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Sensitive SERS detection of Rhodamine 6G based on
monodisperse Ag and Ag@SiO; nanocubes

Minh-Kha Nguyen'?*, Lam-Nguyen Vo-Nguyen'2

ABSTRACT

The sensitive detection of dye contaminants in aquatic environments is a critical issue for both
ecological balance and human health. Surface-enhanced Raman scattering (SERS) using Au or Ag
nanospheres is commonly used for pollutant analysis. However, achieving precise control over
nanoparticle size and shape during synthesis remains a major challenge. As a result, the sensitivity
and reproducibility of Raman signals from these substrates are often insufficient for detecting low-
level contaminants. In this study, monodisperse Ag nanocubes (Ag NCs) with uniform size were
successfully controled using the polyol method in combination with poly(vinylpyrrolidone). An
ultrathin layer of silica was then coated onto the Ag NCs, forming Ag@SiO, NCs to enhance their
chemical durability. The results exhibited that the SERS signal of 1 07> M Rhodamine 6G (R6G) on the
Ag@SiO, NCs substrate was 3 times higher than that of Ag NCs. The SERS enhancement factor for
R6G on Ag@SiO, NCs reached 1.3x1 0°. Furthermore, the silica shell of Ag@SiO, NCs maintained the
stability of the R6G analytical signal even after 12 weeks of storage. The high sensitivity and stability
of Ag@SiO, NCs demonstrate their strong potential for application in monitoring environmental
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pollutants.

INTRODUCTION

In recent years, the presence of dye in wastewater has
become a significant environmental pollutant among
industrial discharges. These harmful dye pollutants,
typically originating from industries such as print-
ing, textiles, leather, medicine, cosmetics, and food,
are contributing water contamination and negatively
impacting aquatic ecosystems' . As a result, the de-
tection of dyes i critical for both ecological preserva-
tion and safeguarding human health. Over the past
few decades, a various of techniques have been devel-
oped for detecting dye pollutants®~, including UV-
Vis pectroscopy, fluorescence spectroscopy, electro-
analytical techniques, Raman spectroscopy, infrared
spectroscopy, and mass-spectrometry. Among these
methods, Raman spectroscopy has gained widespread
use in chemistry and material science. However, its
practical application is often limited by low sensitiv-
ity, making it necessary to enhance Raman signals to
improve detection capabilities.

Within plasmonic technologies, optical nanostruc-
tures made of metals play crucial roles as light guides,
precisely directing light to desired locations at the
nanoscale, and as nanoantennas, which enhance elec-
tric fields. These functionalities araise from the strong
interaction between incident light and free electrons
Additionally, effective
manipulation of light is achievable through precise

within the nanostructures.

control over shape and sizes of of the nanostructures”.

umerous innovative technologies stand to benefit
from plasmonics, including invisibility cloaks®, su-

7 Moreover,

perlense’, and quantum computing®.
surface-enhanced Raman spectroscopy (SERS) can
also experience significant improvements in speed
and efficiency through the integration of plasmonic
nanostructures’. SERS has emerged as a key tool for
amplifying the inherently weak Raman scattering of
molecules, enabling specific and sensitive detection
of analytes, which is critical for applications in dis-

10 understanding protein functional-

ease diagnosis
ity, and monitoring environmental pollutants .

Various nanostructures made of Au, Ag, and Cu, with
controllable shapes and sizes, have been synthesized
and are of considerable interest for SERS applica-

tions '2.

However, Cu nanoparticles are unsuitable
for such applications due to their susceptibility to air
oxidation. While Au is significantly more expensive
than Ag, Ag stands out among metals for its excep-
tional plasmonic properties, a wide variety of nanos-
tructure options, and cost-effectiveness. Despite these
advantages, Ag nanostructures face challenges related
to poor chemical and structural stability. Under con-
ditions such as acids, halides, oxidants, and heat, Ag
nanostructures tend to undergo shape transformation
into spherical particles ', leading to a blue shift in the
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surface plasmon resonance (SPR) band. This insta-
bility complicates the use of anisotropic Ag nanopar-
ticles (NPs), particularly those with sharp edges, for
plasmonic aplications. To overcome these challenges,
efforts to obtain stable anisotropic Ag nanostructures,
such as nanocubes, triangles, or nanorods, while pre-
serving their superior plasmonic characteristics for
SERS applications are highly desirable. Additionally,
concerns about the potential toxicity of Ag , partic-
ularly the released Ag™ ions, pose significant limita-
tions for in vivo applications '*.

