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Coating gold nanopatrticles to a glass substrate by spin-coat method
as a surface-enhanced raman spectroscopy (SERS) plasmonic
sensor to detect molecular vibrations of bisphenol-a (BPA)
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Abstract. Bisphenol A (BPA) is one of the chemicals used in monomer epoxy resins and polycarbonate plastics. The surface-
enhanced Raman spectroscopy (SERS) method is precise for identifying biological materials and chemicals at considerably low
concentrations. In the present article, the substrates coated with gold nanoparticles have been studied to identify BPA and control
the diseases caused by this chemical. Gold nanoparticles were made by a simple chemical method and by applying gold salt and
trisodium citrate dihydrate reductant and were coated on glass substrates by a spin-coat approach. Finally, using these SERS
substrates as plasmonic sensors and Raman spectroscopy, the Raman signal enhancement of molecular vibrations of BPA was
investigated. Then, the molecular vibrations of BPA in some consumer goods were identified by applying SERS substrates as
plasmonic sensors and Raman spectroscopy. The fabricated gold nanoparticles are spherical and quasi-spherical nanoparticles
that confirm the formation of gold nanoparticles by observing the plasmon resonance peak at 517 nm. Active SERS substrates
have been coated with nanoparticles, which improve the Raman signal. The enhancement of the Raman signal is due to the
resonance of the surface plasmons of the nanoparticles. Active SERS substrates, gold nanoparticles deposited on a glass
substrate, were fabricated for the detection of BPA, a detection limit of 10-9 M and a relative standard deviation (RSD) equal to
4.17% were obtained for ten repeated measurements in the concentration of 10-9 M. Hence, the Raman results indicate that the
active SERS substrates, gold nanoparticles for the detection of BPA along with the developed methods, show promising results
for SERS-based studies and can lead to the development of microsensors. In Raman spectroscopy, SERS active substrate coated
with gold nanoparticles are of interest, which is larger than gold particles due to the resonance of the surface plasmons of gold
nanoparticles and the scattering of light from gold particles since the Raman signal amplifies the molecular vibrations of BPA.
By decreasing the concentration of BPA deposited on the active SERS substrates, the Raman signal is also weakened due to the
reduction of molecular vibrations. By increasing the surface roughness of the active SERS substrates, the Raman signal can be
enhanced due to increased light scattering from rough centers, which are the same as the larger particles created throughout the
deposition by the spin-coat method, and as a result, they enhance the signal by increasing the scattering of light. Then, the
molecular vibrations of BPA were identified in some consumer goods by SERS substrates as plasmonic sensors and Raman
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1. Introduction

