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ABSTRACT: Herein, we explored the shape-induced enhanced Raman
scattering (SIERS) effect to detect Atrazine pesticides in different
concentrations (1.6 X 1078—1.6 X 1072° mol L7!). For this, the
performance of the SIERS effect compared to the conventional Raman
signal was evaluated using a silicon substrate with a V-shaped (Si—V)
microchannel and a flat silicon substrate (flat Si). Experimental data free
of metallic nanostructure show that the SIERS effect increases up to a 7-
fold signal for the Atrazine molecule compared to the conventional
Raman signal. Combining SIERS and surface-enhanced Raman ; &
scattering (SERS) effects (SIERS@SERS) using metallic nanostructures . Atrazine + Water
is the key feature used to achieve lower limit detection of the target '
molecule. The performance of SIERS@SERS was evaluated by using
gold nanorods (AuNRs) metallic structure deposited onto Si—V and flat Si for the detection of Atrazine in different concentrations
(1.6 X 107*=1.6 X 107° mol L™"). The geometric design of V-shaped microchannels also enables a “trap” for the molecule
confinement and builds up an excellent electromagnetic field distribution by AuNR aggregates. The AuNRs aggregation is also
favored by incubating a AuNRs colloidal suspension mixed with Atrazine using different solvents (water and methanol). In this
sense, the results reveal that the solvent plays an important role in the signal intensity as well as spectra definition and band
identification. The IDMAP statistical projection reveals good data discrimination with a silhouette coeflicient of 0.64 for Si—V
substrate (1.6 X 107°=1.6 X 1072° mol L™") against 0.51 for flat Si (1.6 X 107~1.6 X 107 mol L"), indicating that the SIERS@
SERS effect provides more sensitivity for the sensor. The Si—V platforms are a robust option for commercial sensors, since they can
be reusable with or without plasmonic nanostructures.

KEYWORDS: SIERS, SERS, microchannel, atrazine, gold nanorods

1. INTRODUCTION simple cleaning step without compromising the Si nanowire
structures by removing only the AgNSphs, to detect R6G up to
1 x 1077 mol L™."¢ Reusable porous silver nanosheets were
developed for organochloride pesticide detection, reaching a
20-fold reusability count.'” The authors mentioned that the
platforms are sensitive to several analytes, regardless of their
affinity to a metal surface. The platforms were evaluated using
rhodamine B, dichlorodiphenyltrichloromethane, and lindane
up to a concentration of 1077 mol L™". The platforms were
reusable 20 times, with SERS activity reproducible. Although
these strategies are interesting, they still displayed a higher

Since surface-enhanced Raman scattering (SERS) associated
with the Raman technique was reported in the 1970s,"” there
is no doubt that SERS is a powerful tool.>~7 However, the
SERS technique presents limitations that hinder its applic-
ability as an analytical tool.”” Panneerselvan et al.'” reported
the main bottlenecks and future directions of the SERS
technique, being one of the most difficult in developing easy-
to-use and low-cost SERS substrates with high stability and
reproducibility. Another factor is the low control of metallic
nanoparticle deposition onto substrates, which affects the
reproducibility of the SERS substrates.'' ~'* In this way, some

strategies have been developed to obtain robust SERS Received: December 26, 2024 e
substrates based on the reusable nature of these platforms, Revised:  April 28, 2025
such as facile removal of metallic nanostructure and further Accepted:  May 1, 2025
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(AgNSph) reached a reusability count of ten times after a
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concentration detection in the micromolar range, leading to a
limited application as an analytical tool. Therefore, obtaining
SERS substrates with more sensitive responses in low-level
sample concentrations is still an enormous challenge.

Nowadays, the development of SERS substrates carved
cavities in silicon substrates with a metallic thin film of Silver
or Gold (Ag or Au), in which the SERS effect is based on the
SPR mechanism for noble metal substrates, is growin%
considerably, mainly for waveguide SERS applications.'*™”
The most significant advantage of a SERS substrate with a
cavity is the hot spot region generated by its own cavity,
increasing the probability of finding a high molecule
concentration under confinement. In this context, our group
developed SERS substrates with carved V-shaped micro-
channels on the Si substrate (Si—V) and modified with gold
nanorods (AuNRs) to detect R6G as proof of concept.”’ We
verified that Si—V microchannels can enhance the Raman
signal by up to S-fold for R6G, even in the absence of AuNRs.
The Si—V platforms modified with AuNRs allowed the
detection of attomolar (107'® mol L™) R6G, and 107'° mol
L™ for thiram molecule.”””> We called this phenomenon
shape-induced enhanced Raman scattering (SIERS), which is
associated with electric field intensification caused by
constructive interference patterns of light radiation from the
V-shaped cavity. The effect induced by the geometric design
carved in the silicon substrate was also demonstrated by
Mamich et al,” in which 1.0 um? cavities under the
wavelength excitation close to the Si cavity width act as a
matrix, increasing the Raman scattering efficiency for different
analytes embedded inside the cavities. In this case, the authors
suggest that partial light localization is strongly generated due
to the thin metallic film recovered in these cavities that acts as
a waveguide propagation of the excitation light, and as a result,
it occurs by increasing the Raman scattering efficiency. In
contrast, the SIERS effect is also associated with light
confinement, regardless of whether a metallic thin film or
metallic nanostructures enhance the Raman signal; ie., the
Raman signal intensification occurs by only cavity geometric
design.