In this study, the structure and dimensions of Ag
nanocubes (NCs) were controlled using the the polyol
technique. To enhance the stability of Ag NCs, a uni-
form silica layer with ultra thin shell was developed
though the Stober condensation reaction, effectively
coating the Ag NCs. Both Ag and Ag@SiO, NCs-
based substrates exhibited remarkable stability and
uniformity, providing highly effective for the detec-
tion of Rhodamine 6G (R6G). These substrates show
significant potential for environmental monitoring,
particularly for assessing water contamination.

MATERIALS AND METHODS

Materials

Poly(vinylpyrrolidone) (PVP, My ~ 55000), Rho-
damine  6G,  (3-aminopropyl)trimethoxysilane
(APTMS), and hydrochloric acid were acquired
from Sigma-Aldrich. Silver trifluoroacetate, sodium
hydrosulfide, ethylene glycol (EG), tetraethyl or-
thosilicate (TEOS), and acetone were procured from
Acros.  Ammonium hydroxide and isopropanol
(IPA), each of analytical grade, were sourced from
Fisher. For all experiments, deionized (DI) water was
utilized.

Synthesis of Ag NCs

The preparation of Ag NCs was conducted accord-
ing to our previously our established protocol 1°, with
slight adjustments. The scaling up of Ag NC synthe-
sis was executed by adhering to the standard synthe-
sis procedure, albeit with quadruple the amount of all
reagents (Figure 1). Following specific reaction pe-
riods, the reaction solution was halted by cooling in
an ice-water bath. The Ag NCs were collected via
centrifugation, washed with acetone and ethanol, dis-
persed in IPA, and stored at 4 °C.

Synthesis of Ag@SiO, NCs

A volume of 20 uL of APTMS (1mM in IPA) was in-
troduced to 2 mL of Ag NCs solution and stirred at
room temperature for 30 min. Subsequently, 6 mL
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of IPA, 2 mL of DI water, and 100 puL of ammo-
nia aqueous solution were supplemented to the mix-
ture. A dropwise addition of 200 uL of TEOS (1ImM
in IPA) ensued, and the reaction proceeded for 6 h.
The Ag@SiOy NCs were collected via centrifugation,
washed with ethanol and DI water, dispersed in DI
water, and stored at 4 °C.

Characterizations

UV-Vis absorption spectra of the solution were car-
ried out using UV-750, Jasco. The surface struc-
tures of nanoparticles were analyzed by FESEM
(JSM-6500F, JEOL) and TEM (FEI Tecnai 20 G2 S-
Twin). For SERS measurements, a 20 pL solution of
Ag@SiO, NCs or Ag NCs was dropped on a Si sub-
strate. A 5 uL of 107> M R6G was applied to the
substrate and left in darkness for 1 h at room tem-
perature. SERS measurements were conducted us-
inga UniRAM micro-Raman spectrometer and a laser
power of ~1.5 mW with a wavelength of 532 nm. Five
spectra of SERS signals were measured for each sam-

ple.
RESULTS

In order to explore the impact of size effects of Ag NCs
on localized urface lasmon resonance (LSPR) and Ra-
man enhancement, Ag NCs were synthesized through
various reaction durations. Analysis of the SEM im-
ages depicted in Figure 2A-D reveals that the average
edge length (d) of Ag NCs, synthesized at different re-
action time : 15, 30, 60, and 120 min, respectively, ex-
hibited an increase from 28 to 40, 50, and 69 nm. Fur-
thermore, the phenomenon of agglomeration is ob-
served in smaller sizes (Figure 2A-B) due to a higher
relative surface area and a greater number of surface
atoms '°.

The investigation into the correlation between the
plasmon shifts and the nanoparticle size involved pre-
senting the relationship between various edge lengths
and the LSPR peak positions of Ag NCs solutions in
Figure 2E through UV-vis spectra. The primary LSPR
peaks (Aqx) of the Ag NCs demonstrated a shift to-
wards longer wavelengths from 414 to 432, 456, and
480 nm while concurrently experiencing significant
broadening with an increase in edge lengths. The
SERS sensitivity of the synthesized Ag NCs was as-
sessed using R6G as a representative Raman probe
(Figure 3).

