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The widespread distribution of herbicides in the environment poses a significant risk to human health and
wildlife. Surface-enhanced Raman scattering (SERS) has emerged as a powerful technique for detecting
and analyzing herbicides. However, developing a low-cost, highly sensitive, reproducible, stable, and
Raman-active nanostructured substrate for herbicide detection remains a particular challenge. In this
research, a nanohybrid substrate consisting of gold nanoparticles@carbon nanodots (AUNPs@CNDs) was
synthesized by reducing HAUCl, in the presence of CNDs at 100 °C. The optical, chemical, and physical
properties of CNDs, AuNPs, and the hybrid AuNPs@CND substrates were thoroughly investigated using
various techniques including UV-vis spectrometry, Raman spectroscopy, X-ray photoelectron spec-
troscopy (XPS), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and
CytoViva darkfield and hyperspectral imaging. The SERS effect of the substrates was evaluated using rho-
damine 6G (Rh6G), a Raman-active probe, and two groups of herbicides containing mesotrione or
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S-metolachlor. The results demonstrated a significant signal amplification in the SERS spectra of Rh6G
and herbicide molecule detection using the AUNPs@CND substrate compared to bare CNDs and AuNPs
alone. This suggests that the nanohybrid AUNPs@CND SERS substrate holds promise for the detection of

rsc.li/analyst herbicides and other organic compounds in environmental applications.
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1. Introduction

The widespread distribution of herbicides in the environment
poses a significant risk to human health and wildlife."
Accurate, quantitative monitoring of herbicide residues,
especially in water environments, is critical for their manage-
ment, removal or treatment. Traditionally, a broad range of
analytical methods, such as gas chromatography (GC),> high
performance liquid chromatography (HPLC), GC-mass spec-
trometry (GC-MS), electrochemical and spectrophotometric
techniques, have been used for the extraction and determi-
nation of their concentration.*® Advancements in nano-

“Department of Nanoscience, Joint School of Nanoscience and Nanoengineering,
University of North Carolina at Greenshoro, Greensboro, NC 27401, USA.

E-mail: ] wei@uncg.edu

bEnvironmental and Legacy Management Department, Savannah River National
Laboratory (SRNL), Aiken, SC, 29808, USA. E-mail: Simona.Murph@srnl.doe.gov
“Syngenta Crop Protection Inc., Greensboro, NC 27409, USA

T Electronic supplementary information (ESI) available: UV-vis and SERS spectra
for synthesis optimization, additional TEM, XPS spectra, SERS spectra, and cali-
bration curves. See DOI: https://doi.org/10.1039/d4an00649f

This journal is © The Royal Society of Chemistry 2024

materials and nanotechnology have provided alternative
advantageous sensor technologies, such as nano-electro-
chemical sensors,” molecularly imprinted polymers,® and
nanoplasmonic surface enhanced Raman spectroscopy
(SERS),” which may enable easy operation, improved sensi-
tivity, portability and real-time and on-site applications.

The surface-enhanced Raman scattering (SERS) technique
relies on plasmonic metallic nanostructures to concentrate
electromagnetic energy, thereby enhancing the molecular
Raman signal. SERS spectroscopy is a powerful technique with
diverse applications in medical science and analytical chem-
istry.lo Tailored nanostructures enable fast, sensitive, nondes-
tructive, and highly efficient detection of probe molecules,
even facilitating single molecule analysis."’™* In SERS, the
amplification of the Raman signals of probe molecules results
from the excitation of localized surface plasmon resonance
(LSPR) at the metal-dielectric interface of the substrate.
Therefore, the magnitude of SERS enhancement critically
depends on the SERS substrate."

