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Abstract: This work presents the fabrication of an Ag/SiO2nanocomposite (NC) using the Stober
method coupled with chemical reduction, which serves as an effective SERS platform for the
ultrasensitive detection of glucose at sub-ppm concentrations. SEM analysis revealed that the SiO:
is in the form of nanospheres (NSs) with an average diameter of 159 nm, while TEM images
showed Ag nanoparticles (NPs) with an average diameter of approximately 17 nm, uniformly
distributed on the SiO:surface. Such a well-defined nanostructure optimizes the SERS
performance by providing distinct Raman signals corresponding to the functional groups in
glucose molecules. In this study, glucose was successfully detected in the concentration range
from 20 ppm down to 1 ppm, with a characteristic Raman peak observed at 1334 cm™.
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1. Introduction

Nanomaterials have become a prominent focus of contemporary research owing to their
exceptional versatility. A key challenge in this field is the development of devices capable of
sustaining stable plasmonic fields, particularly through stimulated emission [1]. Plasmons represent
collective oscillations of electrons at the metal-dielectric interface, excited by incident electromagnetic
radiation. Upon resonant light excitation, coherent electron oscillations give rise to localized surface
plasmon resonance (LSPR), which concentrates electromagnetic energy into nanoscale “hot spots”
surrounding metallic nanostructures. These hot spots are essential for the pronounced signal
amplification characteristic of surface-enhanced Raman spectroscopy (SERS) [2].

Core-shell structures, consisting of a metallic core encapsulated by a dielectric shell, offer notable
advantages in terms of structural stability and tunable size [3]. This configuration not only enhances
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the stability of metallic nanoparticles but also enables precise control over plasmon resonance, thereby
improving Raman signal enhancement. Recent studies have demonstrated that Ag/SiO:
nanocomposites (NCs) significantly reinforce “hotspot” formation at the metal-dielectric interface,
resulting in increased sensitivity for trace molecular detection [3]. Due to the complementary
properties of silver and silica, Ag/SiO. NC exhibit broad potential for applications in biomedicine,
food safety, environmental monitoring, and advanced materials,... [4].

Within this context, glucose detection has emerged as a particularly critical application. Glucose
functions as a fundamental biomarker in diabetes diagnosis - a disease currently affecting more than
350 million individuals worldwide and contributing to over 3.2 million deaths annually [5].
Conventional electrochemical sensors employing enzymes such as glucose oxidase or glucose
dehydrogenase are widely used but rarely on invasive blood sampling, which reduces patient
compliance [5]. To overcome these limitations, non-invasive approaches, notably SERS, have been
explored as promising alternatives [5, 6]. Nevertheless, the inherently weak Raman scattering cross-section
of glucose and its limited interaction with metallic substrates present substantial challenges for low-
concentration detection [5, 6]. Accordingly, this study aims to establish a facile yet highly sensitive SERS
substrates for glucose detection, thereby advancing its practical utility in diabetes diagnostics.

2. Experimental Procedure

Tetraethoxysilane (TEOS) Si(OC:Hs)s (99,98%), (3-aminopropyl), trimethoxysilane (APTMS)
H>N(CH»)3Si(OCH3)3  (99,96%), silver nitrate AgNO; (99,99%), sodium borohydride (NaBH.),
ammoniac NHj (25 wt%), D—glucose CsH1,0¢6 (99.6%), absolute ethanol C,HsOH (99.5%) were
purchased from Sigma Aldrich, China. All used chemicals were analytical grade. Deionized (DI) water
was used in all experiments.