The TEM results displayed in Figure 4A-B exhibit
well-dispersed Ag and Ag@SiO; core-shell NCs. The
produced Ag particles are monodisperse cubic in
shape, with edge lengths of approximately 50 nm.
By employing APTMS and TEOS through the Stober
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Figure 2: Characterizations of Ag NCs with different reaction times. (A)-(D) SEM images; (E) Uv-vis spectra; and (F)
Linear relationship of maximum wavelength absorbance and edgelength of Ag NCs.[Source: Authors]

process, a uniformly thin silica shell (~1.5 nm thick)
was coated on the Ag NCs (Figure 4B). The UV-Vis
spectra of the Ag NCs (Figure 4C) revealed a predom-
inant band with a peak at 457 nm, representing the
dipole resonance of the NCs in solution. Addition-
ally, higher order resonances were observed in the so-
lution spectrum at 355 nm and 390 nm, indicating a
multipolar resonance and a hybrid quadrupolar reso-
nance, respectively '”. Upon the application of a uni-
form SiO; shell on the Ag NCs, the localized surface
plasmon resonance peak experienced a slight red-shift

from 457 nm to 464 nm due to the increased dielec-
tric constant resulting from the SiO; layer formation
on Ag NCs’ surface. The spectral redshift observed
is attributed to the rising dielectric constant of the
environment and the accumulation of polarization
charges on the dielectric side of the interface, which
weakens the restoring force within the nanoparticles.
Another critical aspect influencing the viability of the
nanocubes as a label-free SERS detection method in
the environment is their long-term stability. The sen-
sitivity and stability of the Ag NCs and Ag@SiO, NCs
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Figure 3: Raman spectra withthe excitation laser 532 nm of: (A) silicon wafer and 0.1 M R6G on a silicon sub-
strate (10 times); (B) SERS intensity and (C) SERS EF of 10~° M R6G on Ag NCs synthesized with various sizes.
[Source:Authors]
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Figure 4: TEM images of (A) AgNCs and (B) Ag@SiO, NCs. (C) Uv-vis spectra.[Source:Authors]

were evaluated for detecting R6G. As showed in Fig-
ure 5, the Raman signal of R6G on prepared Ag@SiO,
NCs was three times higher than that on bare Ag NCs.
DISCUSSIONS

As shown in Figure 2, the redshift observed in larger
NCs is attributed to a decrease in the depolarization
These effects cause
the conduction electrons to become desynchronize

field due to retardation effects.

in motion, resulting in a weaker depolarization field
at the particle’s center, which is induced by the sur-
rounding polarized medium '®. Additionally, radia-
tive losses begin to play a significant role in plasmon
damping, eventually dominating the damping process
entirely in Au and Ag NPs with diameters exceeding
100 nm '°. This leads to a brodening of the resonance
peak. The relatively slow growth rate during synthe-
sis enabled precise control over the sizes of the result-
ing Ag NCs, as indicated by their LSPR peak . Figure
2F shows a linear relationship between the LSPR peak
position and the edge length of the Ag NCs. The cali-
bration curve is decribed by the equation:

Amax = 1.6433d + 368.67 (R> = 0.98)

where A4y and d represent the peak position and
edge length, respectively. This calibration curve can
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be practically to predict the specific edge length of Ag
NCs by monitoring their UV-vis spectra.

The enhancement of Raman signal is crucial, making
the enhancement factor (EF) as a key metric for eval-
uating the effectiveness of the SERS substrate. The EF
is calculated using the equationEF = 1.19x104x1§f7“}s,
where Iggggs and I, s represent the intensities of the
selected band at 611 cm ™!, recorded by SERS and on
the silicon wafer, respectively (Figure 3A).

In general, plasmonic NPs with dimensions in the
range of ~30 - 100 nm exhibit significant size effects.
This is because their size constitutes a substantial frac-
tion of the wavelength at maximum absorbance, af-
fecting the extinction cross-section. Analyzing the
influence of size on LSPR is complex and typically
requires the numerical solution of Maxwell’s equa-
tions. The size effects can be qualitatively summa-
rized as follows: as nanoparticle size increases, the
LSPR redshifts and becomes strongly damped, pri-
marily due to increased radiation losses. This damp-
ingleads to a broadening of the resonance, an increase
in bandwidth, and a substantial reduction in the as-
sociated local electromagnetic field. Conversely, for
small particles, the electrostatic approximation is suf-
ficient, and the resonance effects do not occur. For
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Figure 5: The detection of R6G based on AgNCs and Ag@SiO, NCs with respect to storage time: (A) SERS, (B) SERS

EF (excitation laser 532nm). [Source: Authors]

the same particle shape, size-dependent resonances,
such as multipolar resonances (e.g., quadrupolar res-
onances at the particle edges), become more promi-
nent. However, in small particles, these resonances
cannot effectively couple to light, and the surface plas-
mon band may disappear entirely. Additionally, it is
well-known that depolarization field and additional
damping mechanisms in small particles reduce the
enhancement of the excitation field (5) . As a result,
smaller Ag NCs exhibite a lower SERS EF compare to
larger NCs. By balancing LSPR oscillations and the
resonant couplig with the excitation lase, the highest
SERS EF was observed for Ag NCs of approximately
50 nm, corresponding to a reaction time of 60 min.

