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• Ag NPs decorated SiO2 NS was synthe
sized via the Stӧber and chemical 
reduction method.

• Uniform SiO2 NSs and Ag NPs with 
diameter sizes of 200 nm and 9.8 nm, 
respectively were obtained.

• Ag/SiO2 showed enhanced surface 
plasmon resonance property and 
enhanced factors of 106 for the SERS 
substrate.

• The Ag/SiO2 nanocomposite as SERS 
substrate candidate for detecting 0.01 
ppm tetracycline concentration 
application.
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A B S T R A C T

In this work, we report the synthesis of an Ag/SiO2 nanocomposite (NC) via the Stӧber method coupled with 
chemical reduction for the sensitive detection of tetracycline (TC) antibiotic at sub-ppm levels. The Ag/SiO2 NC 
consists of monodisperse SiO2 nanospheres (NSs) (~200 nm) decorated with Ag nanoparticles (NPs) of 
approximately 9.8 nm. Structural analysis confirms that the Ag NPs exhibit a highly pure face-centered cubic 
(FCC) phase with well-defined crystallinity. The Ag/SiO2 NC demonstrates strong surface plasmon resonance 
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(SPR) effects, with a characteristic peak at 400 nm, attributed to the interaction between the Ag NPs and the 
surface of SiO2, thereby enhancing surface-enhanced Raman scattering (SERS) response. Leveraging these 
properties, we fabricated a SERS-based sensor using the Ag/SiO2 NC for TC detection at room temperature (RT), 
achieving high sensitivity, selectivity, and rapid response within a concentration range of 0.01–1.0 ppm. These 
findings underscore the potential of Ag/SiO2 NCs as advanced materials for chemical sensing applications, 
benefiting from enhanced SPR effects, superior light trapping, and increased Raman signal amplification, thereby 
significantly improving the detection limit.

1. Introduction

Antibiotics have long attracted significant attention in medicine, 
healthcare, and life science due to their critical role in treating bacterial 
and viral infections in humans, animals, and plants [1–5]. Among them, 
TC is a widely used broad-spectrum antibiotic, particularly in livestock, 
due to its cost-effectiveness and broad utility in preventing infections [3,
6–9]. Structurally, TC is a complex molecule comprising four inter
connected rings, including A (1–2–3–4–4a–12a–1), B 
(4a–5–5a–11a–12a–4a), C (5a–6–6a–10a–11–11a–5a), and D 
(6a–7–8–9–10–10a–6a) rings, and hydrophilic functional groups (e.g. 
–OH, O––C–NH, C––H, –(N–H)CH3)2), which contribute to its solubility 
in water, acidic, and alkaline solutions [10–12]. TC is part of a broader 
class of antibiotics that includes oxytetracycline (C22H24N2O9- OTC) and 
chlortetracycline (C22H23ClN2O8-CTC), each characterized by slight 
molecular variations that influence their pharmacokinetics and 
pharmacodynamics.

The widespread use of TC raises concerns about its persistence in 
biological systems and the environment, as up to 70 % of administered 
TC can be absorbed through various pathways, including the digestive 
system, tissues, body fluids, and even maternal transmission via milk or 
the placenta. This extensive absorption poses potential health risks, 
especially with excessive TC exposure, which has been linked to adverse 
effects such as impaired bone development, dental discoloration, liver 
toxicity, digestive disorders, and the proliferation of antibiotic-resistant 
bacteria in the gut [13]. Therefore, regulatory standards such as Codex 
Alimentarius have established strict limits on TC residue in food prod
ucts, with maximum allowable concentrations as low as 0.1–0.2 ppm in 
milk and other consumables [13]. Consequently, developing sensitive, 
accurate, and efficient methods for detecting TC residues in food is 
crucial. Various detection techniques have been employed for this pur
pose [14], including high-performance liquid chromatography (HPLC) 
[15], liquid chromatography coupled with mass spectrometry (LC-MS) 
[4,5], fluorescence-based assays [16–19], luminescence resonance [8], 
electrochemical sensors [20], enzyme-linked immunosorbent assay 
(ELISA) [21]. However, the HPLC, LC-MS, and ELISA techniques often 
suffer from limitations, such as complex sample preparation, requiring 
trained operators, making them time-consuming labeling steps and less 
accessible, limited durability, leading to false positives or inaccurate 
quantification, and poor suitability for rapid, on-site testing [4,5,16–19,
21]. The HPLC combined with LC-MS methods-based detection has 
shown high accuracy. However, it is still expensive and time-consuming 
[22,23].

