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Silver nanoparticles (AgNPs) have been regarded as a highly promising substrate for surface-enhanced
Raman scattering (SERS) sensors. In this study, we focused on the electrochemical synthesis method
by developing three kinds of AgNPs using three different electrolytes: citrate (e-Ag-C), oleic acid (e-
Ag-0O) and fish mint (Houttuynia cordata Thunb.) extract (e-Ag-bio). The as-prepared AgNPs were
characterized and then employed as SERS substrates to detect the pesticide thiram. The obtained
results show that e-Ag-O exhibits the best SERS performance. The effect of the coating agent was
explained by chemical and electromagnetic enhancements (CM and EM). Although thiram could
absorb onto e-Ag-C at the highest level, allowing its Raman signal to be best enhanced via the CM,
the smallest interparticle distance of e-Ag-O could have resulted in the largest improvement in the
EM. Using e-Ag-O to develop SERS-based sensors for thiram, we obtain the impressive detection limit

iig:g’;‘é ergt;a,\?\gfx ég;j of 1.04 x 107*° M in standard samples and 107° M in tea leaves. The linear ranges are from 10~% M to
1077 M and from 107 M to 107° M, covering the maximum residue levels for plant commodities
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1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a powerful
analytical tool, which can detect numerous organic compounds
at trace levels based on their unique vibrational finger-
printing.** The enhancement of the Raman signal of analytes
requires their adsorption onto a SERS-active substrate, which
could generate a localized surface plasmon resonance (LSPR)
phenomenon. It occurs due to oscillation of electrons on the
surface of the substrate excited by a laser source, leading to the
formation of a strong electromagnetic field around their
surface.’ As a result, the Raman signal is significantly enhanced
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(2-13 ppm ~7.7 x 1078 M to 5 x 107> M).

in the electromagnetic mechanism (EM).* It was reported that
EM enhancements are elevated within specific regions with
intense electromagnetic fields, called hotspots, including the
sharp tips and corners of NPs, as well as the small gaps (<10 nm)
between them.*” On the other hand, the adsorption of the
analyte on the surface of the NPs promotes substrate-to-
molecule charge transfer (CT). It would change electron
density distribution within the analyte, therefore, creating
notable polarization and then causing Raman scattering. This
enhancing mechanism is regarded as the chemical mechanism
(cm).?

As LSPR is the key for the generation of the SERS phenom-
enon, noble metal nanoparticles (NP) with strong plasmonic
resonances, such as Au and Ag, have been employed as prom-
ising SERS substrates.*” While Au-based NPs have been regar-
ded as the best plasmonic materials for biosensors thanks to
their biocompatibility and low toxicity, Ag-based NPs exhibit
stronger plasmonic resonances and better cost-effectiveness,
allowing fabrication of sensitive chemosensors for chemical
compounds. While it is known that AgNPs are significantly less
robust and more susceptible to air than AuNPs, these issues can
be solved by using different types of both reducing and capping
agents to inhibit the oxidative process. Many kinds of AgNPs
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have been designed and developed as SERS substrates, using
physical and chemical synthesis methods.** For example,
Singh's group has fabricated Ag zigzag and Ag nanorod arrays
using a glancing angle deposition technique to promote EM
enhancement of SERS signal.'> However, the physical
synthesis of AgNPs requires extreme conditions and expensive
equipment. On the other hand, AgNPs have been generated
thanks to the reduction of Ag salts in chemical approaches.
Different reducing agents such as ethylene glycol, polyethylene
glycol and citrate have been employed to fabricate AgNPs in
various studies."*™ Among them, acting as both a reducing
agent and a capping agent, citrate has been widely used. Citrate-
coated AgNPs have been employed to develop numerous SERS-
based sensors.”*>'® In addition, a green approach of AgNP
synthesis has been proposed with the use of plant extracts.
Santos et al. fabricated AgNPs self-assembled on glass
substrates using three citrus peel extracts, including orange,
tangerine and lemon and employed lemon extract-prepared
AgNPs as SERS substrates for detection of 4-amino-
benzenethiol, rhodamine 6G and methylene blue.'” Recently,
electrochemically synthesized AgNPs (e-AgNPs) have shown
their potential as SERS substrates. The fabrication procedure
only requires two silver electrodes and an electrolyte in water,
which acts as both a reducing agent and a capping agent.
Therefore, it reduces the use of chemicals, leading to high
purity of prepared AgNPs, onto which analytes can effectively
adsorb and experience a significant enhancement of SERS
signal.’* Many kinds of AgNPs have been fabricated using
different reducing and capping agents for SERS applications.
Nevertheless, there has been no study investigating the effect of
those agents on SERS sensing performance, especially for e-
AgNPs.