Bisphenol A (BPA) is a chemical compound with the
formula of (CH3).C(CsHsOH),. BPA is one of the raw
materials for producing plastics, the inner coating of many
types of food and beverage cans, some polycarbonates and
epoxy resins, as well as some polysulfones (Ntsendwana et
al. 2012, Preethi et al. 2014, Rogers et al. 2013, Xiaowei Yu
et al. 2013). Some researchers have indicated that BPA can
permeate foods or beverages made from BPA containers.
Getting exposed to BPA can potentially affect the brain,
prostate gland, and other organs (Alonso-Magdalena et al.
2016, Le et al. 2008, Maragou et al. 2008). BPA is one of
the Endocrine-disrupting chemicals (EDCs). These
substances are a large group of natural and synthetic agents
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that interfere with the natural functioning of the endocrine
system. These chemical compounds include environmental
estrogens (xenoestrogens) such as phytoestrogens and
human-made chemicals. These xenoestrogen compounds
are diverse groups that bind to estrogen receptors and
mimic the related actions of this hormone and probably
have adverse effects on human health. These substances are
associated with human health issues, including sperm
quality, fertility, abnormalities in reproductive organs,
premature puberty, nervous system function, immune
system function, cancer, respiratory problems, metabolic
problems, obesity, heart health, growth problems, disability,
etc. (O’Sullivan 2017, O’Reilly et al. 2012, Preethi et al.
2014, Pupo et al. 2012). Therefore, the high accuracy
detection of BPA in materials is of great importance.
Various techniques such as High-Performance Liquid
Chromatography (HPLC), Tandem Mass Spectrometry
(TMS) (MS/MS), Gas Chromatography-Mass Spectrometry
(GC-MS), Enzyme-linked Immune Sorbent Assay (ELISA),
and Surface-enhanced Raman Spectroscopy (SERS) are
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employed to detect BPA (Eskandari et al. 2022, Fan et al.
2012, Wang et al. 2012, 2013). Nanotechnology is the
technology, science, and engineering that is conducted,
researched, investigated, and experimented at the nanoscale
(Adeli et al. 2017, Barati et al. 2020a, b, Dehshahri et al.
2020, Emadi et al. 2021, Eskandari and Hadi, 2020,
Eskandari et al. 2022, Farajpour et al. 2014, Hadi et al.
2018a, b, 2019, Rohani Rad and Farajpour 2019, She et al.
2021). The SERS is a surface-sensitive technique that
enhances Raman scattering by molecules adsorbed on rough
metal surfaces or nanostructures (Eskandari et al. 2022).
The SERS method is more sensitive than the other mentioned
techniques (Ankamwar and Sur 2020, Madzharova et al.
2017). Raman spectroscopy is an appropriate method to
identify the composition of various materials, including
biological samples and chemicals, however, the Raman
signals of biological samples and chemicals are not
significant, especially at low concentrations (Su et al. 2019,
Wang et al. 2019). In the SERS method, the Raman signal
is improved due to the interaction between the surface
plasmons of the metal and samples by placing different
biological and chemical samples or physically adsorbing
them on the surface containing metal nanoparticles. Thus,
SERS can be used to detect biological and chemical
samples (Zhou et al. 2014). Nowadays, layers composed of
noble metal nanoparticles such as gold and silver have been
considered due to the resonance of surface plasmons and
optical properties. The light emission on noble metal
nanoparticles causes oscillations of its conduction electrons
to increase the energy density of electric fields or the
irradiated light that is applied in biological sensors
(Krasteva et al. 2002, Shrivastava and Dash 2010), solar
cells (Wu et al. 2012), and SERS (McLellan et al. 2007).
Due to the extraordinary optical properties of these
nanoparticles, various methods such as lithography by
electron beam (Berkovitch et al. 2010, Lucas et al. 2008)
have been proposed for the fabrication of layers consisting
of metal nanoparticles (Xiuping Yu et al. 2011).
Lithography by electron beam method requires complex
and expensive equipment and is employed to produce
small-scale samples. On the contrary, the electrochemical
deposition method is simple to produce large-scale samples
(Liang et al. 2010, Zhang et al. 2011). Raman scattering
results from the inelastic scattering of light from matter, and
very detailed information about the structure of a molecule
can be obtained using this effect. The IR spectroscopy
complicates the detection of biological and chemical
samples due to the active molecular vibrations of water, and
also, the sensitivity of its detectors is low. Electron- and
ion-based spectrometers also require a high vacuum, hence,
Raman spectroscopy allows the study of molecules under
normal conditions and can also be used to investigate
catalytic processes and those occurring in the metal-
electrolyte interface (Cyrankiewicz et al. 2007). The signal
related to Raman scattering is inherently weak and makes
the detection challenging (Duan et al. 2016). The use of
metal nanostructures is one of the methods to enhance the
Raman signal, this selective and sensitive technique, called
SERS, can enhance the scattering signal due to the
resonance of surface plasmons. The enhancement of Raman

scattering of molecules adsorbed on metal structures is of
the results of applying this method (Wang and Fang 2006).
This phenomenon was first observed in 1974 for
electrochemically cultured pyridine molecules adsorbed on
the surface of silver electrodes. The enhanced Raman signal
was observed only after the silver electrode was placed in
the oxidation-reduction or activation cycle and did not show
any enhanced signal for a smooth surface. First, signal
enhancement was described based on an increase in the
number of studied molecules due to the increase in the
surface area that has been roughened, however, the
enhancement of the Raman signal must have had a reason
other than the increase in surface area. In 1977, an enhanced
Raman signal was attributed to the molecule’s interaction
with the surface of the roughened metal (Jing and Fang,
2007). Metals such as gold, silver, copper, and platinum
have been employed to observe this phenomenon. Metals’
properties, including type, shape, size, and arrangement,
affect the Raman scattering of the studied molecule. Among
the various metals, silver and gold have received more
attention thanks to their plasmonic resonance in the visible
and infrared region, higher stability, and easy fabrication
methods to detect biological samples and chemicals
(Caflamares et al. 2008).

In the present article, gold nanoparticles were coated by
the spin-coat method on the glass substrates with high
mechanical adhesion, fast, and low cost at room
temperature to be applied as plasmonic sensors of active
SERS substrates detecting molecular vibrations of BPA at
low concentrations. Then, the molecular vibrations of BPA
were detected in some consumer goods by active SERS
substrates as plasmonic sensors and Raman spectroscopy.