The synthesis of SiO.NSs were synthesized by the Stober method, in which TEOS served as the
silica source, ammoniac served as the catalyst, and absolute ethanol was used as the solvent. The
Stober method is a technique that uses common precursors, simple and easily applicable procedure,
and good reproducibility. The process of synthesis Ag/SiO> NC as folows: 0.2 g of SiO:NSs were
dispersed in ethanol and modified with APTMS, under magnetic stirring. After centrifugation and
washing, a white precipitate was obtained. In a separate step, 0.1 g of silver nitrate was dissolved in 10
ml of water, followed by the addition of 3 ml of NHs. The above mixture of SiO.was then introduced
into above solution, followed by the addition of 0.01 g NaBH, dissolved in 10 ml of deionized water.
The mixture was further stirred to promote the reduction of silver ions. The Ag/SiO:precipitation was
obtained by centrifugation and then dried at 80 °C for 10 hours to obtain a powder form.

A Si (100) wafer (0.6 x 0.6 cm, double-side polished) was sequentially ultra sonicated in acetone,
ethanol, and DI water for 15 min each. To remove the residual metal and the native oxide layer on the
substrate surface in order to obtain a clean Si substrate, the wafer was immersed in a mixed solution of
50% HNOsand 6% HF for 15 min, rinsed thoroughly with DI water. For substrate preparation, 0.1 g of
Ag/Si02 NC were dispersed in 10 mL of DI water and magnetically stirred for 5 min. A 10 pL portion
of the suspension was drop-cast onto the wafer surface in three successive steps, with each layer being
dried at room temperature before the next deposition [7]. To evaluate SERS performance, 10 uL of a
20 ppm D-Glucose solution was applied onto the Ag/SiO2/Si substrate and dried at RT. The same
procedure was repeated for glucose concentrations ranging from 1 to 20 ppm. The fabrication process
of Ag/SiO, NCS and the preparation procedure of the SERS substrate are briefly illustrated in Figure 1.

The microstructure of SiO; and Ag/SiO, NC were investigated by X-ray diffraction (XRD) on a
PANalytical Empyrean device using Cu-K, radiation (A = 1.54056 A, 20 = 15+ 70°). The morphology
of the Ag/SiO, nanostructures were characterized by field-emission scanning electron microscopy
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JMS-7100F (JEOL) and high-resolution transmission electron microscopy JEM-2100. The absorption
spectra were recorded on the UV-2450 system. Raman spectra were recorded on a portable yRaman-
Ci (Technospex) spectroscopy using a diode laser with technical specifications of power (10 mW), an
excitation radiation (785 nm). All spectra were recorded at room temperature.
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Figure 1. Diagram of Ag/SiO; synthesis (a) and substrate preparation for SERS investigation (b).

3. Results and Discussion
3.1. Characterization of the Morphology and Crystal Structure of SiO; and Ag/SiO: Nanostructures

The morphology and size distribution of SiO-NSs were examined by SEM (Figure 2a), while those
of Ag/ SiO; were further characterized by TEM (Figure 2b).

Figure 2. (a) SEM image of SiO, NSs; (b) Magnified view of Ag NPs on SiO, NSs, with an inset showing the
size distribution histogram of Ag NPs on the SiO; surface.

Figure 2(a) presents the SEM image of SiO. NSs synthesized by the Stober method, showing
uniformly spherical shape with smooth surfaces and homogeneous distribution. The particle size
distribution indicates an average diameter of about 159 nm, which is consistent with previous reports
[7]. This result demonstrates an efficient particle formation process, yielding a monodisperse system
[8,9]. At the same time, numerous silver nanoparticles (NPs) are observed to be evenly distributed on
the silica surface. TEM analysis (Figure 2b) reveals that the Ag NPs are almost uniformly dispersed,
with sizes ranging from 8§ to 25 nm and an average diameter of 17 nm. These results confirm that Ag
NPs were successfully synthesized on the surface of SiO:nanoparticles with uniform size and high
crystallinity. This size range increases the surface-to-volume ratio, resulting in an extended light
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absorption region. Overall, the results indicate effective dispersion and strong adhesion of Ag onto the
SiOasurface [10].

The X-ray diffraction (XRD) pattern of the Ag/SiONC is shown in Figure 3. In the 20 range of 15° to
30°, a broad diffraction band without any distinct maxima is observed, indicating the amorphous structure
of SiO,. This observation is consistent with the nature of silica synthesized by the Stéber method, which
typically remains non-crystalline in the absence of high-temperature treatment [6].