Gold and silver nanostructures are typical metals used as
SERS substrates due to their LSPR bands covering the visible
and near-infrared (NIR) wavelength regimes necessary to excite
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Raman modes.">'® While silver nanoparticles (AgNPs) offer
higher plasmon enhancement, they are susceptible to oxi-
dation, leading to poor stability.'® In contrast, gold exhibits
superior chemical stability.’®?" Recent SERS studies have
focused on developing and optimizing substrates with promis-
ing enhancement effects.”>>> For instance, a gold nanorod
array was developed and optimized for SERS detection of the
herbicide atrazine.>® With advancements in nanotechnology,
SERS substrates have evolved from single-composition nano-
materials to multi-component nanomaterials.>” This is due to
their ability to serve as multi-modal platforms for enhanced
sensing of analytes, sorbent capability, and magnetic recycl-
ability, among others.”® Hybrid nanomaterials and complex
nanostructures comprising carbon nanomaterials and metal
NPs, such as AuNPs, have demonstrated exceptional SERS
enhancement capabilities.?**°

Carbon dots (CDs) with diameters usually less than 10 nm are
classified as carbon quantum dots (CQDs), carbon nanodots
(CNDs), and graphene QDs (GQDs).*" Compared to conventional
semiconductor quantum dots and semiconductors, CNDs offer
advantages such as low toxicity, excellent biocompatibility, multi-
functionality, and straightforward synthesis.>*>* CNDs represent
a novel class of carbon nanomaterials characterized by a spherical
morphology and typically an amorphous lattice structure. The
functional groups present in CNDs play a crucial role in enhan-
cing surface-enhanced Raman scattering (SERS). These functional
groups are typically introduced during hydrothermal synthesis
through doping heteroatoms like nitrogen (N), sulfur (S), boron
(B), phosphorus (P), and others.>>"8

Recent findings indicate that N-doped CNDs contribute to
the improvement of SERS signals, likely because N-doped
CNDs facilitate excited state charge transfer to the target mole-
cule through n-n interactions.>*™*! By incorporating CNDs as a
shell component into AuNPs with optimized thickness, the
chemical enhancement can be improved. This enhancement
occurs through increased adsorption of analytes and the pre-
vention of signal interference from probe molecules caused by
direct contact with gold surfaces.*?

The utilization of AuNPs achieves high SERS enhancement
due to their appropriate size, shape, and matching of the laser
line with the AuNPs’ LSPR, which leads to an increase in the
surface area and local electromagnetic (EM) field enhance-
ment.*” Previous studies have demonstrated the effectiveness
of AuNPs or silver NP-based SERS substrates for detecting her-
bicides, including atrazine, diquat, flumetsulam, glyphosate,
paraquat, and prometryn.>>**7>> SERS detection of relatively
new types of herbicides, such as mesotrione and
S-metolachlor, has been rarely reported. In this study, micro-
wave-synthesized hybrid AuNP@CND core-shell composite
NPs are optimized for Raman signal amplification as SERS
probes for the sensitive detection of mesotrione and
S-metolachlor molecules, which are notably the active com-
ponents in the formulation complex. This approach capitalizes
on the advantageous synergistic effects of both chemical and
EM field enhancement from the CND and AuNP com-
ponents,> thereby improving SERS sensing capabilities.
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2. Materials and methods

2.1. Chemicals and reagents

Hydrogen tetrachloroaurate (HAuCl,) solution (from Fisher
Scientific, Au 44% w/w), sodium citrate (from Fisher Scientific,
>99%), rhodamine 6G (from ACROS Organics, 99%), citric
acid (from ACROS Organics, 99%), and ethylenediamine (EDA,
from Fisher Scientific, 99%) were utilized in this study without
further purification.

The herbicides used in the research, including mesotrione
(2-(4-methylsulfonyl-2-nitrobenzoyl)cyclohexane-1,3-dione,
ZA1296E), A12738A formulation, and S-metolachlor ((S)-2-
chloro-N-(2-ethyl-6-methyl-phenyi)-N-(2-methoxy-1-methyl-ethyl)-
acetamide, CGA77102), as well as its formulation LUMAX EZ
(A19414A), were obtained from Syngenta Crop Protection, LLC.

2.2. Materials characterization

The morphology of both the AuNPs and AuNPsS@CNDs was
examined using field-emission scanning electron microscopy
(FE-SEM) conducted with a Carl Zeiss Auriga-BU FIB FESEM
Microscope. The measurements were performed at an acceler-
ating voltage of 5.0 kV. Additionally, transmission electron
microscopy (TEM) was employed using a Carl Zeiss Libra 120
PLUS instrument to further investigate the morphology.

The elemental composition of the samples was determined
using X-ray photoelectron spectroscopy (XPS) utilizing a
Thermo Scientific ESCALAB Xi+ instrument. Raman spec-
troscopy was conducted using a Horiba XploRA One Raman
Confocal Microscope system, with a 532 nm laser serving as
the excitation source.

