmitters for diagnos-
ing neural disorders with high sensitivity.
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