One of the main advantages of the Si—V substrates is that
they could also be reusable through a cleaning protocol to
remove the analyte and metallic nanoparticles, allowing the
modification with metallic nanostructures of different
morphologies and composition, adjusting the better conditions
analysis for specific analytes with lower detection limits being
an up-and-coming platform from a commercial point of view.
However, understanding how the SIERS effect combined with
the SERS effect provides the metallic nanostructures can be
improved to scatter Raman signals is still required under
several analysis conditions, composition, and target molecules
in a lower concentration. Combining the Si—V substrates with
metallic nanoparticles can be an excellent alternative to
creating efficient SERS substrates with high reproducibility
and sensitivity. Different from our previous work,”" > in which
the analyte (Thiram) was sequentially deposited after the
AuNR colloidal suspension was dried onto the Si—V substrate,
the present study demonstrates that analyte detection still
depends on an optimization process specific to each analyte
type. This optimization is crucial to understanding the
interfacial interactions between the metallic surface and the
analyte in order to enhance the detection performance using
this technique. In fact, we continue to demonstrate that the
SIERS effect represents a unique active platform that acts as a

“trap,” promoting the aggregation of both metallic nanostruc-
tures and analyte molecules. Based on this, we evaluated how
the SIERS effect can contribute to detecting a more complex
molecule, such as Atrazine, that has a weak interaction with
gold metallic surfaces. For this, different concentrations of
Atrazine molecule solutions were evaluated by SIERS@SERS
using a Si—V substrate to compare the effect on atrazine
pollutant detection in different concentrations against flat Si
substrate. In addition, the SIERS and Raman signal free of
metallic nanoparticles were evaluated for Atrazine diluted in
various solvents, ultrapure water, and methanol. The Raman
signal intensity without the plasmonic nanostructure effect was
assessed to explore the SIERS effect in atrazine detection,
while the influence of the solvent directly impacted the Raman
and SIERS spectra profile. The functions of gold nanorods
combined with the SIERS effect (SERS@SIERS) were the key
features to achieving subattomolar atrazine detection.

2. MATERIALS AND METHODS

2.1. Materials. Hexamethyldisilazane (HMDS), AZ nLOF 2020
photoresist, and AZ 726 MIF developer were purchased from
MicroChemicals. The following reagents were purchased from Sigma-
Aldrich: 1-Chloro-3-ethylamino-S-isopropylamino-2,4,6-triazine
(Atrazine PESTANAL—C4H,,CIN, >98%), tetrachloroauric (III)
acid trihydrated (HAuCl,.3H,0), hexadecyltrimethylammonium bro-
mide (CTAB > 98%), and potassium hydroxide (KOH, 90%).
Sodium Hydroxide (NaOH, P.A.), hydrogen peroxide (H,0,, 29%),
acetone (C3H4O, P.A.), acetone (C3H,O, VLSI), isopropyl alcohol
(CyH,0H, VLSI), and methanol (CH;OH, P.A.) were purchased
from Synth. Isopropyl alcohol (C;H,OH, P.A.) was purchased from
Synth. The Millipore Synergy UV obtained ultrapure water with 18.2
MQ.

2.2. Characterization of AuNRs and Si—V Substrates. UV—vis
spectroscopy was performed to determine the extinction spectra of
the AuNRs colloidal suspension by using a Cary S0 spectropho-
tometer. Transmission electron microscopy (TEM) was also
performed to characterize the AuNRs by drop drying 10 uL of the
concentrated suspension in a holey carbon-coated Cu grid using a
Libra Zeiss 120 transmission electron microscope. The size
distribution of the AuNRs was obtained by using the Image] software
by counting 500 particles. The AuNRs synthesis is described in the
Supporting Information. The Si—V substrates were fabricated using
the procedure described by Bir et al,*' and during the corrosion
processes, confocal images were obtained using a 3D laser scanning
confocal microscope - VKX200 (Keyence), Wavelength—408 nm
(violet) to evaluate the depth and aperture length of the V-shaped
microchannels. Scanning electron microscopy (SEM) was also
performed after the microfabrication process to characterize the
quality of the surface of the substrates and after sample deposition,
using a scanning electron microscope model FEI Quanta 250 FEG
(FEI Co., USA), with voltage acceleration of 20 kV in a tungsten
filament.