To fill in the gap, in this study, we synthesized three kinds of
e-AgNPs using different types of electrolyte substance: citrate (e-
Ag-C), oleic acid (e-Ag-O), and fish mint (Houttuynia cordata
Thunb.) extract (e-Ag-bio). Their SERS sensing performance was
investigated and compared using thiram, a widely-used pesti-
cide, as an analyte, resulting in the best performance of e-Ag-O
The difference in SERS effect on those e-AgNPs was explained in
terms of CM and EM. As the most suitable SERS substrate, e-Ag-
O was then employed to develop SERS sensors for thiram with
detection limit (LOD) of 1.04 x 10 '° M and quantification
range of 10°* M to 1077 M and 10 M to 10" ° M. In real
samples of tea leaves, the e-Ag-O-based sensors could determine
the presence of thiram at concentrations down to 10~° M.

2. Material and methods

2.1. Material and SERS substrates

Sodium citrate (NazCsH505, 99.9%), oleic acid (C1gHz405, 99%)
and thiram (C¢H;,N,S,, 97.0%) were purchased from Sigma
Aldrich and used directly without further purification. Two
silver plates (purity: 99.99%) were prepared with dimensions of
(100 mm x 5 mm x 0.5 mm).

Fish mint was purchased from a local market in Vietnam,
washed properly with water, and dried naturally under shade.
Subsequently, they were cut into fine pieces. 100 g of dry
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fish mint was then immersed into 300 mL of distilled water at
room temperature (RT). The mixture was incubated at 70 °C
for 60 min upon constant stirring. Finally, 20 mL of fish
mint extract was obtained. It was then diluted to reach the
volume of 200 mL using distilled water for the following
experiments.

Aluminum (Al) substrates were fabricated as described in our
previous study with dimensions of 1 cm x 1 cm x 0.2 cm with
a surface-active area with a diameter of 0.2 cm." The substrates
were immersed into a diluted hydrochloric acid solution and
washed with ethanol and double distilled water by ultra-
sonication for 15 min, followed by being dried properly at RT.

2.2 Synthesis and characterization of e-Ag-C, e-Ag-O and e-
Ag-bio

e-AgNPs were synthesized using an electrochemical method,
which was described in our previous study with several modi-
fications.'® A two-electrode setup was prepared as described in
Scheme 1. The electrochemical syntheses of three kinds of e-
AgNPs were taken place in a beaker containing 200 mL of
electrolyte solution. To prepare different e-AgNPs, electrolyte
solutions were different. To be detailed, Na;CsH50; and
C,5H;,0, solutions at the same concentration of 6 x 10> M
were employed to fabricate e-Ag-C and e-Ag-O, respectively. The
prepared fish mint extract was used to generate e-Ag-bio. Elec-
trochemical syntheses were carried out at RT under uniform
magnetic stirring at 200 rpm for 60 min, under electrolytic of
12 V. The morphology of as-prepared e-AgNPs was investigated
using scanning electron microscopy (SEM, Hitachi S-4800)
operated at an acceleration voltage of 5 kV. Their ultraviolet-
visible (UV-vis) absorption spectra were recorded using a JEN-
WAY 6850 double-beam spectrophotometer using 10 mm-
pathlength quartz cuvettes. Powder X-ray diffraction (XRD,
BrukerD5005 X-ray diffractometer) with strictly mono-
chromatized Cu Ko. (A = 1.5406 A) under a voltage of 40 kv and
a current of 30 mA was employed to identify the phase and
chemical composition of the samples.

2.3. SERS measurements

To prepare SERS substrate, 20 uL of colloidal e-AgNP solution
was drop-casted on the surface-active area of the Al substrate
and dried at RT. Thiram solutions (10™* M to 10~ '° M) were
prepared in distilled water. For each SERS measurement, 5 pL of
thiram solution was drop-casted directly onto the prepared
SERS substrate and dried naturally at RT. SERS spectra were
recorded using a MacroRaman™ Raman spectrometer (Horiba)
with a 100x objective with a numerical aperture of 0.90, at
a focal length of 115 nm, using the laser power 45 mW at a 60°
contact angle. An exposure time of 15 s was used with one
accumulations.