SERS has emerged as a promising alternative for detecting ultra-low 
concentrations of target molecules due to its simplicity, cost- 
effectiveness, eco-friendliness, and exceptional sensitivity [1–3,6,24,
25]. SERS significantly enhances Raman sensitivity, making it a prom
ising tool for trace detection of food contaminants such as antibiotics 
and pesticide residues. Advances in laser, optics, and electronics have 
led to portable Raman devices, improving accessibility and highlighting 
Raman spectroscopy’s strengths in elemental chemical identification. 
Unlike the fluorescence resonance-based detection methods that rely on 
high-energy excitation, SERS utilizes low-energy/or near-infrared exci
tation (785 nm), which minimizes photochemical degradation of anti
biotics and ensures more stable, non-destructive detection. Nowadays, 
SERS exploits the SPR of metallic nanoparticles to amplify Raman 

signals, enabling both qualitative and quantitative detection of analytes 
at concentrations as low as 10− 12 to 10− 14 M [1,2,24]. By incorporating 
metal NPs onto a semiconductor substrate, the Raman signal is signifi
cantly enhanced, making SERS a powerful tool for detecting trace levels 
of antibiotics, including TC [2,4,24,25].

Metal NPs used for SERS substrate must exhibit rapid response times, 
high sensitivity, and selectivity and provide more precise information 
than other detection methods. These advantages arise from the localized 
SPR of metal NPs, which amplifies the electromagnetic (EM) field and 
thus enhances analyte detection [1,4,24,26–35]. Besides the smaller size 
of nanoparticles, which increases the specific surface area, large pores 
improve the adsorbed capacity of organic compounds and antibiotic 
molecules on the surface for degradation and detection [26,36–38]. 
When combined with laser-based Raman spectroscopy, SERS enables 
qualitative or semi-quantitative analysis through superior light trap
ping, enhanced light scattering, and resonant cavity effects. SERS is less 
susceptible to photobleaching than fluorescence spectroscopy, allowing 
for prolonged data collection and improved reliability [1]. These ad
vantages have led to widespread applications of SERS in food science [4,
24,26,27], biomedicine [1,30], disease treatment [31,32], diagnostics 
[32], environmental monitoring [33,34], chemistry [28,29], optoelec
tronic devices [35], spectroscopy [37], and other areas [39].

Choosing metallic nanoparticles for SERS substrates is critical for 
optimizing sensitivity, selectivity, and signal enhancement. Noble 
metals such as Au, Pt [40], and Ag [41] have shown particular promise 
when combined with semiconductors like TiO2, Cu2O, SiO2, and C3N4 
[1,25,30,31,33,35,37,42–49]. Among them, Ag NPs deposited on SiO2 
nanostructure have demonstrated superior SERS performance due to 
their high surface-to-volume ratio, biocompatibility, ease of function
alization [2], and the formation of EM “hot spots” [34,50,51]. These hot 
spots in the gaps between closely spaced Ag NPs lead to an intense 
localized EM field that enhances the Raman signal.

Ag/SiO2 nanostructures have been synthesized by various tech
niques, including co-precipitation [52], sol-gel [45,53], Stӧber [37,44], 
wet impregnation [54], solvothermal [55], hydrothermal [56], sput
tering [57], and atomic laser deposition [58] methods. Among these, the 
Stӧber method, combined with chemical reduction, is particularly ad
vantageous due to its low cost, eco-friendliness, simplicity, and ability to 
detect molecules at ultra-diluted concentrations. By leveraging the 
localized SPR effect of Ag NPs anchored on the SiO2, these Ag/SiO2 NCs 
can significantly improve the TC detection at ultra-low concentrations 
(10− 10 to 10− 14 M) via SERS. The heterostructure formed at the interface 
between Ag NPs and SiO2 nanosphere promotes efficient charge transfer 
(CT), further enhances analyte polarization, and amplifies the Raman 
signal [2,59].

In this work, we present the synthesis of Ag/SiO2 NCs via a combi
nation of the Stöber method and chemical reduction, aiming to achieve a 
well-dispersed plasmonic nanostructure. Furthermore, the resulting Ag/ 
SiO2 NC was systematically characterized. It demonstrated promising 
performance as a SERS-active substrate for detecting TC at sub-ppm 
concentrations. These findings highlight the potential of Ag/SiO2 NCs 
as a sensitive, selective, and rapid sensing platform for trace-level 
antibiotic detection, paving the way for developing advanced SERS- 
based chemical sensors.
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2. Experimental procedure