To assess the optical properties of the CNDs, AuNPs, and
AuNPs@CNDs, ultraviolet-visible spectrophotometry was per-
formed wusing a Varian Cary 6000i spectrophotometer.
Fluorescence spectrophotometry was carried out using a
Varian Cary Eclipse instrument. A Varian Agilent 710 induc-
tively coupled plasma optical emission spectrometer (ICP-OES)
with trace elemental analysis capability for wavelengths from
177 to 785 nm was used to determine the concentration of Au
in AuNPs@CND and AuNP suspensions.

2.3. Nanoparticle synthesis

2.3.1. Synthesis of CNDs. The synthesis of CNDs involved a
microwave-assisted procedure conducted at 300 W for
18 minutes. A water solution containing ethylenediamine and
citric acid as precursors was utilized by following a previously
reported procedure.*” Following the synthesis, the solution
underwent purification using centrifugation for 20 minutes.
Subsequently, it was dialyzed for 48 hours against deionized
(DI) water. The resulting solution was then freeze-dried for
24 hours to obtain a solid sample.

2.3.2. Synthesis of AuNPs. Gold nanoparticles (AuNPs)
were synthesized following the method introduced by
Frens,”*** which relies on the citrate reduction of HAuCl,.
Initially, a 25 mL solution of HAuCl, (0.01% by weight) was
heated to 97 °C. After 15 minutes of temperature stabilization,
375 pL of an aqueous solution of sodium citrate (1% by

This journal is © The Royal Society of Chemistry 2024
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weight) was swiftly added to the gold solution under continu-
ous stirring, maintaining the temperature at 100 °C. Following
a 30-minute reaction period, a wine-red suspension containing
AuNPs was obtained. Subsequently, the suspension was cooled
to room temperature over a 15-minute period while being mag-
netically stirred. The mixture underwent dialysis using a 1 kDa
dialysis membrane for 24 hours to eliminate any unreacted
precursor molecules.

2.3.3. Synthesis of AuNPs@CNDs. The  hybrid
AuNPs@CNDs were synthesized through the reduction of
HAuCl, in the presence of CNDs at 100 °C, similar to a
reported procedure.”> In this method, a 150 pL aqueous solu-
tion of HAuCl, (1 mg mL™") was added to a 3 mL solution of
CNDs (0.12 mg mL™"). The mixed solution was maintained at
100 °C for 80 minutes. Subsequently, the mixture was allowed
to cool to room temperature and then dialyzed using a 1 kDa
dialysis membrane for 24 hours to eliminate any unreacted
precursor molecules. By adjusting the feeding mass ratio of
HAuCl, to CNDs, AuNPs@CNDs with different sizes can be
obtained. At first, CND solutions with concentrations ranging
from 0.09, 0.11, and 0.12 mg mL™" were added to a 150 pL
solution of HAuCl, (1 mg mL™") to achieve HAuCl,/CNDs with
mass ratios of 2.4, 2.2, and 1.8, respectively. It was observed
that the minimum concentration of CNDs that resulted in the
formation of AUNPs@CNDs was 0.12 mg mL™". Then, the con-
centration of CNDs was maintained constant at 0.12 mg mL™"
and different volumes of HAuCl, ranging from 70 to 190 pL
(yielding HAuCl,/CNDs with mass ratios of 5.2, 3.3, 2.4, and
1.9, respectively) were added to the CNDs to produce hybrid
AuNPs@CNDs with different sizes for the following SERS
studies.

2.3.4. SERS measurements of Rh6G and herbicides using
NPs. For the SERS measurements of Rh6G, a 10 pL aliquot of
Rh6G aqueous solution was mixed with 50 pL of AUNPs@CND,
AuNP, and CND aqueous suspensions, respectively, and the
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mixed suspension was sonicated for 30 min. Thereafter, 60 pL
of each sample was added dropwise on a cover glass substrate
and the samples were air-dried for 3 hours in a fume hood.
Note that the AuNP and AuNPs@CND solutions have the same
particle concentration of 0.0585 mg mL~' measured by
ICP-OES, and the concentration of CNDs was 0.12 mg mL™".
The SERS measurements were performed using a Horiba
XploRA Raman Confocal Microscope using 532 nm light exci-
tation, a 50x objective, an 1800 gr per nm grating, and an
acquisition and accumulation time of 5 s.