2. Materials and methods
2.1 Chemicals

The materials used in the present study include
HAuUC2.3H20 gold salt (chloroauric acid trihydrate) with a
molar mass of 393.833 g/mol and a purity higher than
99.95%, trisodium citrate dihydrate with a molar mass of
294.1 g/mol and a purity higher than 99%, Bisphenol A
(BPA) with a molar mass of 228.29 g/mol and a purity
higher than 99.95%, and (3-Aminopropyl)triethoxysilane
(APTES) prepared by Sigma-Aldrich, glass slices as
substrates with the dimensions of 2.5cmx7.5cm, Acetone
with a molar mass of 58.09 g/mol and a purity higher than
99.95%, and ethanol with a molar mass of 46.069 g/mol and
a purity higher than 99.95% prepared by Merck & Co.

2.2 Fabrication methods of active SERS substrates
as plasmonic sensors

The glasses were cut with the dimensions of 2cmx2cm
to be used as substrates. After washing with soap, water,
acetone, and ethanol, the samples were heated in a furnace
at 400 °C for 30 minutes to remove contaminants of organic
materials from the glass surface so that some hydrophilic
surfaces were prepared to coat the glass with gold nano-
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Fig. 1 The schematic preparation of colloidal gold solution by chemical method and fabrication of active SERS
substrates as plasmonic sensors through depositing gold nanoparticles inside gold colloidal solution on glass
substrates under 2500 rpm for 10 minutes by the spin-coat method and dropping different concentrations of BPA
molecule on active SERS substrates as plasmonic sensors to detect these molecules

particles. These glasses were then placed in a piranha
solution (H202/H2S04 = 3.7 v/v) at 80 °C. After 30 minutes,
the glasses were washed with DI water and immediately
transferred to the boiling solution (H2O2/NHs/H,O = 1:1:5
viviv). After 30 minutes, they were washed with DI water,
and the activated surface of the glasses was immersed in a
1% APTES solution of ethanol for 24 hours. The
functionalized surface of the glasses was washed frequently
with ethanol to remove additional reagents from the surface
and finally dried for 1 hour at 110 °C (Creedon, 2018).
Then, for producing gold nanoparticles, 1 ml of 38.8 mM
solution of trisodium citrate dihydrate (NaCsHsO7.H20) was
added to 20 ml of 1 mM solution of boiling and stirring
gold salt (HAuCl,), the final colloid of amethyst color
contains gold nanoparticles (Igbal et al. 2016). In the next
step, APTES and gold nanoparticles were deposited inside
the gold colloidal solution on glass substrates using the
spin-coat method. For this purpose, glass substrates were
placed in a spin-coat machine, then 10 ul of APTES was
dispersed on glass substrates and deposited for 2 minutes at
2500 rpm, and then 100 pl of this colloidal gold solution
was dispersed on glass substrates, and the deposition was
performed at 2500 rpm for 10 minutes, and the gold
nanoparticle coated substrates were dried at laboratory
temperature. In order to detect BPA molecules, the
concentrations 101, 102, 10, 104, 105, 10, 107, 108, and
10° M of BPA with DI solution were prepared separately by
a dropper, 10 pl of each of the prepared concentrations was
placed on active SERS substrates as plasmonic sensors, and
after being dried in the presence of air, Raman spectra of
BPA deposited on glass, and surface-enhanced Raman
spectra of active SERS substrates were measured and
analyzed as plasmonic sensors, and then molecular
vibrations of BPA in some consumer goods were detected
by SERS substrates as plasmonic sensors and Raman
spectroscopy.

2.3 Characterization

The UV-Vis spectroscopy of colloidal solution of gold
nanoparticles and active SERS substrates was performed as
plasmonic sensors by the Perkin-Elmer Lambda 25 device
at room temperature. Field Emission Scanning Electron
Microscope (FESEM) images were analyzed by Hitach
S4160, and Atomic Force Microscope (AFM) images were
analyzed using the device manufactured by an Iranian
company named Nanotechnology System Corporation
(NATSYCO). Confocal Raman Spectromicroscopy Lab
Ram HR made by Horiba company with laser radiation of a
wavelength of 633 nm and output power of 17 mW was
applied to measure the Raman spectra and SERS spectra of
the samples.