2.1. Materials

Silver nitrate (AgNO3, 99.99 %), tetraethoxysilane (TEOS, Si 
(OC2H5)4, 99.98 %), sodium borohydride powder (NaBH4, 98 %), (3- 
aminopropyl) trimethoxysilane (APTMS, H2N(CH2)3Si(OCH3)3, 99.96 
%), ammoniac (NH3, wt. 25 %), acetone (CH3COCH3, 99.5 %), ethanol 
(C2H5OH, 99.5 %), hydrofluoric acid (HF, 99.99 %), and nitric acid 
(HNO3, 99.999 %) were purchased from Merck. Tetracycline antibiotic 
was obtained from the National Institute of Drug Quality Control, 
Ministry of Health, Vietnam. A double-side polished and undoped Si 
(100) wafer (2-inch diameter, 350 μm thickness, thermal expansion 
coefficient (α) = 2.5 μm/m.K, and resistivity (ρ) = 5000 Ω cm) was 
supplied by AXT, Inc. All reagents were of high purity and used as 
received without further purification.

2.2. Synthesis of Ag/SiO2 NC and SERS substrate

2.2.1. Synthesis of SiO2 NSs
SiO2 NSs were synthesized via a modified sol-gel method to ensure 

uniform size distribution and high purity. Initially, 10 mL of Si(OC2H5)4 
was dissolved in a controlled mixture of 30 mL C2H5OH and deionized 
(DI) water at a 1:1 vol ratio. The solution underwent ultrasonication for 
15 min at RT to enhance hydrolysis and dispersion. Subsequently, 3 mL 
of NH3 solution was introduced, and the reaction was allowed to pro
ceed under continuous stirring for 4 h to promote the condensation of 
SiO2 precursors. The resulting SiO2 NSs were isolated by centrifugation, 
thoroughly washed with C2H5OH and DI water to remove residual re
actants, and dried at 80 ◦C for 15 h to obtain a highly stable SiO2 
powder.

2.2.2. Synthesis of Ag/SiO2 NC
The Ag/SiO2 NCs were synthesized via a controlled reduction process 

to achieve homogeneous Ag NPs deposition on the SiO2 NS surface. 
Initially, 0.18 g of AgNO3 was dissolved in 10 mL of DI water. Then, 3 mL 
of NH3 was added under magnetic stirring for 10 min to form a stable 
silver-ammonia complex (solution #1). Concurrently, 0.01 g of NaBH4 
was dissolved in 10 mL of DI water and stirred for 10 min to prepare the 
reducing agent solution (solution #2). To deposit Ag NPs on the SiO2 NS 
surface, the SiO2 NS was functionalized using APTMS. Specifically, 0.2 g 
of SiO2 powder was ultrasonicated in 50 mL of C2H5OH for 15 min at RT 
(solution #3) to ensure uniform dispersion. Subsequently, 0.01 g of 

APTMS was introduced into solution #3 and stirred for 15 h to modify 
the SiO2 NS surface with amine groups chemically, enhancing Ag NP 
adhesion. The functionalized SiO2 (APTMS-SiO2) was collected via 
centrifugation at 3500 rpm for 10 min. The deposition of Ag NPs onto 
SiO2 was achieved by dispersing the APTMS-SiO2 in solution #1 and 
stirring for 2 h to promote Ag+ ion adsorption (solution #4). Finally, 
solution #2 was gradually introduced into solution #4, triggering the 
reduction of Ag + ions and the subsequent formation of the Ag NPs on 
the SiO2 NS surface. The reaction was maintained for 15 min to ensure a 
complete Ag/SiO2 NC precipitate. The resulting Ag/SiO2 NC was 
collected, washed extensively with DI water and C2H5OH to remove 
excess reactants, and dried at 80 ◦C for 15 h. The detailed formation and 
mechanism of the Ag/SiO2 NC can be referred to in Refs. [37,60] and 
Fig. 1.

2.2.3. Fabrication of the SERS substrate
A double-side polished Si(100) wafer (1.0 cm × 1.0 cm) was ultra

sonically cleaned in acetone, ethanol, and DI water three times for 15 
min. To remove the native SiO2 layer, the wafer was immersed in 50 % 
HNO3 and 6 % HF for 15 min, then rinsed thoroughly with DI water 
several times and dried under N2 gas at 50 ◦C for 1 h. Afterward, 0.1 g of 
Ag/SiO2 NC was dissolved in 10 mL of DI water and stirred for 5 min. A 
10 μL aliquot was drop-cast onto the Si(100) surface three times, 
allowing each layer to dry naturally at RT to ensure uniform coverage. 
Subsequently, to evaluate SERS performance, 10 μL of a 100 ppm TC 
solution was deposited onto the Ag/SiO2/Si(100) substrate, covering a 
12.56 mm2 area, and dried at RT. The same procedure was applied for 

Fig. 1. Schematic synthesis process of the Ag/SiO2 NC.