Moreover, the SERS EF for the detection of R6G
in Figure 5 was determined to be 1.3x10° for the
Ag@SiO, NCs. Following a 12-week storage period,
the SERS sensitivity of the Ag NCs significantly de-
creased by ~47%, whereas the enhancement factor of
the Ag@SiO, NCs remained over 90% of the initial
values. The commercially available SERS substrate,
such as Klarite™, consists of a ~300 nm thick gold
layer coated on arrays of inverted square pyramids
etched in silicon. While this substrate remains costly,
the SERS EFs range from 10> to 105, depending on the
type of molecule being detected>°. In contrast, com-
mon SERS substrates like AgNPs or AuNPs typically
retained only about 30% of their initial performance
after 2 months of storage®'. A silica coating creates a
controlled dielectric environment around Ag NPs 22
enhancing the precision of SPR-based sensing. Ad-
ditionally, the coating protects the nanoparticles by
preventing or slowing the diffusion of environmental
oxygen, thereby increasing their stability. Since sil-
icais chemically inert, it does not interfere with redox

reactions occurring on the core’s surface, preserving
the functionality of the Ag NPs. The silica coating
on Ag NCs not only enhances their chemical durabil-
ity and stability but also promotes efficient interaction
with a wide range of dye molecules, making them ver-
satile for broad-spectrum pollutant detection. Addi-
tionally, the silica layer increases the SERS EF by cre-
ating a controlled dielectric environment and enhanc-
inglocal electric fields around the Ag NCs, further im-

proving the sensitivity of the detection process.

CONCLUSIONS

In this study, Ag NCs with well-controlled sizes and
sharp corners/edges were successfully synthesized us-
ing the polyol method. By balancing the two key
factors influencing LSPR oscillations in metallic NPs
- radiation damping of surface plasmons (predomi-
nant in large NPs) and resonant coupling of surface
plasmon oscillations with excitation laser (stronger
in smaller NPs), Ag NCs with an edge length of ~50
nm were identified as the optimal size for maximiz-
ing SERS enhancements. Furthermore, a methol for
fabricating ultrathin silica-coated Ag NCs using the
coupling agent APTMS was proposed. The ultra-
thin silica shell provides several advantages, including
preserving the anisotropic structures of Ag NCs, en-
hancinglocal electric fields, and reducing the quench-
ing effect in SERS. Additionally, the silica coating in-
hibits oxygen diffusion and reduces the cytotoxicity of
Ag NCs, maintaining their stability and functionality
even after a 12-week storage periods. These character-
istics demonstrate that Ag@SiO, NCs are exceptional
substrate for SERS applications, particularly in envi-
ronmental monitoring and biological analyses.
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Phat hién Rhodamine 6G dé nhay cao bang SERS dua trén nano lap
phuong Ag va Ag@SiO; don phan tan

Nguyén Minh Kha'2*, V6 Nguyén Lam Uyén'-2

TOM TAT

Viéc phat hién cac chat mau 6 nhiém trong moi trudng nudc véi do nhay cao c6 y nghia quan
trong doi véi can bang sinh thai va stic khde con ngusi. Phuong phép tan xa Raman tang cudng
bé mat (SERS) s&r dung cac hat nano Au hodc Ag thuong dugc dung trong phan tich chat 6 nhiém.
Tuy nhién, viéc kiém soét chinh xac kich thudc va hinh dang hat nano trong qué trinh téng hop
van con nhiéu thach thic, dan dén dé nhay va tinh lap lai cta tin hiéu Raman chua cao, dac biét &
ndng dé thap clia chat can phan tich. Trong nghién cu nay, cac hat nano bac don phan tan dang
lap phuong (Ag NCs) co kich thudc dong déu da duac téng hgp thanh cong bang phucng phap
polyol két hgp vai poly(vinylpyrrolidone). Tiép do, mot I6p silica situ mong dugc phd lén bé mdt,
tao thanh cdu tric Ag@SiO, NCs nham tang dé bén hoa hoc. Két qua cho thay tin hiéu SERS cla
Rhodamine 6G (R6G) & néng dd 10~ M trén nén Ag@SiO, NCs cao gap ba lan so véi Ag NCs, véi
hé s6 tdng cudng dat 1,3 x 10°. Béng thdi, I6p vo silica gitip duy tri d6 6n dinh cla tin hiéu phan
tich R6G sau 12 tuan luu trit. Nhing két qua nay cho thay Ag@SiO; NCs c6 do nhay va dé &n dinh
cao, htra hen tiém nang Ung dung trong gidm sat cac chat 6 nhiém moi truong.

Tu khoa: Ag@SiO,, Rhodamine 6G, plasmon, gidam sat mai trudng, chat mau 6 nhiém
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