To record the SERS spectra of 4 herbicide samples, 10 pL of
each herbicide sample were added to 50 pL of AuNPs@CND
aqueous suspension and sonicated for 30 min. The mixture of
samples was dried on cover glasses for 3 h in a fume hood.
SERS spectra were obtained on dried samples using 532 nm
excitation, a 50x objective, a 1200 gr per nm grating, an
accumulation time of 5 s, and an acquisition time of 35 s.

The first group of herbicides included CGA77102
(S-metolachlor, 86.6% by weight) and A19414A formulation
(S-metolachlor, 27.1% by weight). The sample solutions con-
taining the desired concentrations of CGA77102 and A19414A
formulation ranging from 107">-107> M were analysed with
respect to the effective S-metolachlor component without
extraction. The same procedure was carried out for the second
group of herbicides, ZA1296E (mesotrione, 60.0 by wt%) and
A12738A formulation (mesotrione, 40.0 wt%).

3. Results and discussion

3.1. Characterization of CNDs, AuNPs, and AuNPs@CNDs

The size and morphology of the NPs were characterized using
SEM and TEM. The SEM and TEM images of AuNPs (Fig. 1A)
reveal the spherical shape of AuNPs with a size of approxi-
mately 50 nm, consistent with the 540 nm absorption of the
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(A). SEM image (a) and HR-TEM image (b) of the AuNPs; (B) TEM image (a), HR-TEM images (b and c) and zoomed-in view of the lattice fringe

of the crystalline structure; and (C) the histogram of the size distribution of AUNPs@CNDs synthesized with different HAuCl,/CND mass ratios of 5.2,

3.3, 2.4, and 1.9 from (a) to (d).
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UV-vis spectra of AuNPs (Fig. 2A). The TEM images of hybrid
AuNPs@CNDs (Fig. S1AY) at different HAuCl,/CND mass ratios
(5.2, 3.3, 2.4, and 1.9) show that the AuNPS@CNDs obtained
with the mass ratio of 2.4 have a spherical shape and the NPs
are not agglomerated and more uniformly distributed com-
pared to the other mass ratios. To confirm the hybrid structure
of AuNPs@CNDs, SEM and energy dispersive X-ray spec-
troscopy (EDS) were applied to map the elemental distribution.
Fig. S1Bf shows the carbon-capped core-shell configuration.
Additionally, the HR-TEM images of 2.4-ratio AuNPs@CNDs
(Fig. 1B) suggest successful wrapping of AuNP cores by CND
structures. Fig. 1B(d) confirms a 0.24 nm lattice fringe of its
crystalline structure corresponding to the (111) planes of
AuNPs.”” The size distribution of AuNPs@CNDs as a function
of the HAuCl,/CND mass ratio is shown in Fig. 1C and
AuNPs@CNDs with a mass ratio of 2.4 have a size range
between 40 and 50 nm, similar to a previous report.>® It is
known that carboxylate and nitrogen-containing groups
including amine and pyridine have a strong binding affinity to
gold,>®*” which allows the CNDs to act as a capping agent that
wraps around the surface of AuNPs to form a core-shell
structure.

To further confirm the formation of hybrid AuNPs@CNDs,
UV-visible absorption spectra were recorded and compared
with those of three samples, i.e., the AuNPs, CNDs and the
hybrid. In Fig. 24, the spectrum of AuNPs shows a SPR peak at
540 nm, which indicates the formation of AuNPs with a size of
around 50 = 7 nm.**> The absorption spectrum of CNDs dis-
plays a typical peak at 360 nm, which is attributed to the n-n*
transition of C=0.® The absorption spectrum of
AuNPs@CNDs presents both the plasmon absorption peak at
540 nm of the AuNP core®® and the 360 nm peak for CNDs,
corroborating the production of the hybrid NPs. Comparing
the UV-vis absorption from different mass ratio products
(Fig. S2t1), the 2.4 mass ratio AuNPs@CNDs have the highest
plasmonic peak around 540 nm along with a distinct peak at
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(A) UV-Vis absorption spectra of AuNPs, CNDs and hybrid AuNPs@CNDs and (B) SERS spectra of Rh6G with the hybrid AUNPs@CNDs gener-

360 nm for the CNDs, implying potential for Raman signal
enhancement.