3. Results and discussion
3.1 Biosensor characterization

Fig. 2(a) shows the absorption spectra of gold nano-
particles made chemically with the tri-sodium citrate
dihydrate reductant. The emergence of a plasmonic
resonance peak at 517 nm confirms the formation of gold
nanoparticles (Ngumbi et al. 2018), and observation of an
absorption peak in the absorption spectra of gold nano-
particles indicates the spherical or quasi-spherical shape of
the nanoparticles (Baytekin et al. 2015). Fig. 2(b)
demonstrates the extinction spectra of gold nanoparticles
coated on active SERS substrate as plasmonic sensors. As
shown in Fig. 2(a), the deposition of gold nanoparticles on
glass substrates and the emergence of a plasmonic
resonance peak at 553 nm confirmed the formation of gold
nanoparticles on glass substrates. By changing the medium
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Fig. 2 (a) Absorption spectra of gold nanoparticles made
by the chemical method with maximum absorption at the
wavelength of 517 nm and extinction spectra of active
SERS substrates of gold nanoparticles as plasmonic
sensors with maximum extinction at the wavelength of
553 nm; (b) FE-SEM image related to active SERS
substrates as plasmonic sensors in scale bar of 10
microns, which was made in the amount of 100
microliters of gold nanoparticles in 10 minutes by spin-
coat method; (c) FE-SEM image of the active SERS
substrates as plasmonic sensors at a scale bar of 1 pm; (d)
Size distribution diagram of gold nanoparticles in the FE-
SEM image of active SERS substrates as plasmonic
sensors at a scale bar of 10 um measured by Digimizer
software (version 4.2); (e) UV-Vis spectroscopy of gold
nanoparticles made by the chemical method with
trisodium citrate dihydrate to evaluate the stability of
gold nanoparticles (for three months).

containing these particles that change from water to glass
and air, the displacement occurs at the wavelength of the
plasmonic peak, and its height decreases, and the width of
the peaks increases since the position of the plasmonic peak
depends on the refractive index of the medium (Bohren and
Huffman 2008). According to Fig. 2(a), in contrast to the
stable colloidal solution, gold nanoparticles are dispersed in
an aqueous solution and at certain distances from each
other. By depositing gold nanoparticles on glass substrates
during drying, the particles are placed next to each other,
and agglomerates consisting of several nanoparticles are
formed on the substrates so that these agglomerates can be
considered as larger particles that lead to an increase in the
spectrum width (Bohren & Huffman, 2008). The decrease
in peak intensity is also due to light scattering from
agglomerated particles (Bohren & Huffman, 2008). The
occurrence of the field of extinction spectra (absorption
spectra + scattering spectra) of active SERS substrates as
plasmonic sensors at higher amounts compared to
absorption spectra is due to the reflection and scattering of
light from the glass surface. Fig. 2(b) indicates the FE-SEM
image of the active SERS substrates as a plasmonic sensor

at a scale of 10 microns. In the sample shown in Fig. 2)b),
the surface of the glass substrate has been coated with
nanoparticles and larger particles. Smaller particles of
darker colors are observed in the background of the images,
which are approximately 50 nm in size. The coating
involving gold nanoparticles has coated the glass surface
relatively homogeneously and uniformly. Fig. 2(c) indicates
the FE-SEM image of the active SERS substrates as a
plasmonic sensor at a scale bar of 1 um. Larger particles
appear brighter and whiter. Smaller gold nanoparticles lead
to significant near electric fields around themselves that
result from the resonance of surface plasmons of gold, and
in the case that BPA chemical samples are placed in these
positions, they will also be exposed to near electric fields.
Larger particles have negligible near electric fields, and the
light emitted on them is scattered from their surface or
amplifies the far electric field (Ding et al. 2017). Therefore,
with increasing the deposition time for 10 minutes, due to
the formation of larger particles, the effect of scattering
from the surface of the larger particle is more significant
than the effect of the near field.

In Fig. 2(d), the size distribution of gold nanoparticles
has been measured using Digimizer software (version 4.2),
which shows that their sizes range from 5 nm to 100 nm,
and the number of particles with the size of 45 nm and 50
nm is more than other nanoparticles. In Fig. 2(e), UV-Vis
spectroscopy has been evaluated for reaching the stability of
gold nanoparticles in the presence of the trisodium citrate
dihydrate; after three months, the gold nanoparticles were
prepared with the trisodium citrate dihydrate showed an
excellent rate of stability.

3.2 AFM 1mages of gold nanoparticles coated on
active SERS glass substrates as plasmonic sensors

Figs. (3a) and (3b) indicate the two-dimensional and
three-dimensional AFM images of active SERS substrates
as plasmonic sensors of gold nanoparticles coated on a glass
substrate, respectively. Fig. 3(c) shows the roughness plot
of the surface of active SERS substrates of gold
nanoparticles coated on the glass substrate, and the
characteristics of surface roughness were calculated by
Image Plus software (version 2.9) by drawing a green line
from the diameter of Fig. 3(b). Roughness average (Ram),
the average maximum height of the roughness (Rtm), and
average maximum roughness valley depth were calculated
to be 28.2 nm (0.0282 um), 129.6 nm (0.1296 pm), and
104.1 nm (01041 pm). The surface roughness created by
active SERS substrates of gold nanoparticles coated on the
glass substrate can be the center for light scattering and
amplify the Raman signal (Baytekin et al. 2015).