2.3. Si—V and Flat Si Substrate Preparation for Raman
Analysis. The Raman and SIERS spectra for the atrazine target
molecule were collected for Si—V and flat Si substrates without
AuNRs. For this, a stock solution of 1.6 X 1072 mol L™! in methanol
solvent, and subsequent dilutions were prepared for 1.6 X 107*—1.6 X
107 mol L7' in ultrapure water, and methanol. (i) Raman
characterization: An aliquot of 10.00 + 0.12 uL of atrazine (1.6 X
107*~1.6 x 107° mol L™") solution in different solvents (ultrapure
water and methanol) was dropped individually onto Si—V and flat Si
substrates and dried at ambient temperature (~25 °C). This process
was repeated four times, entirely 40 uL dropped. It is important to
mention that the Si—V and flat Si substrates are supported in a glass
slide with a 5° inclination to favor their flows into the Si—V channels
through capillarity, and the substrates were turned 180° for each
aliquot dropped. (ii) SIERS@SERS characterization: Si—V and flat Si
substrates for SIERS@SERS spectra acquisition were prepared from
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optimization of AuNRs incubation with atrazine target molecules at a
1.6 X 107=1.6 X 107° mol L™ range of concentrations. Briefly,
10.00 + 0.12 uL of ultrapure water, 10.00 + 0.12 uL of AuNRs
colloidal suspension, and 40 uL of Atrazine solution were kindly
mixed and incubated for 30 min. A detailed description of the
Atrazine solution proportion in methanol and ultrapure water for each
concentration is included in Table S1. After the incubation period, the
incubation solution was dropped onto the Si—V and flat Si substrates
every 10 yuL and dried at environment temperature (~25 °C). The
substrates (Si—V and flat Si) were supported in a glass slide with a 5°
inclination to favor their flow into the Si—V channels through
capillarity, and turned 180° for each aliquot dropped. This process
was repeated six times, with a volume of 60 uL dropped,
corresponding to the entire solution incubated.

2.4. Silicon Substrates Clean Protocol (Si—V and Si Flat). A
cleaning protocol was established and optimized, ensuring the
complete removal of AuNRs-atrazine for further Si—V and flat Si
reuse. The steps are described as (i) precleaning using a damp cotton
swab in acetone (C;H(O, P.A.) followed by ultrapure water washing;
(ii) the same procedure described in (i) was performed by using
isopropyl alcohol (C;H70H, P.A.); (iii) this step is only performed
for Si—V and flat Si-containing AuNRs, the substrates are immersed in
an aqua-regia (3:1 v/v HCI:HNO;) solution for 10 min; (iv) in the
sequence, Si—V and flat Si are immersed in piranha solution 4:1 v/v
H,S0,:H,0, for 30 min, then washed in abundance with ultrapure
water; (v) the Si—V and flat Si are immersed in a solution 1:1:3 v/v/v
NH,OH:H,0,:H,0 and heated ~85 °C for 20 min, then washed with
ultrapure water; (vi) the same procedure described in (v) is
performed by using a solution 1:1:4 v/v/v HCI:H,0,:H,0, heated
~85 °C for 20 min, followed washing with ultrapure water. Finally,
the Si—V and flat Si were dried by using a flow of N,. Although the
reusability of Si—V substrates has not been explored in this study, they
were used many times after a clean protocol.

2.5. Raman Analysis. Raman and SIERS@SERS spectra were
collected using a HORIBA Jobin Yvon T64000 Raman spectrometer
coupled with an Olympus BX41 microscope and a charge-coupled
device detector using a laser of 633 nm from a He—Ne laser
(Research Electro-Optics) as incident radiation. The 663 nm laser was
chosen based on De Barros et al.,>* whose BEM simulations show that
the gold nanorods aggregation leads to the shifted excitation band at
748 nm to near 633 nm. The Raman spectra for the Atrazine and
CTAB powder were collected using a SOXLWD objective lens, with
one accumulation in the exposure time of 20 s, in 600 grooves/mz
grade. The SIERS and Raman spectra were collected without AuNRs
for Si—V and flat Si substrates. The spectra on the flat Si were
collected using a 100xXLWD objective lens, with one accumulation in
the exposure time of 20 s in the 600 grooves/mm? grade in a mapping
mode. For the Si—V substrates, the spectra were collected using a 50X
LWD objective lens with one accumulation and exposure time of 20 s
in a mapping mode, grade of 600 grooves/mm?> For the Si—V and flat
Si with AuNRs deposited, the SIERS@SERS were collected using a
10X objective lens, with one accumulation in the exposure time of 20
s, in the 600 grooves/mm? grade for mapping mode. The calibration
of the spectrometer was performed using a crystalline band of the Si
substrate at 520.7 cm™". To collect the spectra on mapping mode
inside the V-shaped microchannels, the grid with the region of interest
to collect the spectra was placed in the middle region of the
microchannel opening, which has dimensions of roughly 6.5 ym, as
depicted in Figure SI1. The area of the beam calculated by the use of
the 10x objective lens, which has an aperture value of 0.25, was 1.3
um?. The SIERS@SERS and SERS performance of the substrates
(Si—V and flat Si) were evaluated using solutions of Atrazine as the
target molecule.