In addition, three sharp diffraction peaks are detected at 20 values of 38.0°, 44.1°, and 64.2°,
corresponding to the (111), (200), and (220) crystal planes, respectively, which are characteristic of

the face-centered cubic (fcc) structure with space group Fm3m of metallic Ag. This structure is quite
agreement with the standard JCPDS card No. 96-901-3047 for pure silver (Ag), confirming that the as-
synthesis silver be in the form of crystalline metallic [2,3].
From the XRD pattern and base on the Debye—Scherrer equation:
0,91
BcosO (1)
where D is the average crystallite size (nm), A is the wavelength of X-ray (0.15406 nm), 0 is Bragg’s
diffraction (radian), and B is the full-width at half maximum (FWHM) of the diffraction peak (radian).
The crystallite size of Ag nanoparticle was calculated to be approximately of 17 nm.
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) ) Figure. 4. UV-Vis absorption spectra of Ag/SiO, NCs.
Figure. 3. XRD patterns of Ag/SiO> NCs

Figure 4 shows the UV-Vis absorption spectrum of the Ag/SiO, NC, where a broad and symmetric
absorption band appears with a maximum at 403 nm, which is quite consistent with the surface
plasmon resonance absorption peak of Ag NPs. This effect occurs when the free electrons on the
nanoparticle surface oscillate in resonance with the electromagnetic wave of the incident light [12].
The Ag NPs attached to the surface of the SiOaspheres not only help stabilize and prevent the
aggregation of Ag nanoparticles but also enhance the uniformity of the absorption spectrum [2]. The
absorption peak at 403 nm indicates that the Ag NPs are of nanoscale size, typically in the range of 10-
50 nm, since the surface plasmon resonance of Ag in aqueous solution usually appears in the region of
390-420 nm, with the exact position depending on the particle size, shape, and surrounding
environment [3]. In particular, smaller particles shift the SPR peak toward shorter wavelengths, and
vice versa. The clearly and symmetric appearance of the peak at 403 nm demonstrates that the Ag NPs
have a relatively narrow and uniform size distribution, which is consistent with the SEM and XRD
results. In addition, the attachment of Ag on SiO:NSs enhances the signal in plasmonic sensing
applications, with high potential for usage in biosensing, photocatalysis, and residual detections.
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3.2. Raman Spectral Analysis of Glucose

D-glucose powder, also known as dextrose, is a refined form of glucose derived from natural
sources such as corn starch. It is used as an alternative carbon source, particularly in intensive shrimp
farming. D-glucose can be readily metabolized, and it also increases blood glucose levels while
providing calories. The Raman spectrum of commercial D-glucose powder (CgH1,0¢, 99.6%) shows
characteristic peaks in the region of 800-1500 cm! (Figure 5a). The strong intensities at the
characteristic Raman shifts reflect the chemical structure of the glucose molecule. Specifically, the
peaks at 857 cm! and 915 cm-! are assigned to C-O-C and C-C vibrations within the sugar ring. The
peak at 1023 cm! arises from the stretching vibrations of C-O-C/C-C bonds, whereas the peaks at
1073 ¢cm ! and 1120 cm™ correspond to the stretching of C-C and C-O bonds; notably, the band at
1120 cm! is often used as a marker for quantitative glucose analysis in biomedical studies. In addition,
the peak at 1331 cm is attributed to the bending vibration of the -CH, group. These values are consistent
with the Raman spectra reported for crystalline D-glucose [13, 14]. While the Raman signals of Ag/SiO»
substrate are recorded too weak, peaks are not shown obviously (Figure 5b). It is affirmed that
characteristic peaks at SERS do not belong to the Ag/SiO,. Without Ag/SiO, substrate, the Raman signal of
glucose can only be observed at a concentration of 10* ppm on the Si substrate (Figure 5c).
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Figure 5. a) Raman spectrum of commercial glucose powder; b) Raman spectrum of
Ag/SiO; on silic substrate; ¢) Raman spectrum of 10* ppm glucose on silic substrate.