3.3 Raman spectra and detecting BPA using gold
nanoparticles coated on active SERS glass substrates
as plasmonic sensors

Raman spectra of glass substrates (brown curve), Raman
spectra of gold nanoparticles coated on glass substrates (red
curve), Raman spectra of BPA of concentration of 10 M
deposited on the glass substrate (blue curve), and SERS
spectra of BPA molecule of a concentration of 101 M
deposited on active SERS substrates, gold nanoparticles
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Fig. 3 (a) Two-dimensional AFM images; (b) three-dimensional AFM images; and (c) roughness plot of active SERS
substrates of gold nanoparticles coated on the glass substrate
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Fig. 4 (a) Raman spectra of the glass substrate (brown curve), Raman spectra of gold nanoparticles coated on glass
substrates (red curve), Raman spectra of BPA of concentration of 10 M deposited on glass substrates (blue curve),
SERS spectra of BPA of concentration of 10" deposited on active SERS substrates of gold nanoparticles coated on
glass substrates (pink curve); (b) SERS spectra of BPA of concentrations of 10 (black curve), 102 (red curve), 107
(blue curve), 10* (pink curve), 10" ( Brown curve), 10 (blue-dark curve), 1077 (purple curve), 102 (green curve) and
10° (orange curve) molar of gold nanoparticles coated on glass substrates; (c) SERS spectra of ten separate points
from BPA of concentration of 10° M at a volume of 10 pL added on active SERS substrates of gold nanoparticles
coated on glass substrates. Diagram of changes in ten continuous experiments of BPA with a concentration of 10° M;
the value of RSD has been calculated to be 4.72%, 3.49%, and 4.32% for the peaks at wavelengths of 1289 cm™,
1602 cm?, and 3090 cm™, respectively; (d) the RSD variations are indicated as a bar chart and calculated to be 4.79%
(red diagram), 3.49% (green diagram), and 4.32% (blue diagram) for wavelengths of 1289 cm, 1602 cm, and 3090
cm?, respectively.
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coated on glass substrates (pink curve) are observed in Fig.
4(a). In Raman spectra of BPA deposited on the glass
substrate (blue curve), no molecular vibrations of BPA are
observed. Hence, it is practically impossible to detect these
chemicals even with a concentration of 10 M and using

Raman spectroscopy. By depositing BPA of a concentration
of 10X M on the active SERS substrates, gold nanoparticles
coated on glass substrates, and molecular vibrations of BPA
emerge. Molecular vibrations of BPA (Lee et al. 2000,
Rodriguez-Gonzalez et al. 2013) are indicated as dashed
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lines on BPA spectra in Fig. 4(a). In the case of BPA
molecule deposited on active SERS substrates, gold
nanoparticles coated on glass substrates, flexural vibrations
of C-H, flexural vibrations of C-H, tensile vibrations of C-
O, flexural vibrations of C-H, tensile vibrations of the
phenyl ring, tensile vibrations of C-O, tensile vibrations of
benzene rings, and tensile vibrations of phenyl-hydrogen
ring emerge at 1121 cm, 1188 cmt, 1289 cm?, 1457 cm™,
1602 cm?, 1730 cm?, 2911 cm?, and 3090 cm,
respectively. The enhancement of the Raman signal is due
to the use of active SERS substrates of gold nanoparticles
coated on glass substrates because of light scattering from
rough points. Larger gold particles observed in Fig. 2(b)
enhance the Raman signal by scattering incident laser light
and reaching the scattered light to BPA. Another reason for
the enhancement of the Raman signal is the resonance of
surface plasmons of smaller gold particles or the strong
electric fields around these nanoparticles. The gold nano-
particles demonstrated in Fig. 2(b) act similar to optical
lenses and focus incident laser light around themselves.
Therefore, the intensity of the electric field near the
nanoparticles increases, and BPA experiences a strong
electric field and becomes more polarized by depositing
BPA around the nanoparticles, resulting in amplified
molecular vibrations and more intensive signals (Chen et al.
2015, Granger et al. 2016).

Fig. 4(b) shows the SERS spectra of BPA with
concentrations of 10 (black curve), 102 (red curve), 103
(blue curve), 10“ (pink curve), 10° (brown curve), 10
(dark blue curve), 107 (purple curve), 10 (green curve),
and 10 (orange curve) molar of gold nanoparticles coated
on glass substrates. As the BPA concentration decreases, the
intensity of the peaks of its molecular vibrations is reduced
due to the decrease in the number of BPA molecules,
resulting in a reduction of the number of molecular
vibrations so that BPA vibrations are not readily visible in
the concentrations lower than 10° M. Therefore, active
SERS substrates of gold nanoparticles coated on glass
substrates can detect the BPA of concentrations up to 10°°
M. Then, in order to achieve the repeatability in fabricating
the active SERS substrates of gold nanoparticles coated on
glass substrates, ten continuous experiments were performed
for a concentration of 10° M of BPA during one day. Fig.
4(c) shows the SERS spectra of ten separate points of BPA
at a concentration of 10° M and a volume of 10 uL
deposited on active SERS substrates of gold nanoparticles
coated on glass substrates. It is evident that all SERS
spectra of BPA are properly fitted at concentrations of 10-°
M, and no change in the displacement and characteristics of
the spectra is observed. Relative standard deviation (RSD)
was calculated by Eq. (1) for the peaks at wavelengths of
1289 cm?, 1602 cm?, and 3090 cm? to evaluate the
repeatability of fabricating active SERS substrates of gold
nanoparticles coated on glass substrates at a concentration
of 10° M of BPA (Parsons et al. 2009).