2.6. Multivariate Analysis. Raman spectra were analyzed by
using unsupervised and supervised multivariate methods. First, a
pretreatment is performed in all data sets by correcting scattering
effects, commonly observed in spectroscopic assays, using an extended
multiplicative scattering correction algorithm (EMSC), with a sixth-
order polynomial. For the unsupervised clustering analysis, the
Interactive Document Map (IDMAP) projection technique25 was

applied to normalized data sets in the selected region, 580 and 1650
cm™, to avoid silicon vibrational band response. A supervised
multilabel classification model was performed using the Explainable
Matrix (ExMatrix) algorithm,26 a visualization tool to explain decision
tree (DT) classification results through logical rules that provide
predictability through the multidimensional calibration space (MCS)
technique.”” All data were separated into training and test data sets in
a ratio of 70/30. 5 k-fold cross-validation was applied to avoid biased
or overfitting problems, and all analyses were performed using Python
Algorithms.

3. RESULTS AND DISCUSSION

Effective AuNRs synthesis was achieved and characterized by
UV—vis spectroscopy (Figure S2a) displaying the plasmon
bands at 514 and 746 nm, corresponding to the transverse
surface plasmon resonance and longitudinal surface plasmon
resonance (TSPR and LSPR),”*** respectively. The narrow-
ness of the band at 746 nm can indicate the low amount of
other morphologies and a good size distribution due to the
synthesis protocol performance. Corroborating with this result,
TEM micrographs (Figure S2c—f) indicated an excellent
homogeneity for the nanorods, and the histogram (Figure S2b)
exhibited a narrow size distribution with a size of 51 + 4 and
12.5 + 1.8 nm for length and width, respectively. The high
homogeneity obtained for AuNRs is essential to further
evaluate their functions in SERS and SIERS@SERS active
platforms by target molecule interaction. Moreover, the
AuNRs have the main advantage of their optical plasmonic
advantages, such as their anisotropic structure and character-
istic plasmon resonance in a longitudinal and transverse mode,
which can provide more efficient signal intensification
depending on the region in which the target molecule is
adsorbed. Si—V microchannels were characterized by SEM
micrographs, as can be seen in Figure S1g—i. Herein, Si—V
substrates previously fabricated by Bir et al,”' and new ones
fabricated, were used and characterized. Figure Sla—f reveals
that the microfabrication process of new Si—V substrates is
very reproducible, whose micrograph in Figure Slg corre-
sponds to the Si—V substrates fabricated by Bir et al,,”' and
Figure S1h,i obtained in this work.

The Raman analysis for neat CTAB (capping surfactant used
for AuNRs) and neat Atrazine powders was acquired to
identify the best reference band for Atrazine monitoring, which
does not overlap any CTAB band. Figure 1 shows the
prominent Raman bands at 437, 726, 738, 760, 898, 919, 945,
1020, 1057, 1086, 1106, 1255, 1362, 1408, 1432, and 1448
cm™! for CTAB (red line), and 417, 646, 684, 838, 922, 963,

CTAB powder 1408
Fl
s
2
‘»
c
8 Atrazine powder - g‘v
£ 8 4
2
g3 8 | s 8 g
28 3 s flg g é 3 %
ke d ! A , A
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Figure 1. Raman spectra for CTAB powder (red line) and atrazine
powder (blue line).
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Figure 2. Atrazine solution in the range of 1.6 X 10™*—1.6 X 107 mol L™! characterized by SIERS spectra in methanol solvent in (a) and water
solvent in (b), both in Si—V substrates. Raman spectra for Atrazine solution in the range of 1.6 X 107*~1.6 x 107 mol L™ characterized in
methanol solvent in (c) and water solvent in (d) for flat Si substrates. The insets correspond to the Raman optical images for the Si—V and flat Si
for the exact region of SIERS spectra collected. (e—h) correspond to the IDMAP statistic projections for each analysis condition displayed in (a—

d).

992, 1064, 1249, 1448, 1552, and 1601 cm™! for Atrazine (blue
line). Note that the Atrazine bands are very close to the CTAB
bands, whose most intense band of Atrazine appears at 963
cm™!, while a weak band at 1601 cm™" for Atrazine appears in a
region absent of CTAB bands. In this sense, we previously
chose the bands at 417, 963, and 1601 cm™ as references for
Raman, SERS, and SIERS@SERS characterization. A compar-

10290

ison and assignments of CTAB and atrazine bands can be seen
in Table S2.