Fresh tea leaves were purchased from a local market in Thai
Nguyen province (Vietnam) and homogenized thoroughly.
300 mL of distilled water was added into 100 g of this mixture
and mixed well using a vortex mixer, followed by 15 min of
ultrasonication. The mixture was then filtered using Whatman
filter paper to eliminate large and centrifugated to collect the
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supernatant. Thiram-spiked tea leaf extract was prepared by
adding suitable volumes of thiram standard solutions into the
extract. Similar to the standard samples, the spiked ones were
then drop-casted onto the SERS substrates for SERS
measurements.

3. Result and discussion

3.1. Characterization of e-Ag-C, e-Ag-O and e-Ag-bio

Fig. 1a shows absorption spectra of the colloidal e-Ag-C, e-Ag-O
and e-Ag-bio, revealing SPR bands at 413 nm, 415 nm and
435 nm, which are characteristic of e-AgNPs. Accordingly, SPR
peaks of e-Ag-C and e-Ag-O are only slightly different. Mean-
while, using fish mint exact as the electrolyte for e-AgNP
synthesis resulted in a significant red-shift of around 20 nm
in SPR band, compared to the use of the other electrolytes.
Although the coating layer of e-Ag-bio was expected to be
complex due to complicated components within the fish mint
extract as listed in Scheme 1 and reflected in its absorption
spectrum in Fig. 1a, such large red-shift might be also related to
the difference in size of e-AgNPs fabricated using those different
electrolytes or even the aggregation of e-Ag-bio. Nevertheless,
there was no large aggregation of e-Ag-bio, which could be
observed with bare eyes. A closer look was provided by SEM
images. Concerning e-Ag-C, Fig. 1d reveals the formation of
spherical e-AgNPs with sizes ranging from 15 nm to 30 nm with
a particle size distribution histogram. The mean diameter of e-
Ag-C was calculated to be 21 nm using the equation:

> Xifk
k=0
N

1)
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Scheme 1 Schematic illustration of the synthesis process of e-AgNPs.
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in which d is the mean diameter, x; is the diameter of the kth
nanoparticle, f; is the frequency of the kth diameter and N is the
sum of the f; (k = 0,1,2...n). The mean hydrodynamic diameter
(Z-average) of e-Ag-C sample was calculated to be 36.8 nm
(Fig. S1b¥), which was consistent with the SEM result.

Using oleic acid, spherical e-AgNPs were also fabricated with
smaller sizes. Fig. 1c shows NPs with sizes ranging from 10 nm
to 25 nm. The mean diameter of e-Ag-O from SEM and DLS
measurements were estimated to be 16 and 22.8 nm, respec-
tively (Fig. Slat). Despite a smaller mean diameter, the SPR
band of e-Ag-O is shifted 2 nm toward the longer wavelength
compared to that of e-Ag-C. As no aggregation was observed
either in solution nor on SEM images (Fig. 1c and d), the
difference in coating molecule could be responsible for this
minor shift. Concerning e-Ag-bio, the SEM image explains its
large shift in its SPR band compared to the others. Fig. 1e
demonstrates bright particles covered by a gel-like layer. The
sizes of these particles range from 15 nm to 40 nm with a mean
value of 26 nm, which is not much larger than that of e-Ag-C.
Instead, several clumps of 5-10 NPs gathering could be
observed in the SEM image. However, the SEM image shows
that they are not completely aggregated but separated from each
other by their coating layers. In another word, they have been
agglomerated. The NP clumps were not large enough to be
detected with bare eyes, however, it was reflected in absorption
spectra with SPR band at 435 nm. This observation is consistent
with the hydrodynamic diameter value of e-Ag-bio sample from
DLS measurement (58.7 nm). In addition, the surface charge of
Fig. S21 show that both e-Ag-C and e-Ag-bio are negatively
charged with { potential values of —21.2 mV and —15.1 mV.
Meanwhile, e-Ag-O is nearly neutral, leaning toward negative
side with { potential of —5.8 mV. It could be due to the unique
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Fig. 1
images of e-Ag-0O, e-Ag-C and e-Ag-bio, respectively.

