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Abstract

Spherical gold nanoparticles (AuNPs) of different sizes have been synthesized for the in situ detection of trace contaminants
by Surface Enhanced Raman Spectroscopy (SERS) with Rhodamine 6G (R6G) as a probe molecule. TEM analyses revealed
that most of the AuNPs are uniform in size and spherical in shape with an average dia. of~ 12+ 1 nm and ~25 + 3 nm for solu-
tion pH 10.0 (GNP-10) and pH 6.0 (GNP-6), respectively. HR TEM lattice fringe analyses exhibit a consistent expansion of
d-spacing for smaller GNP-10 compared to those of larger GNP-6 nanoparticles elucidated from both Au(111) and Au(200)
planes. The SERS enhancement factor was calculated to be ~20-fold larger for GNP-6 compared to that of GNP-10 while ~5
puL of AuNPs solution added in situ atop the 0.2x 1073 M R6G droplet (size ~4 mm) for Raman spectra recorded for~5 s.
Following this liquid phase SERS protocol, the detection limit as low as 10'! M of R6G was successfully demonstrated.

Introduction

There has been tremendous attention in detecting trace-level
chemical contaminants such as pesticides, adulterants, anti-
biotics, illegal drugs, and hazardous dyes that are harmful to
humans and the environment. One of the major limitations in
effectively managing chemical contaminants is the absence
of rapid, precise, and efficient methods to detect, identify,
and quantify toxic substances in complex samples. Numer-
ous molecular methods have been developed based on opti-
cal, electrochemical, electronic, or gravimetric procedures
to quantify these contaminants such as high-performance
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liquid chromatography (HPLC), immunological assays,
surface-enhanced Raman spectroscopy (SERS), polymer-
ase chain reaction (PCR) and liquid chromatography—mass
spectrometry (LC-MS) [1, 2]. Among them, SERS is one of
the best candidates for ultratrace and single-molecule level
detection through molecular fingerprint specificity [3, 4].
SERS utilizes the surface plasmon resonance (SPR) features
of nanostructures to enormously enhance the Raman scatter-
ing signals of samples understudy. Therefore, the develop-
ment of facile and cost-effective SERS protocols holds great
promise for advancing this technology across a spectrum of
applications, mitigating the need for extensive sample prepa-
ration, which will pave the way for practical implementation
in diverse fields ranging from pharmaceuticals to biomedical
diagnostics, materials sciences to environmental monitoring
[5-8]. In SERS amplification, two main mechanisms such
as the chemical mechanism (CM) and the electromagnetic
mechanism (EM) are involved. The CM arises from the
localized charge transfer that originates in the nanomateri-
als whereas the EM mechanism is due to the enhanced local
electric field that causes a significant increase in the Raman
scattering. As a result, for SERS substrates metallic nano-
particles (for example, Ag, Cu, and Au) have drawn a lot of
interest [9]. Among them, Gold (Au) nanoparticles (NPs)
have received the most attention due to their biocompatible,
optical, electric, and chemical characteristics [10]. Moreo-
ver, the efficiency of surface-enhanced Raman scattering
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(SERS) substrates is greatly dominated by the size and shape
of the AuNPs. The smaller AuNPs (< 60 nm) compared to
larger ones can lead to a gigantic SERS enhancement due
to their large surface-to-volume ratio [11, 12] as well as the
combination of resonance matching of two or more nano-
structures and enhanced surface adsorption of analytes on
the nanostructures. To this end, tremendous efforts have
been made to control the mean size, shape, and surface mor-
phology to produce optimum-size AuNPs [13, 14]. In 1998,
Emory et al. demonstrated size-dependent SERS enhance-
ment in single metal nanoparticles and later in 2006, Plech’s
group revisited the Turkevich method for gold nanoparti-
cle synthesis [15, 16]. In our previous study, we demon-
strated that spherical shapes AuNPs exhibit a better SERS
enhancement than that of rod-shaped AuNPs [17] utilizing
a 785 nm laser as a Raman excitation source. In this study,
using spherical AuNPs of optimized size, we demonstrated
a facile liquid phase SERS protocol for in situ detection of
low-level contaminants present in pharmaceuticals, agricul-
ture, and fruits and foodstuffs. In this direction, different
sizes of spherical AuNPs were prepared to assess their utility
to detect the lower detection (LoD) limit of Rhodamine 6G
(R6G), as a proof-of-concept. The suggested method in this
study is easily adaptable for quick identification of hazard-
ous chemicals in the liquid phase because there is no need
for extensive sample preparation/modification.