The SERS performance of the hybrid AuNPs@CND substrates
obtained from different mass ratios was evaluated using Rh6G.
Fig. 2B presents the SERS spectra of Rh6G at a concentration of
48 x 107® M using AuNPs@CND substrates produced from
different HAuCl,/CND mass ratios. It is apparent that the 2.4
ratio hybrid substrate provides the best SERS signal enhancement
of Rh6G, plausibly due to the size range of the generated AuNPs
and optimum surface coverage. The results further confirm the
plasmonic properties observed in the UV-vis spectra. Therefore,
the 2.4 mass ratio AuNPs@CND hybrid substrate is selected for
further investigation and applied in herbicide sensing studies.

The structural, composition and spectroscopic properties of
the synthesized NPs were further performed and analyzed. The
Raman spectra of both CNDs and AuNPs@CNDs (Fig. S3aft)
show two distinct peaks at 1340 cm™" and 1590 cm™', which
correspond to the D and G bands of the carbon component,
respectively. The D band corresponds to structural defects in
graphitic sp>-hybridized carbon, whereas the G band is related
to the vibration of sp”> carbon atoms in a 2D hexagonal
lattice.>>*® The relative intensity of D and G bands (D/G ratio)
in the Raman spectra of AuNPs@CNDs is 0.780, whereas this
ratio is 0.741 for CNDs. The D and G band intensities of
AuNPs@CNDs are much higher than those of CNDs,
suggesting the enhanced defect effect of AuNPs.®®* The
photoluminescence (PL) spectra of CNDs and AuNPs@CNDs
(Fig. S3bf) show that the PL intensity of AuNPS@CNDs is
decreased compared to that of CNDs when excited with
360 nm light, which indicates that the PL of CNDs is quenched
in the AuNPs@CND system. This phenomenon is attributed to
a photo-induced electron transfer process between the CNDs
and AuNPS.>!

The full XPS scan spectra of CNDs and AuNPs@CNDs
exhibit three peaks at 285.5, 399.0 and 531.0 eV, which are
attributed to C 1s, N 1s, and O 1s, respectively.®®> Compared to

This journal is © The Royal Society of Chemistry 2024
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the XPS spectrum of CNDs, the XPS spectrum of
AuNPs@CNDs presents a peak of the Au element at 335 eV
(Fig. S4a and bt). The C 1s XPS spectra of CNDs and
AuNPs@CNDs (Fig. S4d and ef) show peaks at 284.3, 285.4,
and 287.5 eV, which are attributed to C-C, C-O-C, and O-
C=O0 groups, respectively. The N 1s XPS spectra shown in
Fig. S4ct feature two peaks corresponding to pyridinic nitro-
gen (398 eV) and pyridone nitrogen (399.6 eV).** The O 1s
band (Fig. S4ff) can be deconvoluted into two peaks located at
531.4 and 531.9 eV, which represent the C-O and C=O
groups, respectively.

A dark-field CytoViva hyperspectral imaging system was
used to measure light scattering from AuNPs and
AuNPs@CNDs distributed on a glass substrate. A CytoViva
hyperspectral imaging system enables both optical and hyper-
spectral imaging of samples, which can be used for spectral
characterization and spectral mapping of nanoscale
samples.’®®* In experimental measurement, unpolarized plain
light (broad band) from a halogen lamp was used as incident
light to illuminate the nanoparticle samples from the top. The
reflecting light signal captured by a 60x objective lens is then
collected using a darkfield CytoViva hyperspectral imaging
system (Fig. 3). The peak at around 550 nm corresponds to the
SPR of AuNPs, which is in accordance with the UV-vis spectra
and confirms that the SPR of AuNPs occurs at around 540 nm.
It is noteworthy that the peak at around 580 nm can be attribu-
ted to the SPR of the aggregation of AuNPs.®® The intensities
of the SPR peaks of AuNPs@CNDs are much higher than those
of AuNPs, suggesting the enhancement effect of
AuNPs@CNDs. A new resonant mode located at 615 nm
appeared after AuNPs are covered by CNDs, and this is prob-
ably because of coupling between AuNPs and CNDs.””