properties of oleic acid. Each oleic acid molecule consists of
a hydrophilic head of carboxyl group and a hydrophobic
hydrocarbon tail. After the formation of e-AgNPs, the carboxyl
group was attached to the Ag surface. Therefore, if e-AgNPs were
capped by only a monolayer of oleic acid, as-prepared e-Ag-O
could be hydrophobic.” In this study, e-Ag-O, in contrast, is
well dispensed in aqueous media. In a 2020 study, Khutsishvili
et al. proposed the formation of a secondary layer thanks to
C=C double bonds resulting from coupling of delocalized p-
electrons between two layers, exposing carboxylic groups on
the surface of AgNPs, allowing them to be dispensed in aqueous
media.' This description is appropriate for the properties of e-
Ag-O in this study. However, the formation of C=C double
bonds between two layers has decreased electrostatic potential
of the exposed carboxylic groups. Thus e-Ag-O is nearly neutral.
As e-AgNPs coated with citrate are negatively charged, electro-
static repulsion would have separated them from each other in
solution, leading to the increase in interparticle distance.
Interestingly, the interparticle distance between e-Ag-C NPs is
also larger than that between e-Ag-O NPs on SEM images. The
average distances between e-Ag-C NPs and e-Ag-O NPs were
estimated to be 7 nm and 4 nm, respectively. The pH values of e-
Ag-O, e-Ag-C, and e-Ag-bio samples were also measured to be
about 8.2, 8.7, and 5.2, respectively.
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(@) UV-vis spectra of fish mint extract, e-Ag-bio, e-Ag-C and e-Ag-O; (b) XRD patterns of e-Ag-0O, e-Ag-C and e-Ag-bio; (c)-(e) SEM

The crystallization of three kinds of e-AgNPs was investigated
using X-ray diffraction (XRD). Fig. 1b shows their XRD patterns
with peaks corresponding to metallic phase of Ag with the main
diffraction peaks for the (111), (200), (220) and (311) crystalline
planes, corresponding to JCPDS No. 00-004-0783. It is notice-
able that the XRD pattern of e-Ag-O sample exhibits more
diffraction peaks with higher intensity than the others, showing
highest level of crystallization. Besides, the peak at 77.38° rep-
resenting (311) crystalline plane is not clear in the XRD pattern
of e-Ag-bio. Moreover, its lowest intensity and high noise-to-
signal ratio reveal the lowest level of crystallization of e-Ag-
bio, compared to the other e-AgNPs. Furthermore, the average
crystallite sizes of three e-Ag samples were estimated using the
Debye-Scherer's equation: D = 0.92/(8 cos §). Where D is the
crystallite size (nm), A is the X-rays wavelength, § is the full
width at half maximum (FWHM) intensity measured in radians,
and ¢ is the Bragg diffraction angle of the plane. As a results, the
crystallite sizes of AgNPs in e-Ag-O, e-Ag-C, e-Ag-bio samples
were calculated to be 15.9, 27.3, and 16.1 nm, respectively.

3.2 e-Ag-C, e-Ag-O and e-Ag-bio nanomaterials as SERS
substrates for thiram detection

To evaluate SERS sensing performance of three kinds of e-

AgNPs, thiram was chosen as the analyte for SERS

© 2024 The Author(s). Published by the Royal Society of Chemistry
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measurements. Thiram solutions at different concentrations
were prepared and distilled water. Fig. 2a shows SERS spectra of
thiram (10~* M) on e-Ag-O, e-Ag-C and e-Ag-bio. On e-Ag-O and
e-Ag-C, the main characteristic bands of thiram such as
556 cm ™', 928 cm ™Y, 1150 cm ™! and 1382 cm ™! were detected.
The band at 556 cm ™" is assigned to S-S and C-S-S stretching
modes. The band at 928 cm ™" represents C-S stretching mode.
The band at 1150 cm ™" is associated with N-C stretching and
CH; rocking. The band at 1382 cm™' is assigned to N-C
stretching and CH; bending modes. In addition, the band at
1510 cm™ ' represents C=N stretching, respectively.?®*' It is
worth noting that this double bond is not exhibit in the
molecular structure of thiram (Fig. S21). A similar double band
behavior of C-N interaction of dithiocarbamate pesticides
adsorbed on Au films was reported in a 2001 study, in which the
authors proposed that their S-S bonds were cleaved, allowing
them to chemically absorb on the metal surface via Au-S
interactions.”® As each thiram molecule was cleaved into two
dimethyl residues, they could bind to noble metal surfaces via
one or two S atoms, known as monodentate and bidentate
interaction, respectively.” The double bond behavior of C-N
interaction was described as a result of the formation of
bidentate form. Besides, the band at 1436 cm™* associated with
C-N stretching is also detected in SERS spectra of thiram on e-
AgNPs. It was reported to be characteristic of monodentate
form.>* The presence of these bands in the SERS spectra of
thiram on e-Ag-O and e-Ag-C has confirmed the attachment of
thiram on the surface of e-AgNPs via Ag-S interaction, forming
both monodentate and bidentate. Moreover, the cleavage of S-S
bond also reduced the intensity of the peak at 556 cm™'. In
literature, the Raman spectrum of thiram was reported,
revealing that this band exhibited the highest intensity
compared to other characteristic ones.”>® However, the SERS
spectra of thiram on e-AgNPs show a peak at 556 cm ™' with
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lower intensity compared to that at 1382 cm™ ", which repre-
sents CH; bending mode. It is worth noting that CH; groups do
not bind directly to the surface of e-AgNPs to experience the best
SERS effect. Therefore, the intensity of the band at 556 cm™*
could have been decreased due to the S-S bond cleavage.
However, this band is also associated with C-S-C stretching
mode in the dimethyl residues, therefore, the band still appears
in the SERS spectra of thiram.* Although Raman signal of
thiram has been enhanced on both e-Ag-O and e-Ag-C
substrates, the level of enhancement is significantly different.
Fig. 2b compares SERS intensity of thiram (10~* M) on e-Ag-O
and e-Ag-C at several characteristic bands. On e-Ag-O, the
SERS intensities of thiram (10™* M) at 556 cm™*, 928 cm™ ' and
1382 cm ™" are around 4 time higher than those on e-Ag-C.