Materials and methods
Synthesis of gold nanoparticles

The chemicals used for AuNPs synthesis were chloroauric
acid (HAuCl,, Sigma-Aldrich), sodium citrate dihydrate
(Na;C4H50,-2H,0, Sigma-Aldrich), hydrochloric acid (HCI,
reagent grade, 37%, Sigma-Aldrich) and nitric acid (HNO;,
ACS reagent grade, 70%, Ricca Chemical). Rhodamine 6G
(R6G, Sigma-Aldrich) was used as a probe molecule. The
detailed synthesis procedure of AuNPs can be found in our
previous study [17] and the Supplementary Information (ST)
file. However, the molar ratio of chloroauric acid (HAuCl,)
and sodium citrate dihydrate (SCD); (HAuCl,/SCD) was 2:1
and 1:2 respectively at pH~ 6.0 and ~ 10.0. Hereafter, gold
nanoparticles grown from lower and higher SCD molar con-
centrations are labeled as “GNP-6" and “GNP-10" respec-
tively for convenience. The deionized (DI) water (~ 18.2 MQ
cm) was used to prepare all solutions.

Characterizations
Before instrumental characterization, the AuNPs solution

was centrifuged at 10,000 rpm for 15 min. After centrifuga-
tion, the precipitated AuNPs were collected and dispersed

4 Springer

in DI water. This procedure was repeated 5 times. Then the
unreactive SCD-free AuNPs solution’s electronic absorp-
tion spectra for the maximum surface plasmon resonance
(SPR) wavelength (A,,,) were determined using a Shimadzu
2600 UV-Vis—NIR spectrometer. Zeta potential and particle
diameter measurements were conducted using a Dynamic
Light Scattering (DLS) instrument (Horiba SZ-100V2) with
a minimum of three consecutive measurements to confirm
its accuracy. The average diameter of nanoparticles was
estimated from the peak maxima of DLS size distribution
curves. For morphology/shape, size distribution, crystal
structure, and chemical information of synthesized AuNPs
were examined by a Transmission Electron Microscope
(TEM) (Talos F200XG2, ThermoFisher SCIENTIFIC).
TEM specimen preparation can be found in the SI file. The
SERS spectra were recorded using a Raman spectrometer
(Horiba MacroRam, USA) equipped with a 785 nm diode
laser. We used the R6G (0.2 x 107 M) droplet of ~3 mm
diameter on the pre-cleaned Stainless Steel (SS) substrate
as a Raman probe. For the limit of detection (LoD) of R6G,
the stock solution of R6G (0.2 x 107 M) was sequentially
diluted in different concentrations from 0.1 x 1073 (= 10™%)
to 107! M using DI water. Then ~5 uL. GNP-6 and GNP-10
solutions are added atop the R6G droplet (diameter ~3 mm)
separately and the SERS spectra are taken immediately with
an acquisition time of ~ 5 s if not mentioned otherwise.

Results and discussion

UV-Vis—NIR absorption spectroscopy and particle
sizing with Zeta potential

UV-Vis absorption spectroscopy is considered one of the
foremost techniques for evaluating the optical nature of
nanoparticles [18]. Figure 1a shows the absorbance of
R6G (inset shows the chemical structure) with three peaks
near 527 nm, 347 nm, and 248 nm with significantly dom-
inant absorption at 527 nm called absorbance maxima
(Mpax)- The AuNPs can possess different SPR bands due
to the excitation of electron clouds by the incident elec-
tromagnetic wave. The electron cloud can oscillate on the
nanoparticle’s surface by absorbing electromagnetic radi-
ation with a certain amount of energy at their nanoscales.
Due to their surface sensitivity, SPR is a useful tool for
monitoring adsorption onto particle surfaces [19]. As can
seen from Fig. 1b, the SPR bands were shifted from a
lower wavelength of 519 nm to a higher wavelength of
523 nm with the decrease of SCD molar concentration
with respect to HAuCl, from HAuCl,/SCD =1:2 (GNP-
10) to HAuCl,/SCD =2:1 (GNP-6). It can be inferred that
the position of SPR bands of AuNPs has size-dependency
[20]. So the absorption band at the lower wavelength of
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Fig. 1 a Absorbance peak of R6G with chemical structure, b UV-Vis absorbance spectrum of as-synthesized different AuNPs, and c size distri-