In order to prove how the SIERS effect can be more
sensitive than traditional Raman analysis, we evaluated the
Atrazine spectra on the Si—V and flat Si substrates free of
metallic nanostructures (Figure 2a—d) in the concentration
range of 1.6 X 107%-1.6 X 107° mol L. In addition, we
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Scheme 1. Schematic Representation of AuNRs and Atrazine Sample Preparation by the Incubation Process Followed by

AuNRs-Atrazine Deposition onto Si—V Substrates

Color change wine to
light purple

Aggregated of AUNRs with
Atrazine molecule

10 pL of AuNRs-Atrazine incubation

AuNRs and Atrazine molecule
deposited on Si-V substrates

Process repeat 6 times

evaluated the effects in the SIERS and Raman spectra using
different solvents for Atrazine dilution (methanol and water)
since Atrazine is better diluted in methanol than in water. For
this, a stock solution of 1.6 X 1072 mol L™! in methanol and
successive dilutions were prepared in methanol and ultrapure
water for SIERS and Raman spectra comparison. It is essential
to be clear that the SIERS spectrum is associated with the Si—
V microchannels, while the Raman spectrum corresponds to
the flat Si substrate, i.e, in both cases, the analyses were
performed free of metallic nanostructures.

Figure 2a shows that Atrazine diluted in methanol displayed
lower signal intensity SIERS spectra. Consequently, the bands
are poorly identified, while the SIERS spectra for Atrazine
diluted in ultrapure water (Figure 2b) have an improved
SIERS signal and better spectral profile definition for all
concentrations (1.6 X 107*=1.6 X 107 mol L™!). A similar
behavior is observed for the Raman spectra in Figure 2c,d,
whose highest intensity spectra are observed in Figure 2d for
Atrazine in ultrapure water. These results indicate that the
solvent influences the signal of Raman spectra independently
of the substrates analyzed. More specifically, we observed from
the optical images shown in the inset of Figure 2a—d that the
solvent influences the way Atrazine crystal aggre%ates, which
can be associated with the drying speed ratio.””*° Despite
these different crystal morphologies and aggregations already
reported in the literature for other molecules,”"”” there are no
reports on how crystallinity actually impacts the Raman
spectrum of Atrazine. However, further studies are needed to
better understand the role of the solvent in the crystallization
process of Atrazine and its influence on the quality of the
Raman spectra. Regardless, for the SIERS spectra in Figure
2a,b, the slower evaporation rate for the ultrapure water
favored more Atrazine molecule aggregates inside the Si—V
microchannels. In addition, the SIERS effect contributes to the
signal increase due to the electric field intensification in the
edges and vicinity of V-shaped microchannels, as previously
shown in our published work.”" A set of SIERS and Raman
mapping can be seen in Figures S3a—c and S4a—c in the
Supporting Information.

Comparing the signal intensity of SIERS and conventional
Raman, both free of metallic nanostructure (Figure 2b,d), an
approximately 3-fold increase for the SIERS spectra is observed
concerning conventional Raman spectra for Atrazine 1.6 X
107* mol L7' diluted in ultrapure water. Additionally,
compared to the Raman spectrum of Atrazine in neat powder,
the SIERS signal increased 2—7-fold for the 1.6 X 107 and 1.6
X 107" mol L' concentrations, indicating an excellent
performance of SIERS as platforms free of metallic
nanostructure and a new alternative of analysis with a small

sample amount. It is essential to mention that the enhance-
ment signal provided by SIERS has already been reported by
Bir et al,”' whose finite-element simulation results show that
the maximum enhancement of the scattered electric field can
be verified on the V-shaped microchannel edges and their
vicinity. Specifically, the electric field enhancement could be
reached 50 times for the Si—V microchannel compared with
the flat Si substrate. Experimental results show that the signal
intensity for the Si band at 520 cm™" can vary depending on
the Si—V microchannel region monitored, with an increase of
2—7-fold. As a result, SIERS is very promising for detecting
ultradiluted solutions.

Figure 2e—h corresponds to the IDMAP projections for each
analysis condition displayed in Figure 2a—d, respectively.
Although the silhouette coefficients (SC) are more remarkable
for the flat Si (0.54 and 0.26) than Si—V substrates (0.23 and
0.12), it is observed that the SIERS spectra (Figure 2b)
displayed better quality in band definitions and a significantly
higher intensity than the flat Si. In this sense, obtaining spectra
of greater signal intensity can be essential for achieving lower
concentration detection. In addition, the multidimensional
calibration space using the ExMatrix algorithm was performed
for different solvent atrazine conditions, as can be seen in
Figure S5a—d. The classification of atrazine concentrations was
established inside Si—V and flat Si substrates from 1.6 X 1077
to 1.6 X 107 mol L™" in the frequency range of $80—1650
cm™!, and both analyses needed three logical rules and two
features to classify the three concentrations. Note that the
atrazine concentrations of 1.6 X 10™° and 1.6 X 107 mol L™!
are better distinguished for feature 977 cm™" (Figure SSa,b,d)
independently of the solvent used, corroborating with our
previous band selection in Figure 1. The feature importance at
940 cm™, seen in Figure SSa,c,d, can also be associated with
the band at 977 cm ™!, whose band position could be shifted or
broadened.