Concerning e-Ag-bio, several characteristic peaks of thiram
were also detected in the SERS spectrum (Fig. 2a). However, the
peak at 928 cm ™ is not detected. Instead, the peak at 881 cm ™"
exhibits high intensity, which is different from those in SERS
spectra of thiram on e-Ag-C and e-Ag-O. It is associated with
(CH;),-N and (CHj3),-N-C stretching.>* However, it is worth
noting that compounds with this structure have been detected
in several plant extracts.* Moreover, the peak 556 cm ' is
shifted 20 cm™"' compared to the peaks detected on the other
two kinds of e-AgNPs. It may be due to the complex organic
coating layer of e-Ag-bio, and the peak at 928 cm ™" could have
been overlapped by other foreign peaks. Therefore, although
SERS intensities of thiram on e-Ag-bio are slightly higher than
those on e-Ag-C at several characteristic peaks, it might be the
result of other organic compounds in the plant extract.
However, the intensity ratio between peaks at 1382 cm ™" and
556 cm ', which has been shifted to 536 ecm™", is similar to
those on e-Ag-C. Moreover, the peak at 1516 cm ', which has
been shifted to 1572 cm ™ *, could be clearly observed in the SERS
spectrum of thiram on e-Ag-bio. Therefore, thiram could have

556 928 1382
Raman Shift (cm-1)

Fig.2 (a) SERS spectra of thiram (10~* M) on e-Ag-O, e-Ag-C and e-Ag-bio; (b) comparison of SERS intensities of thiram on e-Ag-C and e-Ag-O
at peaks of 556, 928 and 1382 cm™%; schematic structures of e-Ag-C (c) and e-Ag-O (d).
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been diffused through the thick layers of e-Ag-bio to access the
surface of those e-AgNPs and bind onto the Ag surface via Ag-S
interaction. However, at a lower concentration of thiram (107>
M), while SERS spectra of thiram on e-Ag-O and e-Ag-C still
exhibit sharp characteristic peaks (Fig. S4t), peaks in SERS
spectrum of thiram on e-Ag-bio are dull and further shifted.
Therefore, it is confusing to detect them in the spectrum, pre-
venting the determination of thiram in the sample. For that
reason, e-Ag-bio is not an appropriate substrate for SERS
sensing of thiram.

3.3. Effects of coating agents on SERS sensing performance
of e-AgNPs

The enhancement of Raman signal of analytes on SERS
substrates could be explained by both CM and EM. As discussed
in Section 3.2, the adsorption of thiram on the surface of all
three kinds of e-AgNPs has been reflected in the SERS spectra.
Thus, it has been convenient for them to experience SERS effect
via CM. On the other hand, the interparticle distance between
nanoparticles could be observed in SEM images. To prepare for
SEM measurement, e-AgNP solutions were directly drop cast on
copper tape and dried in room temperature, which was similar
to the preparation procedure of SERS substrates. The nature of
the substrates (i.e., Al and Cu) might have affect the assembly of
e-AgNPs, so the distances between e-AgNPs on SERS substrate
may not be completely equal. However, because the coating
agents of e-AgNPs, including citrate, oleic acid and fish mint
extract, are not highly reactive, so there could not be any reac-
tions between them and the metallic surfaces (i.e., Cu and Al)
which seriously influence the assembly of e-AgNPs. Therefore,
the behavior of e-AgNPs on SERS substrates could have been
similar to that on Cu tape. As a result, the interparticle distances
of e-AgNPs could be assumed to be similar to those on the SEM
images: e-Ag-O < e-Ag-C < e-Ag-bio in interparticle distance. The
distances of 7 nm among e-Ag-C and 4 nm among e-Ag-O are
both convenient for Raman signal of thiram on those substrates
to be improved via EM. Concerning e-Ag-bio, although the NPs
were not as well distributed as the other samples with several
clumps of NPs gathering, the NPs still spread over the substrate
with interparticle distances ranging from 8 nm to 25 nm,
allowing thiram molecules adsorbed onto those NPs to experi-
ence SERS effect in EM. Therefore, on all three kinds of e-AgNPs,
SERS phenomenon could occur in both CM and EM.