Table 1 
Parameters for the preparation of SERS substrate using Ag/SiO2 NC and varying 
TC concentrations.

Synthesis & 
deposition 
method

AgNO3 SiO2 

pow.
TC concentration Ag/ 

SiO2 

pow.

Si(100) 
sub. area

(g) (g) (ppm) (g) mm2

Coating – – powder – 12.56
Coating – – 104 – 12.56
Chemical 

reduction & 
Stöber

0.18 0.2 – 0.01 –

Coating 0.18 0.2 0.01 ÷ 100 
(increment 10)

0.01 12.56

– non-investigation; pow. – powder; sub.– substrate.
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TC solutions of varying concentrations (0.01–100 ppm) to assess 
detection sensitivity (as listed in Table 1). Further details of this pro
cedure can be referred to the previous report [37].

2.3. Material characterizations and TC sensor performance evaluation

The microstructural morphology of the Ag/SiO2 NCs was charac
terized by high-resolution transmission electron microscopy (HR-TEM, 
JEM-2100, Japan). The surface area characteristic of the material was 
investigated by the Brunauer Emmett and Teller technique (BET, 
Micromeritics, TriStar II 3020 3.02). The analysis of surface atom elec
tronic structure and chemical composition of the Ag/SiO2 NC was per
formed by X-ray photoelectron spectroscopy (XPS, Thermo Fisher 
Scientific, NX10). The crystalline structure of the Ag/SiO2 NCs was 
investigated by X-ray diffraction technique (XRD, PANalytical Empy
rean, Cu_Kα radiation, λ = 1.54056 Å). The optical properties of the 
samples were analyzed using UV–Vis (UV-2450), and Fourier-transform 
infrared (FT-IR-6300, Jasco) spectroscopy, with data collected in the 
wavelength range of 200–700 nm and the wavenumber range of 
500–4000 cm− 1. Raman spectroscopy (μRaman-Ci, Technospex, 10 mW, 
excitation wavelength of 785 nm) was employed to evaluate the SERS 
properties of the materials. Further details on the equipment’s infor
mation, setup, and operation can be found in Refs. [37,60].

3. Results and discussion

Fig. 2 shows the TEM images of the Ag/SiO2 NC, illustrating the 
morphology of the NSs with attached Ag NPs. As shown in Fig. 2(a), the 
Ag NPs and SiO2 NSs were successfully co-synthesized via the Stӧber 
method combined with chemical reduction. The SiO2 NSs exhibit a 
rough surface, decorated with uniformly dispersed Ag NPs, as observed 
in Fig. 2(b). The TEM analysis revealed that the Ag NPs range in size 
from 6 to 18 nm, with a predominant average diameter of 9.24 ± 0.12 
nm (inset of Fig. 2(b)). The as-synthesized SiO2 NSs are uniformly 
spherical with an average diameter of approximately 200 nm, consistent 

with previous reports [37]. Fig. 2(c) displays the HR-TEM image 
showing clear lattice fringes of the Ag NPs, though the SiO2 NSs are not 
visible due to their larger diameter. The measured d-spacing of 
approximately 2.4 Å corresponds to the (111) plane of the Ag crystal 
[37]. These results confirm that the Ag NPs were successfully synthe
sized on the surface of the SiO2 NSs with uniform size and high crys
talline quality. The size of the Ag NPs, which is neither too large nor too 
small, is ideal for enhancing the plasmonic resonance effect in the SERS 
substrate. This size range increases the surface area-to-volume ratio and 
induces a quantum confinement effect, leading to an expansion of the 
light absorption region. Additionally, it accelerates CT to promote an
alyte polarization, enhances short-range chemical interactions, im
proves Raman signal amplification, and provides superior electronic 
conductivity [2]. The BET analysis Ag/SiO2 NC gives an average surface 
area of 10.8946 ± 0.1072 m2 g− 1 and Langmuir surface area of 20.9393 
± 0.6994 m2 g− 1, adsorption pore width of 11.0704 nm, as seen in 
Fig. S1 of the Supporting Information. The result might be evaluated in 
the Ag/SiO2 NC sized around 200 nm, suggesting a mesoporous struc
ture [61].