To verify the SERS and SIERS@SERS performance for the
flat Si and Si—V substrates, we optimized an incubation
process of AuNRs and Atrazine in concentrations of 1.6 X
107%—1.6 X 1072° mol L™". Scheme 1 illustrates the sequence
preparation of AuNRs and Atrazine deposited on the Si—V
substrate; the same process is followed for flat Si substrates.
More details of the incubation process for the AuNRs and
Atrazine ratios can be seen in Table S1 in the Supporting
Information. Figure 3a—c illustrates the SEM micrographs of
Si—V modified with AuNRs:Atrazine incubation. It is possible
to observe that the sample of AuNRs:Atrazine incubated is
predominantly deposited inside the Si—V substrate. However,
due to the presence of methanol in the AuNRs:Atrazine
solution incubated, the solvent evaporation rate is increased,
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Figure 3. SEM micrographies of Si—V with AuNRs-atrazine deposited
by the drop-casting method, using 60 uL of AuNRs-atrazine
incubation solution. (a) In magnification of 5000X and (b,) in
magnifications of 10,000X.

and consequently, the AuNRs-atrazine is also deposited on the
top of Si—V. This condition for Atrazine ratios diluted in water
or methanol mixed with a fixed volume of AuNRs suspension
was essential to improve the SERS and SIERS@SERS
performance and reach lower concentrations of detection. In
addition, the nonfunctionalized substrate was also a determin-
ing factor in facilitating the cleaning protocol and making the
substrate reusable. Therefore, we can say that the AuNRs
deposition is governed only by low-magnitude physisorption,
such as van der Waals interactions.

Figure 4a—c shows the average SIERS@SERS and SERS
spectra collected in different regions of Si—V and flat Si
substrates. The average spectra for each concentration
correspond to the set of two hundred spectra that are inserted
in the Supporting Information (Figures S6a—f and S7a—f).
Observed in Figure 4a,b for the SIERS@SERS spectra, the
prominent bands for Atrazine at 417 and 963 cm™' chosen
initially are not significantly visible. However, the band at 1601
cm ™! appears with a shift at 1617 cm ™, with a higher intensity.
Specifically, this band is assigned to the combination of
deformations in the plane of the ring and §C3—N3—H modes
for the Atrazine molecule, whose spectral changes for atrazine
molecules are mainly observed in this region due to the
adsorption position of Atrazine molecules on the metallic

surface structures as described by Costa et al.>* Therefore, the
band at 1617 cm™" was taken as a reference for the SERS and
SIERS@SERS spectra in Figure 4a,b. From the band at 1617
cm™!, we clearly observed that the SIERS@SERS spectra have
a 5-fold higher intensity than the SERS spectra for the Atrazine
concentration of 1.6 X 10™® mol L™'. The high intensity
observed for higher concentrations allows lower concentrations
to be detected, and herein, we achieve the detection until 1.6 X
1072° mol L7'. According to our results, SIERS@SERS
mapping indicates the presence of Atrazine in 10 spectra out
of a total of 225 collected, which was identified by the band at
1617 cm™' with an average intensity of 578.6 counts. The
spectra were found in 3 microchannels out of a total of 26
carved in the Si substrate. Specifically, these microchannels are
identified by letters from A to Z, and we saw 1, 7, and 2
SIERS@SERS spectra in the microchannels A, B, and C,
respectively. Despite the probability of picking up one or more
being low, it does exist, and to support this issue, we modeled
throughout the distribution of Poisson the probability of picking
up more than a specific number of molecules in an aliquot
solution, as well as their cumulative probability. A detailed
discussion about the Poisson distribution and all values
calculated are inserted in Table S3 in the Supporting
Information.

Specifically, the model uses the Poisson distribution, which
is suitable for rare events or discrete counts in small volumes.
To a concentration of 1.6 X 1072° mol L™}, we have an average
number of molecules of 9.57 for each solution, i.e., atrazine-
methanol and Atrazine-ultrapure water. The Poisson distribu-
tion indicates that it is possible to have up to 38% more
molecules in solution. On the other hand, to prepare the
incubation AuNRs:Atrazine, we take smaller aliquots, and the
Poisson distribution indicates that it is possible to pick up
11.7% more molecules in an aliquot of 13 uL for Atrazine
diluted in methanol, and 22.8% more molecules in an aliquot
of 27 uL for Atrazine diluted in water. The cumulative
probability indicates that in an aliquot of 13 yL, there is an
88.3% probability of having zero molecules in this volume,
99.1% probability of having one or fewer molecules, 99.98 two
or fewer molecules, and 99.998% probability of having three or
fewer molecules. To an aliquot of 27 uL, there is a 77.2%
probability of having zero molecules in this volume, a 97.1%
probability of having one or fewer molecules, a 99.68 two or
tewer molecules, and a 99.90% probability of having three or
fewer molecules. These results are consistent with the SIERS
spectra obtained on the Si—V substrates, indicating that,
although the likelihood is low, there remains a probability of
collecting a greater number of molecules within a small volume
aliquot. This is particularly relevant considering that the stock
solution contained approximately 9.57 molecules (for all
solutions prepared in methanol and water).