(L =1y
RSD:@ ()

where n = 10 is the number of tested Raman spectra,

implies the intensity of the Raman signal at each specified
peak, and | denote the average intensity of the Raman signal
of the specified peaks. Fig. 4(c) presents the diagram of the
changes of ten continuous experiments of BPA at a
concentration of 10° M for peaks at wavelengths of 1289
cm?, 1602 cmt, and 3090 cm* with RSD values of 4.72%,
3.49%, and 4.32%, respectively. In Fig. 4(d), the calculation
changes of RSD have been calculated for the wavelengths
of 1289 cm™, 1602 cm™, and 3090 cm™ to be 4.72% (red
diagram), 3.49% (green diagram), and 4.32% (blue
diagram) and specified as a bar chart. The RSD obtained in
this experiment was 4.15% on average, which statistically
indicates the satisfactory performance of the method
applied to determine BPA concentration. Other methods that
have been used to determine the concentration of BPA in
different samples include gas and liquid chromatography
with mass detectors, however, low detection limits have
been achieved for them, numerous sample preparations are
required, and also the cost and time of sample preparation
and analysis are high (Fan et al. 2012, Q. Wang et al. 2012,
Xiaowei Yu et al. 2013).

3.4 Calibration curve of intensity changes, raman
spectra and detection of BPA using gold nanoparticles
coated on active SERS glass substrates as plasmonic
sensors

Fig. 5(a) shows the intensity diagram of SERS spectra
of BPA molecule adsorbed on active SERS substrates of
gold nanoparticles coated on glass substrates relative to
variations in 101, 102, 102, 104, 10®, 106, 107, 10%, and
107 concentrations of BPA molecules in molar for peaks at
a wavelength of 1289 cm (black curve), 1602 cm™ (red
curve), and 3090 cm? (blue curve). Fig. 5(b) is the
calibration curve that indicates the changes in the intensity
of the SERS signal and tensile vibrations of C-O at a
wavelength of 1289 cm* in terms of logarithmic changes in
the concentration of BPA molecule, C, which follows Eq.
(2) by performing the fitting operations.

[ = 291.275C? + 4815.409 C + 20089.791 @)
(R? = 0.99267)

where the regression coefficient (R?) is equal to 0.99267.

Fig. 5(c) indicates the SERS spectra shown in Fig. 5(b)
and SERS spectra of BPA with concentrations of 10 (black
curve), 102 (red curve), 102 (blue curve), 10* (pink curve),
105 (brown curve), 10 (dark blue curve), 107 (purple
curve), 108 (green curve), and 10°° (orange curve) in molar
scales deposited on the active SERS substrate shown in the
range of 1260-1320 cm. By applying this diagram and
observing the peak intensity of molecular vibrations, the
tensile vibrations of C-O at a wavelength of 1289 cm™ for
an uncertain amount of BPA molecules, its concentration
can be obtained. Fig. 5(d) is the calibration curve that
indicates the changes in the intensity of the SERS signal
and tensile vibrations of the phenyl ring at a wavelength of
1602 cm? in terms of logarithmic changes in the
concentration of BPA molecule, C, which follows Equation
(3) by performing the fitting operations.