3.2. SERS properties of NPs

Rh6G was used as a Raman reporter to perform the SERS
evaluation using three NPs, ie., AUNPS@CNDs, CNDs, and
AuNPs, prior to the application in herbicide detection. Fig. 4A
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Fig. 3 The extracted reflection spectra obtained from the CytoViva
hyperspectral imaging measurements.
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Fig. 4 (A) SERS spectra of Rh6G (48 x 10~8 M) using CNDs, AuNPs, and
AuNPs@CNDs, respectively. (B) Raman signal at 1650 cm™ vs. Rh6G
concentration on a logarithmic scale using AuNPs@CNDs for SERS
measurement; the inset shows the SERS spectra at different concen-
trations of Rh6G.

displays the SERS spectra of 48 x 10~° M Rh6G after mixing
with AuNPs@CNDs, AuNPs, CNDs, respectively, and Rh6G
only for comparison. An obviously increased SERS signal was
observed from the AuNPs@CND hybrid substrate. The great
signal amplification (>10x) of the main signature peaks of
Rh6G obtained using AuNPs@CNDs was obtained compared
to that obtained using the AuNPs for Rh6G. The band at
614 cm™' was assigned to the C-C-C ring in-plane in the
xanthene ring, whereas those around 771, 1127, and
1183 em™" were attributed to the C-H ring in the xanthene or
phenyl ring.®” The prominent peaks in the range of 1311,
1362, 1507, 1573, and 1650 cm™" were due to the symmetric
modes of in-plane C-C stretching vibrations in the xanthene
or phenyl ring, which are the characteristic Raman scattering
features of Rh6G.>>®® These results confirm that the hybrid
AuNPs@CND system can significantly improve the SERS per-
formance in terms of signal enhancement, implying enhanced
sensitivity and accuracy for sensing applications.

Next, we collected the SERS responses of Rh6G at different
concentrations ranging from 48 x 107** to 48 x 10~® M using the
same AuNPs@CND substrate. Fig. 4B shows that there is an
increase in the Raman signal intensity of the characteristic Rh6G
peaks upon increasing the concentration of Rh6G. By plotting
log I 650 (logarithm of SERS peak intensity at 1650 cm™) versus

Analyst, 2024,149, 5277-5286 | 5281


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4an00649f

Open Access Article. Published on 29 August 2024. Downloaded on 7/24/2025 12:40:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

log C (logarithm of Rh6G concentration), a linear calibration
curve was obtained, where the square coefficient of determination
(R?) is 0.991, demonstrating a linear relationship between the
Raman intensity and the concentration.

The reproducibility and stability of the SERS substrate for
sensing are important for the detection of analytes of interest,
especially when deployed in the field.” The SERS responses
collected at 18 random points on the same sample using
AuNPs@CNDs and 48 x 10”® M Rh6G display the uniformity of
the sample (Fig. 5A) based on a standard deviation of 0.9%
from the peak intensity at 1650 cm™". The uniformity in SERS
signals recorded confirms the good reproducibility and hom-
ogeneity of using the hybrid AuNPs@CNDs in sample prepa-
ration and detection. Furthermore, to confirm the batch-to-
batch reproducibility, 6 different batches of AuUNPS@CND sub-
strates were used for SERS measurement of Rh6G and the
SERS intensity at the 1650 cm™' peak was recorded at 3
random points of each substrate. Fig. 5B demonstrates the
averaged Raman intensity for the six samples, showing excel-
lent reproducibility. The UV-visible spectra of AuNPs@CNDs
and SERS spectra of 48 x 10~® M Rh6G with AUNPs@CNDs in
Fig. 5C and D show their stability during storage for up to 60
days, respectively. There are no significant changes in both
spectra, which confirms the high stability of the hybrid
AuNPs@CND substrate.

3.3. SERS detection of herbicide molecules

The 2.4-ratio AUNPS@CND substrate in solution was further
applied for the detection of two different groups of herbicides.
As described in the Experimental section, the first group of
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herbicides includes CGA77102 (S-metolachlor, 86.6 wt%) and
A19414A formulation (S-metolachlor, 27.1 wt%). S-metolachlor
is a member of the chloroacetanilide family of herbicides,
which is used for grass and broadleaf controls in corn,
soybean, etc. The signal amplification of the main Raman
peaks at 994.4 and 989.6 cm™" obtained using AuNPs@CNDs
compared to that of bare AuNPs is calculated to be 10.8 and
7.3-fold for CGA77102 and A19414A, respectively (Fig. S5a
and bt).