bution curve of synthesized AuNPs measured by the DLS method

519 nm indicates the formation of smaller particle sizes,
and the electron orbitals move closer to one another,
causing the blue shift effect (absorb high energy) and
the absorption band at the higher wavelength of 523 nm
indicates the formation of large particle sizes due to their
overlapping orbitals causing the red-shift effect. These
observations of size-dependent AuNPs are further ana-
lyzed by DLS and TEM studies and discussed in the fol-
lowing sections.

For proper characterization of synthesized AuNPs,
measurement of particle size and surface charge (e.g.,
Zeta potential) is crucial. From DLS we get the hydro-
dynamic diameter (particle size) and the Zeta potential
value of AuNPs. Figure 1c indicates that our synthesized
AuNPs are of ~25+ 1 nm at pH 10.0 (GNP-10) which
exhibited Zeta potential of —17.69 mV and those of
AuNPs of size ~35+ 1 nm at pH 6.0 (GNP-6) with Zeta
potential of —32.78 mV. It is observed that the lower SCD
concentration leads to larger size AuNPs and higher SCD
concentration leads to smaller AuNPs (cf. Figure 1b and
¢). Therefore, it can be concluded that when the concen-
tration ratio of HAuCl, and SCD is increased from 2:1
to 1:2, the number of nuclei increases which decreases
the AulNPs sizes [21]. Moreover, both the particle size
distribution and Zeta potential value increase in acidic
conditions. The stability of nanoparticles and their Zeta
potentials are related to each other through four poten-
tial ranges such as values from—5 to+5 mV (aggrega-
tion), about + 20 mV (short time stability), above + 30 mV
(good stability), and £ 60 mV (excellent stability)
[22]. Therefore, we can infer that AuNPs of ~35 nm
(—32.78 mV) exhibit better stability than those of ~25 nm
(= 17.69 mV) size. For a more accurate measurement of
nanoparticle size as well as direct visualization of their
shape, systematic TEM analyses were conducted and dis-
cussed in the section below.

Transmission electron microscopy

TEM analyses were performed to estimate the particle size
and size distribution directly as well as to verify the shapes
and calculate the inter-planer spacing value of the dispersed
suspension of AuNPs. As can be seen from Fig. 2a and e,
the low-resolution Bright Field (BF) TEM micrographs
confirmed that the AuNPs are spherical and almost uni-
form in size. To get the mean size distributions of AuNPs
Image] software was used to analyze the TEM images and
the average diameter of as-prepared AuNPs was found to be
12+ 1 nm (GNP-10) and 25 +3 nm (GNP-6) respectively
(cf. Figure 2b and f). From TEM analysis it is also demon-
strated that AuNPs sizes increased with the decrease in the
molar ratio of HAuCl, and SCD. The particle size of the
formed AuNPs decreased from ~25 nm (GNP-6) to~ 12 nm
(GNP-10) with the increase of the molar ratio of HAuCl, and
SCD from 2:1 to 1:2 [23].