I = 505.196 C? + 8385.303 C + 35015.833 3)
(R? = 0.99349)
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Fig. 5 (a) The intensity diagram of SERS spectra of BPA molecule adsorbed on active SERS substrate of gold
nanoparticles coated on glass substrates relative to variations in 10, 102, 1073, 10*, 105, 10, 107, 108, and 10°
concentrations of BPA molecules in molar for peaks at wavelength of 1289 cm (black curve), 1602 cm™ (red curve),
and 3090 cm™ (blue curve); (b) The calibration curve that indicates the changes in | of SERS signal related to
molecular vibrations, tensile vibrations of C-O at wavelength of 1289 cm in terms of logarithmic changes in the
concentration of BPA molecule, C, of active SERS substrate of gold nanoparticles coated on glass substrates extracted
from Fig. (4b); (c) The SERS spectra shown in Fig. (5b) and SERS spectra of BPA with concentrations of 10 (black
curve), 102 (red curve), 10 (blue curve), 10 (pink curve), 10° (brown curve), 10 (dark blue curve), 107 (purple
curve), 108 (green curve), and 10 (orange curve) in molar scales deposited on the active SERS substrate shown in
the range of 1260-1320 cm™. By applying this diagram and observing the peak intensity of molecular vibrations, the
tensile vibrations of C-O at wavelength 1289 cm* for an uncertain amount of BPA molecules, its concentration can be
obtained; (d) The calibration curve that indicates the changes in | of SERS signal related to molecular vibrations,
tensile vibrations of phenyl ring at wavelength 1602 cm in terms of logarithmic changes in the concentration of BPA
molecule, C, of active SERS substrate of gold nanoparticles coated on glass substrates extracted from Fig. (4b); ()
The SERS spectra shown in Fig. (5d) and SERS spectra of BPA with concentrations of 10 (black curve), 102 (red
curve), 102 (blue curve), 10 (pink curve), 10-° (brown curve), 10 (dark blue curve), 107 (purple curve), 10 (green
curve), and 10 (orange curve) in molar scales deposited on the active SERS substrate shown only in the range of
1595-1610 cm™. By applying this diagram and observing the peak intensity of molecular vibrations, the tensile
vibrations of C-O at a wavelength of 1602 cm for an uncertain amount of BPA molecules, its concentration can be
obtained; (f) The calibration curve that demonstrates the changes in | of SERS signal related to tensile vibrations of
the phenyl-hydrogen ring at a wavelength of 3090 cm™* in terms of logarithmic changes in the concentration of BPA
molecule, C, of active SERS substrate of gold nanoparticles coated on glass substrates extracted from Fig. (4b); (g)
The SERS spectra shown in Fig. (5f) and SERS spectra of BPA with concentrations of 10 (black curve), 102 (red
curve), 102 (blue curve), 10 (pink curve), 10-° (brown curve), 10 (dark blue curve), 107 (purple curve), 10 (green
curve), and 10° (orange curve) in molar scales deposited on the active SERS substrate shown in the range of 3080-
3095 cm. By applying this diagram and observing the peak intensity of molecular vibrations, the tensile vibrations
of the phenyl-hydrogen ring at a wavelength of 3090 cm™ for an uncertain amount of BPA molecules, its
concentration can be obtained.
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where the regression coefficient (R?) is equal to 0.99349.
Fig. 5(e) indicates the SERS spectra shown in Fig. 5(d)
and SERS spectra of BPA with concentrations of 10 (black
curve), 102 (red curve), 103 (blue curve), 10" (pink curve),
10 (brown curve), 10 (dark blue curve), 107 (purple
curve), 108 (green curve), and 10°° (orange curve) in molar
scales deposited on the active SERS substrate shown in the
range of 1595-1610 cm™. By applying this diagram and
observing the peak intensity of molecular vibrations, the
tensile vibrations of C-O at a wavelength of 1602 cm for
an uncertain amount of BPA molecules, its concentration
can be obtained. Fig. 5(f) is the calibration curve that

demonstrates the changes in the intensity of the SERS
signal and tensile vibrations of the phenyl-hydrogen ring at
a wavelength of 3090 cm™ in terms of logarithmic changes
in the concentration of BPA molecule, C, which follows Eq.
(4) by performing the fitting operations.

I = 236.071 C2 + 3925.847 C + 16468/976 @
(R? = 0.99404)

where the regression coefficient (R?) is equal to 0.99404.
Fig. 5(g) indicates the SERS spectra shown in Fig. 5(f)

and SERS spectra of BPA with concentrations of 10 (black

curve), 102 (red curve), 102 (blue curve), 10* (pink curve),
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Fig. 6 Raman spectra and BPA detection using gold
nanoparticles coated on active SERS glass substrates as
plasmonic sensors in real samples of some consumer
goods: 1) plastic spoon, 2) plastic container (for storing
bread), 3) powdered milk bottles, and 4) transparent
plastic spoons.

10° (brown curve), 10 (dark blue curve), 107 (purple
curve), 108 (green curve), and 10° (orange curve) in molar
scales deposited on the active SERS substrate shown in the
range of 3080-3095 cm. By applying this diagram and
observing the peak intensity of molecular vibrations, the
tensile vibrations of the phenyl-hydrogen ring at a
wavelength of 3090 cm for an uncertain amount of BPA
molecules, its concentration can be obtained. Since the
purpose of fabricating the plasmonic sensors of active
SERS substrate is to detect very low concentrations of BPA
molecules, the linearity of calibration curves of the low
concentrations is of great importance and can be observed
in the present study. By applying this diagram and
observing the peak intensity of molecular vibrations of the
molecule in Raman spectra, its concentration can be
obtained.