Figure 6a presents the results using Ag/SiO, NC as the substrate for detecting glucose at low
concentrations, clearly evidenced by the two characteristic peaks at 999 cm!, corresponding to
symmetric stretching vibrations of C-C and C-O, and 1334 cm, corresponding to CH, bending
vibrations, demonstrating the sensing capability of this material. Characteristic peaks at 999 cm-! and
1334 cm! of glucose solutions from 1 to 20 ppm were successfully detected. Intensity of peak at 999
cm! is almost unchanged, while the signal intensity of 1334 ¢cm™ peak is sensitive to the molecule’s
concentration. Therefore, a linear correlation between glucose concentration and SERS intensity at
1334 cm™! peak were plotted (Figure 6b). Therefore, the 1334 cm-! band is an important characteristic
peak for identifying glucose concentration. Meanwhile, the glucose concentration in human blood
normally ranges from 70-110 mg/dL (equivalent to 700-1100 ppm), while in diabetic patients it
usually exceeds 126 mg/dL (~1260 ppm) in the fasting state and may rise above 200 mg/dL (~ 2000
ppm) after meals [15]. Thus, the detection limit achieved in this study (1 ppm) is several hundred
times lower than the actual blood glucose concentration. This comparison indicates that the Ag/SiO,
substrate exhibits high sensitivity and holds strong potential for detecting glucose at extremely low
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concentrations, thereby opening up prospects for non-invasive diabetes diagnostic techniques [14]. In
the as-synthesis nanocomposite material, Ag and glucose are well dispersed on the surface of SiO,
spheres. As a result, the enhanced electromagnetic field generated at the metal-dielectric interface is
effectively transferred to the glucose molecules. Therefore, glucose can be detected at concentrations
as low as 1 ppm.

Although the signal intensity is still low, these results show that Ag/SiO. NC is a promising
material for glucose detection, particularly in very low-concentration environments. To improve
performance, background signals should be minimized through surface functionalization to increase
selectivity, and the nanostructure optimized, such as Ag particle size or the Ag:SiO: ratio. With these
enhancements, AgSiO> NC is expected to serve as an efficient SERS sensor, offering significant
prospects for bioanalytical and chemical applications.
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Figure 6. (a) SERS spectra of Glucose with concentrations ranging from 1 to 20 ppm, measured on the
Ag/Si0,/Si SERS substrate and (b) Linear correlation between Glucose concentration and SERS intensity
at 1334 cm’! peak.

To quantitatively evaluate the signal enhancement capability, the enhancement factor (EF) is used
as an index reflecting the amplification efficiency of the SERS substrate compared to conventional
Raman. The EF is calculated using the formula:

_ Isers/Nsury
EF Irs/Nyol (2)
where: Nvol = Cgrs'V is the average number of molecules in the probed volume V at the Raman -
measured concentration Crs (without SERS), and Nsur is the average number of molecules adsorbed
within scattering volume for SERS experiments. Using equation (3) for 1334 cm™ peak, the EF were
calculated to be approximately 10%.

4. Conclusion

Ag/SiO2 NC have shown strong potential for application as a SERS substrate for glucose
detection, with characteristic peaks clearly appearing at 999 ¢cm™ and 1334 c¢cm’, even at a low
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concentration of 1 ppm. This result not only confirms the signal enhancement efficiency of Ag/SiO:
NC but also opens up the possibility of applications in other complex environments. Although there

arc

still limitations regarding sensitivity and background noise, these factors can be completely

improved through optimization of the nanostructure and surface functionalization to increase
selectivity. With outstanding potential for improvement and broad applicability in fields such as
biomedicine, food safety, and environmental monitoring, Ag/SiO: NC promises to be a breakthrough
solution in the development of efficient and reliable SERS sensors.
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