The second group of herbicides includes ZA1296E (meso-
trione, 60 wt%) and A12738A formulation (mesotrione,
40 wt%) with the main effective component of mesotrione.
Mesotrione has an aromatic ketone and is a toxic synthetic
herbicide in the agriculture industry for the selective contact
and residual control of broadleaf weeds in field corn.
According to Fig. S5c¢ and d,f the SERS peaks at 1526, 1552,
and 1608 cm ™' are attributed to the C=C stretching in caro-
tenoids, the central 16-membered-ring vibrations and the C-C
stretching of the pyrrole ring in chlorophyll, and the v phenyl
ring in phenolic compounds, respectively.® Similarly, the
hybrid AuNPs@CNDs provide greater Raman signal enhance-
ment than the AuNPs.

Fig. 6 shows the SERS spectra of the four herbicide samples
using the hybrid AuNPs@CNDs as Raman enhancement
probes. The spectra of CGA77102 and A19414A with different
concentrations indicate a decline in Raman signal intensity
along with decreasing concentration. Similarly, the SERS
spectra of ZA1296E and A12738A at different concentrations
show a decline in Raman intensity with decreasing concen-
tration. Linear calibration curves as a function of the herbicide
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Fig. 5 (A) Multiple point Raman signal collection profiles of AUNPs@CNDs with an Rh6G concentration of 48 x 10~ M; (B) Raman signal intensity at
1650 cm™* of Rh6G with 6 different batches of AUNPs@CNDs; (C) UV-vis spectra of AUNPs@CNDs stored for a period of 10-60 days; and (D) SERS
spectra of 48 x 10~® M Rh6G with AuNPs@CNDs for a period of 10-60 days.
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Fig. 6 SERS spectra of (A) CGA77102 and (B) A19414A formulation at different concentrations, and (C) ZA1296E and (D) A12738A formulation at
effective component concentrations ranging from 103 to 107° M using AuNPs@CNDs.

concentration ranging from 107'° to 10~ M are achieved by
plotting log Iyos.4 and log Igge ¢ versus log C for CGA77102 and
A19414A (Fig. 7A and B), which demonstrate a linear detection
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response with R* values of 0.984 and 0.970, respectively. The
lowest detection limit (LOD) is estimated to be 0.1 nM using a
signal/noise ratio of 3.*> A small shift of the characteristic
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Fig. 7 Calibration curves plotted with the logarithm of Raman signal intensity vs. concentration using the marker peak intensity for CGA77102 at
994.4 cm™ (A) and A19414A at 989.6 cm™* (B), ZA1296E at 1081 cm™ (C), and A12738A at 770 cm™~* (D). Each data point in this figure is the mean
value of triplicate measurements.
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peak position between CGA77102 and A19414A (994.4 vs.
989.6 cm ™) could be attributed to the different components in
the original samples or interaction between the substrates and
analytes. The logarithm of the SERS intensity of the 1081 cm ™"
peak versus the logarithm of the concentration of ZA1296E and
A12738A in the range of 107'°-107° M was plotted with good
linearity with R* = 0.992 and 0.9749, respectively, as shown in
Fig. 7C and D.

3.4 Detection of herbicides in tap water and recovery
experiments

To test the capability of using the hybrid AuNPs@CNDs as a
Raman probe for herbicide detection, we spiked tap water with
herbicide samples and obtained the SERS spectra to evaluate
the recovery rate, i.e., the percentage of the measured concen-
tration relative to the spiked concentration. In these experi-
ments, three distinct concentration levels at low (107'° M),
medium (107° M), and high (10~ M) concentrations were pre-
pared, and the SERS spectra were obtained (Fig. S6). Based on
the Raman signal intensity at the marker peak of each sample,
we obtained the measured concentrations according to the
calibration curves shown in Fig. 7. The recovery rate of known
amounts of spiked herbicides in tap water was calculated with

Table 1 Recovery rate (% = measured conc/spiked con. x 100) of
spiked herbicides in tap water