3.5 Raman spectra and BPA detection using gold
nanoparticles coated on active sers glass substrates as
plasmonic sensors in real samples of some plastic
consumer goods

In the following, real samples of some consumer goods
were used to investigate the application of the fabricated
sensor to detect BPA using gold nanoparticles coated on
active SERS glass substrates as plasmonic sensors.
Maragou et al. (2008) and Nerin et al. (2003) suggested that
when the boiled water is added to powdered milk bottles,
2.4-14.3 mg/kg of BPA is added to the liquid. According to
Fig. 6, some samples of plastic containers, including 1)
plastic spoon, 2) plastic container (for storing bread), 3)
powdered milk bottle, and 4) transparent plastic spoons,
were used in the present study. Afterward, 500 ml of boiled
water was prepared and poured separately on each of the
samples, and 10 ml of water poured on each of the real
samples was collected, and then SERS spectra were
investigated for the detection of BPA by applying gold
nanoparticles coated on active SERS glass substrates as
plasmonic sensors in real samples of some consumer goods.
As shown in Fig. 6, molecular vibrations of BPA emerge by

placing 10 pL of water poured on each of the real samples
collected on the active SERS substrate of gold nanoparticles
coated on glass substrates. Molecular vibrations of BPA in
four real samples are indicated in Fig. 6. For the BPA
molecule in four real samples placed on the active SERS
substrate of gold nanoparticles coated on glass substrates,
tensile vibrations of C-O, the phenyl ring, and the benzene
rings appear at 1289 cm, 1602 cm?, and 2911 cm?,
respectively. Therefore, the Raman results indicate that
active SERS substrate of gold nanoparticles for detecting
BPA in real samples of consumer goods by the developed
methods show promising results for SERS-based studies
and can lead to the development of microsensors.

4. Conclusions

The Raman signal can be enhanced by exposing the
BPA molecule to the resonance of surface plasmons of
metal nanoparticles such as gold and the scattering of light
from large metal particles. Therefore, first, gold
nanoparticles with an approximate size of 20 nm were
produced using the chemical reduction method, and then the
gold nanoparticles were deposited on glass substrates under
2800 rpm and at room temperature for 10 minutes using the
spin-coat method, which is a simple, fast, and cheap
technique. These substrates were applied as active SERS
substrates for detecting the BPA molecule. The Raman
signal of BPA is enhanced by placing BPA on active SERS
substrates in all different samples and concentrations of
BPA due to the resonance of surface plasmons of
nanoparticles deposited on the glass surface by the spin-coat
method. They receive incident laser light and concentrate it
in a small area around themselves; the BPA molecule
becomes more polarized, resulting in more intense
vibrations by placing the BPA molecule in these areas and
due to receiving a stronger electric field. Observing the
plasmonic peak of the active SERS substrates of biological
nanosensors of gold nanoparticles as an aqueous phase
colloidal solution or deposited on the fabricated glass
substrate at 517 nm and 553 nm, respectively, the
deposition of gold nanoparticles on glass substrates was
confirmed. By observing the FESEM images, the active
SERS substrate of gold nanoparticles deposited on the glass
substrate was confirmed. The roughness of the active SERS
substrate of gold nanoparticles deposited on the glass
substrate, resulting from the non-uniformity of the gold
nanoparticles, leads to the scattering of light from points
observed in the image of the electron microscope. The
roughness observed in the AFM image for the active SERS
substrate of gold nanoparticles deposited on the glass
substrate assists in scattering light from rough points. The
active SERS substrate of gold nanoparticles deposited on a
glass substrate was fabricated to detect BPA molecules; the
evaluation was performed for the detection limit of 10° M,
and the RSD was calculated to be 4.15% for ten repeated
measurements at a concentration of 10° M. Afterward, real
samples of some consumer goods were used to investigate
the application of the fabricated sensor to detect BPA using
gold nanoparticles coated on active SERS glass substrates
as plasmonic sensors. Therefore, the Raman results



Coating gold nanoparticles to a glass substrate by spin-coat method ... 425

obtained for active SERS substrates of gold nanoparticles
deposited on a glass substrate for detecting the BPA
molecule by developed methods show promising results for
SERS-based studies and can lead to the development of
microsensors. High detection speed, sensitivity, selectivity,
repeatability, ease of use, and the rapid detection of low
concentrations are the advantages of active SERS substrate
of gold nanoparticles deposited on an introduced glass
substrate; its fabrication is not expensive and can detect a
variety of pathogens in food, biological materials, and
chemicals
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