The high-resolution transmission electron microscopy
(HR-TEM) images are depicted in Fig. 2c, d, g, and h, where
the high crystallinity of the material is indicated by the well-
defined lattice fringes. It determines the inter-planar spac-
ing, d,,;, specific to the Miller index (kkl). The estimated
d-spacing values of 0.232 nm and 0.222 nm (see Fig. 2¢ and
g) for GNP-10 and GNP-6, respectively, correspond to the
d;,; plane of Au. In contrast, the estimated d-spacing values
of 0.209 nm and 0.201 nm (see Fig. 2d and h) for GNP-10
and GNP-6 respectively, correspond to the d,, lattice planes
of Au [24]. The reduction of the d-spacing value (for the d,
plane, the d-value reduced from 0.232 to 0.222 nm, and for
the d,q, plane, the d-value reduced from 0.209 to 0.201 nm)
confirmed the size of AuNPs is increased corroborating the
literature [25]. It is also confirmed that prepared nanopar-
ticles are AuNPs, and no other impurities are present in the
specimen. The particle sizes from DLS and TEM are not
well-matched but follow the trend with synthesis conditions
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Fig.2 a, e TEM Bright Field (BF) images of AuNPs grown at pH
10.0 (GNP-10) and pH 6.0 (GNP-6), b, f corresponding size distri-
bution; and high-resolution lattice fringe images showing inter-planar
spacing (¢, g) correspondent to (111) plane, and d, h correspondent

(table in Fig. 2). This is because, TEM provides the pro-
jected surface area depending on how much incident elec-
trons were transmitted through the specimen, whereas DLS
measures the hydrodynamic radius (Ry) of the dispersed
particles. Moreover, TEM is a number-based direct measure-
ment technique whereas the DLS is an intensity-based indi-
rect measurement technique ([26] and references therein).
As a result, the particle sizes obtained by TEM are usually
smaller than those of DLS.

AuNPs size-dependent SERS enhancement

The type of material, size, and shape play the dominant role
in determining SERS enhancement. The choice of nanoparti-
cle size for SERS application must be based on experimental
data and the comparison between the enhancement effects
for a target chemical (SERS probe) when utilizing various
nanoparticle sizes [27]. The organic dye, R6G was used to
investigate the nanoparticle’s size and shape effect on SERS.
Figure 3a shows SERS sample preparation on SS substrates
(real photographs on the left side, schematic diagram on the
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to (200) plane of AuNPs. The table in the bottom panel summarizes
UV-Vis absorption, DLS, and TEM data of spherical AuNPs with
their synthesis conditions
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Fig.3 a SERS sample preparation on the stainless steel (SS) base
substrate (real photographs on the left side, schematic diagram on
the right side), and b Raman spectra of R6G (0.2 x 10> M) with no,
(GNP-10)~ 12 nm, and (GNP-6)~25 nm diameter spherical AuNPs
nanoparticles
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right side) by using ~5 pL. of AuNPs solution added in situ
atop the 0.2x 107> M R6G droplet (size ~4 mm) for Raman
spectra recorded for ~5 s. The corresponding Raman spectra
are displayed in Fig. 3b. As can be seen from Fig. 3b (red
curve, bottom panel), R6G without AuNPs addition gives
some peaks with a very low intensity. To identify all signifi-
cant peaks of R6G, prepared GNP-10 and GNP-6 were used
and the SERS bands appeared approximately at 615, 774,
1127, 1192, 1312, 1365, 1508, and 1651 cm™!; corrobo-
rating the reported bands for R6G molecules [28]. These
bands are divided into different groups of vibrational modes,
at 615 cm™! for C—C—C ring in-plane, out-of-plane bend-
ing for C—H at 774 cm™!, and C-H stretching vibrations at
1127 cm™!, respectively. As well as C—C aromatic stretching
vibrations at 1192, 1312, 1365, 1512, and 1651 cm™" [29].
When GNP-6 were given on R6G (Fig. 3b black curve, top
panel), the peak position at~615 cm™' shows the highest
enhancement of ~ 12,000 counts. In contrast, when GNP-10
were given on R6G (Fig. 3b, blue curve, middle panel) the
enhancement is only ~450 counts at the same peak position.