To investigate the SERS enhancement through CM, we
employed a UV-vis model to study the adsorption of thiram onto
three kinds of e-AgNPs. In a recent study, we showed that
intensity of the absorption spectra of e-AgNPs and e-AuNPs
could be affected by the adsorption of analytes onto the
surface of the NPs. To be detailed, the adsorption of analytes
would lead to a decrease in absorption intensity of the noble
metal NPs.”® Therefore, in this study, we added 300 pL of thiram
solution (10~> M) into 2 mL of e-Ag-C, e-Ag-O and e-Ag-bio
solutions and investigated the behavior of the adsorption
peaks during incubation time. Fig. 3 shows that during the
incubation time, the adsorption intensity of all three kinds of e-
AgNPs decreased. However, the level of decrease and the time it

9980 | RSC Adv, 2024, 14, 9975-9984

Paper
100
——e-Ag-C
+— e-Ag-0
95 —— e-Ag-bio

904 | ~°

g (%)

0 10 20 30 40 50 60
Time (minute)

Fig. 3 Changes in absorption intensity at 410 nm for the three
mixtures over the 55 min of incubation.

took for the mixture to reach the steady state are different. To be
detailed, it took only 5 min of incubation for the mixture of e-Ag-
bio and thiram to reach the steady state while it required 25 and
45 min for those containing e-Ag-O and e-Ag-C, respectively.
Besides, a similar trend is also observed in the decrease in
intensity of the SPR peaks. At the steady state, the mixtures
containing e-Ag-bio, e-Ag-O and e-Ag-C were estimated to be
90%, 95% and 82%, respectively. Accordingly, the difference in
coating agent might have influenced the adsorption capacity of
thiram onto the e-AgNPs. The thick coating layer of e-Ag-bio
might have prevented thiram molecules from accessing the
surface of the e-AgNPs. Besides, although the adsorption level of
thiram onto e-Ag-O is higher than that onto e-Ag-bio, it is still
much lower than that onto e-Ag-C. Different from e-Ag-bio,
whose coating layers contain many kinds of phenolic acid,***
the coating layers of both e-Ag-O and e-Ag-C contain single
coating agents of oleic acid and citrate, respectively. In a recent
study, Khutsishvili et al. employed XRD to confirm the covalent
bonding of oxygen atoms of polar carboxylic groups of oleic acid
with AgNPs.’ Meanwhile, several other studies have been re-
ported on the weak ionic bonding between citrate molecules
and Ag surface of the nanoparticles.”*** Therefore, in the pres-
ence of thiram molecules, which could link to e-AgNPs via Ag-S
covalent bonds, citrate molecules tend to be replaced while
oleic acid molecules are still attached to the Ag surface. As
a result, more citrate molecules could be adsorbed onto the
surface of e-Ag-C even though e-Ag-O exhibits the larger surface
area with a smaller size of 16 nm, compared to the larger size of
24 nm of e-Ag-C. The replacement of thiram as a coating agent
onto e-Ag-C was reflected in adsorption spectra. Fig. S5
compares the SPR peak position of e-AgNP solutions before
without the addition of thiram and at the steady state. Accord-
ingly, only e-Ag-C sample shows a red-shift of 4 nm, repre-
senting the replacement of citrate on the surface of the NPs.
Meanwhile, the others show no shift in adsorption peak. This
investigation shows that e-Ag-C exhibits the highest level of
thiram adsorption allowing the largest number of thiram
molecules to experience SERS effect via CM. However, e-Ag-C
does not show the best SERS sensing performance. It could be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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due to the contribution of EM enhancement in the whole SERS
enhancement on these substrates.