Multivariate projection techniques and unsupervised/
supervised methods were applied to better visualize and
compare the SIERS@SERS and SERS data sets in Figure 4a,b.
As shown in Figure 4c¢,d, it was corrected using the MSC
algorithm applied in IDMAP projection to improve the effects
of the light commonly present in Raman experiments. Figure
4c,d shows that an excellent silhouette coefficient (SC) was
obtained, 0.64 and 0.51, for the AuNRs-atrazine detection
inside Si—V and flat Si—V substrates, respectively. The SC
values above 0.5 indicate that significant discrimination was
achieved, and the clusters are identified. Although both
conditions had SC above 0.5, it is seen that the Si—V substrate
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Figure 4. (a) Average SIERS@SERS spectra of AuNRs:Atrazine incubation deposited inside Si—V microchannels; (b) average SERS spectra of
AuNRs:Atrazine deposited onto flat Si substrate. IDMAP plot for Raman data set in (c) corresponds to the SIERS@SERS data set of
AuNRs:Atrazine incubation deposited inside of Si—V; (d) corresponds to the SERS data set of AuNRs:Atrazine incubation deposited onto flat Si

substrate.

can form clusters formed better than a flat Si substrate for
ultradiluted concentrations (1.6 X 107°—1.6 X 1072° mol
L"), given a higher SC. Moreover, the intensity of the Si—V
substrate is S-fold higher than that of the flat Si substrate,
which allowed for the detection of subattomolar (1.6 X 107
mol L™') concentration for Atrazine. It is important to
mention atrazine detection at lower concentrations regardless
of the nanostructure composition, i.e., if they have a gold or
silver composition. For instance, the atrazine detection up to
1072 mol L™"*** was only achieved for the substrate using
silver nanoparticles (AgNPs),”*>> due to the amine group
interaction with the AgNP surface. In contrast, gold nano-
particles (AuNPs) deposited on a silicon wafer substrate had
been reported as having a lower atrazine detection of 10™° mol
L7'% Thus, by combining the SIERS effect and plasmonic
gold nanoparticles, i.e., the SIERS@SERS eftect, it was possible
to achieve the lowest concentration detection for the atrazine
molecule. Specifically, the Raman signal is enhanced by
constructive interferences inside Si—V microchannels, called
the SIERS effect, whose simulated results showed that the
locations with the maximum enhancement of scattered electric
field could be noticed on the V-shaped microchannel edges
and their vicinity, providing more interference patterns from
the scattered electric field propagation. As a result, a Raman
signal enhancement will occur in constructive interference due
to the electric field intensification that can reach up to 50 times
the intensity of the incident radiation on the walls and edges of
V-shaped microchannels.”’ Moreover, the use of SIERS
platforms (Si—V microchannels) combined with the SERS
effect, using AuNRs, allows for reaching lower concentrations,
such as in a single molecule regime detection, that are
unobserved by only the SERS effect (flat Si with AuNRs). The
SIERS platforms have the advantage of their reuse, no surface
functionalization required to adhere metal nanostructures, and
their use without any metallic nanostructure, which still allows
submicromolar detection. On the other hand, the SIERS
effects provided by V-shaped, combined with optimized

10293

AuNRs and target molecule incubation, lead to lower
concentration detection. The calculation of the analytical
enhancement factor (AEF) for both conditions, SERS and
SIERS@SERS, becomes a challenge, as many factors that make
quantification unfeasible, such as the orientation of the
molecule adsorbed on the surface of the metallic nanostruc-
tures, seem to play a role in the enhancement process. This can
be seen by the preferential enhancement of bands that were
not the most intense in the bulk phase, like the bands in 417
and 1601 cm™!, which were the latter ones that shifted to
higher wave numbers. Therefore, the conventional AEF
parameter is unsuitable for characterizing the enhancement
provided by the Si—V substrate (SIERS effect) in combination
with SERS in the presence of the AuNR:s.