When the height of each Raman significant peak of
R6G was compared with the SERS peak height of R6G
shown in Table S1 [see Supplementary Information (SI)
file], GNP-6 on R6G exhibited an average enhancement
of ~47.49 which is ~20 times higher than the enhance-
ment by GNP-10 on R6G. The larger AuNPs of ~25 nm
(GNP-6) yielded ~ 20-fold larger enhancement factor (EF)
than that of ~ 12 nm (GNP-10) AuNPs due to the closeness
of the SPR peak of the former to the absorption maxima
(Mpax ~ 527 nm) of R6G molecules. Moreover, the SERS
EF is a crucial parameter for assessing the SERS perfor-
mance. The SERS EF was calculated by using the equa-
tion, EF = (Iggrs/Iraman) X (Craman/Csers) for considering
615 cm™! band enhancement. For GNP-10 and GNP-6 on
R6G, Iggpg is~413.41 and ~ 11,235.27 counts, respectively,
under constant I, (88), Craman (02X 107> M), and Cgpps
(0.2x 107" M). The calculated EF for GNP-6 on R6G is
approximately 2.55x 10'°, which is significantly higher
than that of ~9.40 x 10® for GNP-10 on R6G. The highest
EF found in our study is ~ 10'°, which corroborates with
the theoretical value of the EM enhancement mechanism
reported by Le Ru et al. [30]. As a result,~25 nm (GNP-
6) sizes of spherical AuNPs were selected for subsequent
experiments.

Practical limit of detection (LoD) of R6G

The prepared AuNPs (GNP-6) were used to detect the LoD
of R6G in the solution phase. The colour of serially diluted
R6G solutions can be seen in Fig. 4a. Figure 4b shows the
characteristics of SERS spectra of serially diluted eight dif-
ferent concentrations of R6G solution. For concentrations of
107,107, 1071°, and 107" M a broad hump at 1365 cm™" is
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Fig.4 a Dilution of R6G solution with visual colours, and b SERS
spectra of serially diluted R6G up to 10~'! M concentrations

seen instead of a sharp peak. It may be because the number
of R6G analyte molecules is decreased with the decrease
of its concentration. When the analyte particle is less, the
laser is directly imposed on SS and a large hump is observed
which is consistent with our previous experiment [17].

Notice that for R6G concentration as low as 107! M,
Raman peaks at 615 ecm™!, 1512 cm™!, and 1651 cm™! are
still detectable even though with very low intensity. It can be
inferred from this study that our SERS protocol can detect
R6G at a LoD of 10~!! M. In Table S2 (SI file) a compara-
tive study was done for R6G with different SERS substrates
and dyes to show the practical utility and effectiveness of
our liquid phase SERS protocol for in situ detection of trace
level contaminants. Moreover, the advantage of this method
is that only 5-10 pL analyte and AuNPs solution without
any pre-treatment is enough to take a spectrum within a few
seconds.

Conclusion

In this study, we successfully synthesize spherical AuNPs
of two different sizes by chemical reduction method utiliz-
ing different concentration ratios of HAuCl, and sodium
citrate dihydrate (SCD) showing different pHs of mix-
ture solutions. Both larger and smaller size AuNPs were
employed to assess their suitability for the in situ detec-
tion of trace contaminants by Surface Enhanced Raman
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Spectroscopy (SERS) with R6G as a probe molecule.
UV-Vis absorption spectra of as-synthesized AuNPs
exhibit surface plasmon resonance (SPR) bands at around
519 and 523 nm and the Dynamic Light Scattering (DLS)
technique displayed that the hydrodynamic size (Zeta
potential) of ~25+ 1 nm (- 17.69 mV) and~35+ 1 nm
(—32.78 mV) for those grown at pH 10.0 (GNP-10) and
pH 6.0 (GNP-6), respectively. TEM analysis revealed the
average size of spherical nanoparticles to be ~12+ 1 nm
(GNP-10) and ~ 25 + 3 nm (GNP-6) of AuNPs confirming
from high-resolution lattice fringes correspond to the d;;
and d,,, plane of AuNPs. The ~25 nm (GNP-6) Au-NPs
on R6G showed that the average enhancement is 47.49
and the highest SERS enhancement factor is ~2.55 x 101°.
For R6G of 10~!! M concentration, four peak positions at
615 cm™!, 774 ecm™!, 1365 cm™!, and 1512 cm™"! are still
observable with very low peak intensity. Our studies dem-
onstrated a simple SERS protocol that could be adopted to
detect low-level contaminants in pharmaceuticals, agricul-
ture, and food and foodstuffs in their liquid phase.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1557/s43580-024-00909-x.
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