As discussed in Section 3.1, SEM images show the self-
assembly of e-Ag-C and c-Ag-O. To prepare for SEM experi-
ments, e-AgNP solutions were drop-casted onto glass substrates
and dried at room temperature, which is similar to the prepa-
ration of SERS substrates. Hence, e-Ag-C and e-Ag-O could also
be self-assembled on the Al substrate with similar interparticle
distances. With a smaller distance of 4 nm, e-Ag-O provide hot
spots with larger EM enhancements, resulting in higher SERS
intensity of thiram on e-Ag-O, compared to that on e-Ag-C. With
this experimental model, we could not calculate the exact
contribution of EM and CM in SERS enhancement of thiram on
e-AgNPs. However, it demonstrates that EM has larger contri-
butions to SERS enhancement than CM, which is in agreement
with previous studies.***°

Concerning e-Ag-bio, absorption spectra show the lowest
level of thiram adsorption onto this kind of e-AgNP. Surpris-
ingly, SERS intensity of thiram on e-Ag-bio is similar to that on
e-Ag-C. In the SEM image of e-Ag-bio, although the NPs are not
evenly distributed on the substrate as e-Ag-C and e-Ag-O, the
interparticle distance could be estimated to be 8 nm, which
promotes SERS enhancement via CM. In addition, compared to
the other electrolytes, fish mint exact is not fully dissolved in
water. The heterogeneity of the extract has prevented the
formation of spherical e-AgNPs. SEM images show that e-Ag-bio
is not as spherical as e-Ag-O and e-Ag-C. This morphology has
a great advantage in EM enhancement, compared to the other e-
AgNPs. Unfortunately, the thick coating layer has prevented
thiram molecules from adsorbing onto the surface of e-Ag-bio.
As a result, SERS signal of thiram on e-Ag-bio has a similar
intensity compared to that on e-Ag-C.
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3.4 e-Ag-O-based SERS sensors for thiram detection

With the best SERS enhancement, e-Ag-O was selected to further
develop SERS sensors for thiram. Fig. 4a shows SERS spectra of
thiram at seven concentrations (10~* M to 10~ '° M) on e-Ag-O.
Characteristics bands of thiram could be observed in the SERS
spectra of thiram at concentrations down to 10~° M. At the
concentration of 10™'° M, several characteristic peaks have dis-
appeared. As discussed in Section 3.2, to adsorb onto Ag surface,
each thiram molecule was cleaved into two dimethyl residues,
which could bind to Ag surface via one or two S atoms, forming
monodentate and bidentate interactions, respectively. Thiram
residues on e-AgNPs exist in both kinds of interaction, but the
equilibrium between them is different at distinct concentrations
of thiram. At low concentrations, bidentate interaction predom-
inates and vice versa. This transformation results in pour linear
relationship between logarithmic SERS intensities at the char-
acteristic peaks of thiram and logarithmic concentration of
thiram. Fig. S61 shows plots of logarithmic SERS intensities at
928 cm™ ' and 1382 cm ™" with linear regression R*> = 0.81 and
0.90. It is obvious that the linear regression at 1382 em™" is
higher. The band at 1382 cm ™" is assigned to N-C stretching and
CHj; bending modes, which are more stable than vibration modes
associated with S atoms that directly involved in the binding of
thiram onto Ag surface. It was reported that the predominance of
monodentate or bidentate modes of thiram attached on e-AgNPs
can be reflected on S-related bands.”* For example, at the highest
concentration of thiram (10~* M), SERS intensity of the band at
1382 cm ™' is predominant (Fig. 4a), representing the predomi-
nance of bidentate form of the analyte. When the concentration
of thiram increases, SERS intensity at 928 cm ", which represents

C-S stretching mode, becomes nearly equal to that at 1382 cm ™.

928 cm™
3.5
| y=7.09+0.58x .
R?*=0.95 -
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254
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Fig. 4 (a) SERS spectra of thiram on e-Ag-O substrates and (b) linear response at 928 cm™ of thiram at different concentrations.
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Table 1 Reported SERS sensors for thiram detection

Paper

NPs LOD Linear range Repeata-bility Reprodu-cibility Real sample Ref
Ag nanocube 10°"M — 10.54% — — 5
Ag nanowire 10°°M — 14.06% — —
Ag dendrite 1077 M (in grape juice) 10”7 to 10~* M (in grape juice) — — Grape juice 31
Au nanostar 107" M (in standard samples) — — — Apple peel 32
1077 M (in apple juice)
e-AuNPs (citrate coated) 5 x 107 '° M — 17% 10.5% — 25
e-Ag-O 1.04 x 10°'°M 10 °to107’' M 13.8% 6.89% Tea leaves  This work