Spiked Measured Recovery
Herbicide herbicide (M) (M, averaged) rate (%)
CGA77102 1073 0.95 x 107> 95+2
107° 9.66 x 1077 96 + 1.8
10~ 6.73 x 10711 87 +1.5
A19414A 1073 0.95x 107 95 + 2.1
107° 9.82 x 107 98 +1.2
107 8.71x 107 87 +1.9
ZA1296E 1073 0.87 x 1072 87 +4.8
107° 9.91x 1077 89 + 3.0
107 7.69 x 107 87 +4.0
A12738A 1073 0.88x 107 88 + 1.0
107° 9.61x 1077 96 + 1.1
107 8.71x 10" 87 +3.5

Table 2 A summary of NP-based SERS detection of herbicides
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respect to the spiked concentration and is reported in Table 1.
The results indicate that the recovery rate at medium and high
levels is >90%, higher than the lower level in the range of
87-88%. These results demonstrate the effectiveness of using
AuNPs@CNDs for the detection of herbicides in tap water.

3.5 A comparison of NP-based SERS detection of herbicides

To the best of our knowledge, SERS detection of herbicides
mesotrione and S-metolachlor has been rarely reported in the
literature. AuNPs or AgNP-based SERS substrates were used for
the detection of a few other herbicides. Table 2 summarizes
the representative work on herbicide detection, including the
SERS substrates used, synthesis methods, detection ranges
and sensitivities (LOD), for comparison with this work. This
work, to the best of our knowledge, for the first time uses
hybrid AuNPs@CNDs as SERS substrates for the detection of
two herbicides and demonstrates superior sensitivity and a
broad dynamic range of concentrations.

4. Conclusion

A hybrid AuNPs@CND SERS substrate was synthesized
through a simple approach using CNDs as reducing and stabi-
lizing agents. SERS substrates with different nominal mass
ratios of CNDs to HAuCl, were evaluated using Rh6G and it
turned out that a ratio of 2.4 provides the highest Raman
enhancement response. The enhancement is believed to arise
from electronic coupling at the interface of gold and carbon
structures with a specific size and composition for an opti-
mized localized electromagnetic field in SERS. The hybrid
AuNPs@CND substrates produce a significant enhanced
Raman signal with excellent response and almost an order of
magnitude signal amplification in Rh6G measurements when
compared to AuNPs or CNDs alone used as the SERS substrate.
The SERS measurements of four different herbicide samples
containing an active component, mesotrione or S-metolachlor,
respectively, coupled to the hybrid subststrate illustrate excel-
lent repeatability, and reproducibility. Additionally, the long

Herbicides SERS substrate Synthesis method Detection range LOD (sensitivity) Ref.
Paraquat AgNPs@Si In situ growth 1-1000 ppm 1 ppm 43
Atrazine CNDs@AgNPs Hydrothermal 10-1000 nM 10 nM (2 ppm) 44
Atrazine Au nanorod array Seed growth 0.01-10 mM 0.1 mM 26
Paraquat AuNPs-3D structure Laser engraving 2.7 ppb-27 ppm 2.7 ppb 45
Flumetsulam AuNPs-MgSO, HAuCl, reduction 0.005-1 ppm 10 ppb 46
Glyphosate Si-AgNPs 0.1-10 000 nM 0.01 nM 47
Diquat Au nanobipyramids (AuBPs) Layer-by-layer 1 pM-0.1 mM 1 pM (in urine) 48
MoS,@tinfoil box
Paraquat Au nanostars Seed growth 0.2-50 ppm 0.2 ppm 49
Prometryn AgNPs Colloidal synthesis 4.0-800 pM 28 ppb (pH 11) 50
8.0-800 UM 128 ppb (pH 7)
Atrazine AgNPs@electrode Colloidal synthesis 1 nm-1 mM — 51
Paraquat AuNPs-aptamer Deposition on chip 0.25-2.5 yM 0.1 M 52
Mesotrione AuNPs@CNDs Microwave-assisted 0.1 nM-1 mM 0.1 nM This work
S-metolachlor 0.1 nM-1 mM 0.1 nM
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term stability demonstrated in this study for sensitive determi-
nation of the herbicides spiked in tap water promises for use
in remote environmental areas.
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