The atrazine detection assay was further calibrated with
multidimensional calibration space using the ExMatrix
algorithm. The classification of atrazine concentrations was
established inside the Si—V microchannel (classes 1.6 X 1078~
1.6 X 1072° mol L™!) and the flat Si substrate (classes 1.6 X
1078-1.6 x 107" mol L™") with an accuracy of 99% for two
models. More than 300 spectra were collected for each
concentration in the 580—1650 cm™" frequency range, yielding
790 features. Figure Sa displays the ExMatrix representation for
the atrazine detection inside the Si—V microchannel, in which
only seven logical rules and six features were required to
classify the seven concentrations. It is worth mentioning that
five features (913, 940, 977, 1172, and 1378 cm™') have the
same importance (17%), but the last, 1298 cm™’, has 15%. The
concentrated atrazine solutions, 1.6 X 10™% and 1.6 x 107!°
mol L™/, can be distinguished from others in the second (940
ecm™) and first (1172 cm™"), respectively. The fourth column
(913 cm™) explains the difference between 1.6 X 107'* and
1.6 X 107, 1.6 x 107'%, and 1.6 X 107*° mol L™". The fifth
column (1378 cm™!) differentiates 1.6 X 10™** mol L™ from
1.6 X 107", and 1.6 X 1072° mol L. The third and sixth
columns discriminate the diluted solutions (1.6 X 107 and
1.6 X 107* mol L™') due to the SIERS@SERS effect. As
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Figure 5. (a) ExMatrix representation using the DT with seven logic
rules and six features for the SIERS@SERS data set spectra, Si—V
substrate modified with AuNRs:Atrazine incubation in different
concentrations. (b) ExMatrix representation using the DT with five
logic rules and four features for the SERS data set spectra, flat Si
substrates modified with AuNRs-atrazine incubation in different
concentrations.

expected, the flat Si with AuNRs-atrazine incubation allowed
the detection of a more concentrated atrazine solution, up to
1.6 X 107" mol L™, since the amplification is limited to the
SERS effect only. Figure Sb shows the ExMatrix representation
for the flat Si surface, which required five logical rules and four
features to classify the five atrazine concentrations. The most
important feature (1298 cm™, 31%) explains the difference
between the 1.6 X 107" mol L™ diluted solution and the more
concentrated ones. The remaining columns present the same
importance (23%) and allow discrimination of the 1.6 X 107*
from 1.6 X 1078, 1.6 X 107'°, and 1.6 X 107> mol L™}, the 1.6
x 1078 from 1.6 X 107% and 1.6 X 1072 mol L™}, and 1.6 X
107" from 1.6 X 107> mol L', respectively.

4. CONCLUSIONS

We demonstrated that the SIERS effect can be more sensitive
than the traditional Raman spectrum, in which unobserved
bands in Atrazine neat powder for conventional Raman spectra
were more evident in SIERS spectra. Besides this, the SIERS
spectra for Atrazine solution displayed an increasing intensity
signal of 2—7-fold compared to the traditional Raman spectra
for neat Atrazine powder. This result shows the excellent
performance obtained for Si—V platforms due to the SIERS
effect, whose substrate can be an alternative for analysis with a
small sample volume, free of metallic nanostructures, and reach
up to a micromolar range detection. In addition, we observed
that the solvent has an important role in the signal intensity
and spectra profile, decreasing signal/noise in the spectra and
better highlighting the bands of the target molecule. More
specifically, the Atrazine diluted in water solvent provided
higher SIERS and Raman signal intensity than the one
prepared in methanol, with a better spectra profile definition.
The ExMatrix classification results show that the lower

concentrations (1.6 X 107> and 1.6 X 107® mol L™') for
SIERS and Raman spectra are better discriminated by the band
at 977 cm™!, regardless of the solvent. On the other hand, the
synergy of the SIERS effect and SERS effect provided by
plasmonic nanostructures (SIERS@SERS) increases the
Raman signal intensity, which improves the sensitivity of the
platforms, allowing the subattomolar (1.6 X 107*° mol L")
Atrazine detection. The detection achieved for Atrazine in this
work is the lowest concentration detected and reported by
AuNRs. The IDMAP results displayed an SC of 0.51 for the
flat Si substrate in a range of 1.6 X 1075~107"¢ mol L™ against
0.64 for Si—V substrate in 1.6 X 1078—1.6 X 1072° mol L7},
indicating high sensitivity for Si—V substrate in the detection
of ultradiluted sample. Although the probability of picking up
one or more is low, it does exist, and the Poisson distribution
indicates that it is possible to have up to 38% more molecules
ina 1.6 X 1072° mol L™! Atrazine solution. On the other hand,
the cumulative probability indicates that in an aliquot of 13 L,
there is an 88.3% probability of having zero molecules in this
volume, 99.1% probability of having one or fewer molecules,
99.98 two or fewer molecules, and 99.998% probability of
having three or fewer molecules. To an aliquot of 27 uL, there
is a 77.2% probability of having zero molecules in this volume,
a 97.1% probability of having one or fewer molecules, a 99.68
two or fewer molecules, and a 99.90% probability of having
three or fewer molecules. This result corroborates SIERS@
SERS mapping, which indicates the presence of Atrazine in 10
spectra out of a total of 225 collected, which was identified by
the band at 1617 cm™ with an average intensity of 578.6
counts. The spectra were collected in 3 microchannels out of a
total of 26 carved in the Si substrate. Additionally, the Si—V
substrate offers reusability, a significant advantage for
applications with and without plasmonic nanostructures.
Moreover, combining plasmonic nanostructures with the
SIERS effect enhances sensitivity, enabling lower detection
limits and opening a new future for the SERS tool, as well as an
analytical strategy and commercial application.
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