1077 to 10 * M

It could be explained by the formation and predominance of
monodentate mode of thiram. However, the band at 928 cm™*
does not exhibit higher intensity than that at 1382 cm ™" because
of the remarkably strong intensity of the methyl groups described
by Sanchez-Cortés et al?® The intensity at 928 cm ' keeps
increasing with the increase of thiram concentration forming two
linear plots of logarithmic SERS intensity at 928 cm™ ' against
logarithmic concentration of thiram at low concentrations
(10"° M to 10”7 M) and high concentrations (10" M to 10~* M). It
could be due to the predominence of bidentate at low concen-
trations and monodentate at low concentrations of thiram. Based
on the linear equation at low concentrations of thiram shown in
Fig. 4b, LOD was calculated to be 1.04 x 10~'° M, which is lower
than many reported noble metal-based SERS sensors for thiram
(Table 1). This LOD is still higher than those when using Ag
nanocubes and Au nanostars, which could generate enormous
EM enhancements thanks to their hot spot formation. Instead, e-
Ag-O could be fabricated using a fast, simple and eco-friendly
procedure. Besides, the reproducibility of the method was eval-
uated by measuring SERS signal of thiram (10~ M) on 5 e-Ag-O/Al
substrates, which were prepared independently (Fig. 5a), result-
ing in a relative standard deviation (RSD) of 6.89% good repro-
ducibility of the method. In addition, thanks to the purity of e-
AgNPs, they were spread quite evenly on the Al substrate,
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Fig. 5 Reproducibility (a) and stability (b) of SERS sensor for thiram (10~
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reflected in similar SERS signal of thiram at five different posi-
tions on a substrate (Fig. 5b). The RSD was calculated to be
13.8%. LOD and RSD values were calculated as described in ESL}

3.5 Practicability of e-Ag-O-based SERS sensors for thiram
detection in real samples of green tea leaves

The practicability of e-Ag-O-based SERS sensor for thiram was
investigated by detecting thiram in real tea samples collected
from Thai Nguyen province, Vietnam. Thiram at six concen-
trations were prepared in tea samples as described in Section
2.3. Fig. 6 displays Raman spectra of thiram (10™* M to 10~° M)
in tea samples on e-Ag-O. The characteristic peaks at 556 cm ™,
928 cm ™' and 1382 cm ' could be detected in the spectra,
confirming the presence of thiram in the real samples.
Although the presence of organic compounds in tea exact has
increased noise-to-signal ratio in the SERS spectra, the specific
Ag-S bond between thiram and e-Ag-O allowed this pesticide to
be detected at concentrations down to 10 ° M. Using two
equations in Fig. 4b, concentrations of thiram in real samples
were calculated (Table 2). For the sample of 10~7 M, the calcu-
lated concentration of thiram is the mean of the concentrations
estimated using both equations. Recovery rates range from 93%
to 132%, reflecting high accuracy of the sensing system. This
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4 M) detection based on e-Ag-O substrates.
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Fig. 6 SERS spectra of thiram in real samples of green tea leaves at
different concentrations.

Table 2 Practicability of e-Ag-O-based SERS sensor for thiram
detection in green tea leaves

Spike concentration Calculated concentration Recovery
of thiram (M) of thiram (M) (%)
107 3.23 x 107° 112
107° 2.46 x 1077 132
10°° 2.09 x 1077 111
1077 5.23 x 1078 113
1078 2.6 x 1078 95
107° 3.67 x 107° 93

linear range covers the maximum residue levels (MRLs) for
plant commodities of 2-13 ppm (7.7 x 107 * M to 5 x 107> M)
established by the United States Environment Protection
Agency and European Food Safety Authority.

4. Conclusions

In this study, we fabricated three kinds of AgNPs using elec-
trochemical method with the use of three different electrolytes,
including citrate (e-Ag-C), oleic acid (e-Ag-O) and fish mint
extract (e-Ag-bio). All as-prepared e-AgNPs exbibit SERS effect
with the ability to enhance Raman signal of thiram. However, e-
Ag-O shows the best SERS sensing performance. Although the
level of thiram adsorption onto e-Ag-O is not as high as that
onto e-Ag-C, the advantage of smallest interparticle distance
allows it to generate SERS effect through electromagnetic
mechanism, leading to the best improvement in Raman signal
of thiram. e-Ag-O was then employed as an active SERS
substrate for thiram detection with large linear ranges from
107* M to 10~7 M and from 107 M to 10~ ° and an impressive
LOD of 1.04 x 10~ '° M. This sensor could also detect thiram in
tea leaves at the concentrations down to 102 M, with the same
linear ranges, which cover the MRLs for plant commodities

© 2024 The Author(s). Published by the Royal Society of Chemistry
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established by the United States Environment Protection
Agency and European Food Safety Authority (2-13 ppm ~7.7 x
107°Mto 5 x 107° M).
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