Fig. 3 shows the XRD pattern of the as-synthesized nanospherical 
SiO2 and Ag/SiO2 NC, confirming the presence of Ag NPs and their 
crystalline quality. In Fig. 3(a), the diffraction peaks at 2θ of 38.1◦, 
44.3◦, and 64.4◦ correspond to the (111), (200), and (220) planes of the 
FCC structure of the Ag (JCPDS No. 04–0783) [24,45,50,62–66], which 
belongs to Fm3m space group.

A weak and broad peak at 2θ of 23.9◦ is assigned to the (100) plane of 
SiO2 [37,67], indicating the amorphous nature of the SiO2 structure. In 
contrast, the sharp and intense peak at 2θ = 38.1◦, corresponding to the 
(111) plane, signifies the high crystallinity of the Ag NPs, with a 
photograph inset of Ag/SiO2 NC on Si(100) substrate, as shown in Fig. 3
(b). This plane indicates that the Ag nanocrystals predominantly exhibit 
the (111) orientation, with well-defined and distinct phases. The 
average crystallite size and d-spacing of the Ag NPs were calculated to be 
approximately 9.80 and 0.24 nm, respectively. These values were esti
mated using Debye-Scherrer’s equation (1) and Bragg’s law (2) below: 

Fig. 2. (a) (Color online) TEM image of Ag/SiO2 NCs; (b) Magnified view of Ag NPs on SiO2 NSs, with an inset showing the size distribution histogram of Ag NPs on 
the SiO2 surface; and (c) HR-TEM image of Ag NPs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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Daver. =
0.9λ

β cos θ
, (1) 

2d sin θ = nλ, (2) 

where Daver. is the average size of the crystallite (nm), λ is the wave
length of X-ray (0.15406 nm), θ is Bragg’s diffraction (radian), and β is 
the full-width half maximum (FWHM) of the diffraction peak (radian). 
The XRD-derived crystallite size and d-spacing are in close agreement 
with the TEM result for the Ag/SiO2 NC, confirming the formation of 
pure, well-crystallized Ag NPs on the SiO2 NSs with no detectable 
impurities.

Fig. 4(a) shows the FT-IR spectra of the SiO2 NSs and Ag/SiO2 NC, 

measured at RT. The Ag/SiO2 NCs sample exhibits eight absorption 
peaks at 471, 554, 803, 976, 1100, 1639, 1872, and 3420 cm− 1, ranging 
from 400 to 4000 cm− 1. Specifically, the absorption peaks at 471 
δ(Si–O–Si), 803 υs (Si–O–Si), and 1100 cm− 1 υas (Si–O–Si) correspond to 
the out-of-plane bending and stretching vibration of Si–O bonds [64,
68–70]. The prominent peak at 1100 cm− 1 indicates the formation of a 
well-defined and stoichiometric SiO2 structure. Additionally, the peak at 
976 cm− 1 δ(Si–O–H) is attributed to Si–OH bending vibration [64,67]. 
The absorption bands at 1639, 1872, and 3420 cm− 1 correspond to C––O 
stretching, C––O bending, and O–H stretching vibration, respectively, 
indicating the presence of residual functional groups on the surface of 
the Ag/SiO2 NSs. Many OH, H–O–H, and Si–OH groups are present on 
the surface of SiO2, which serve a key role in bonding the Ag ion from the 

Fig. 3. (a) (Color online) XRD patterns of SiO2 NSs and Ag/SiO2 NC; and (b) Magnified view of (111) plane of Ag NPs for evaluating Ag grain size with inset 
photograph of a macroscopic digital of Ag/SiO2 NC on Si(100) substrate. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.)

Fig. 4. (a) (Color online) FT-IR spectra of SiO2 NSs and Ag/SiO2 NC; and (b) UV–Vis spectra of Ag/SiO2 NCs and commercial tetracycline antibiotic with inset 
photograph of tetracycline antibiotic structure. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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sol to form Ag/SiO2 NC [69]. The large amount of water with the O–H 
group on the surface could be decreased via heating. Notably, the weak 
absorption peak at 554 cm− 1 is associated with the Ag–O stretching 
vibration of Ag2O [32,53,71], confirming the presence of Ag NPs on the 
SiO2 NSs.

The vibrational modes observed at 803, 976, and 1100 cm− 1 in the 
Ag/SiO2 NCs shift to higher wavenumbers and increase intensity than 
those in the SiO2 NSs. This shift is attributed to the increased vibrational 
energy and the enhancement of the silica network structure. Addition
ally, the Si–OH peak shift at 976 cm− 1 towards higher wavenumbers is 
likely due to an increased force constant of the Si–OH bonds, originating 
from water adsorption on the SiO2 surface. This effect can be minimized 
by annealing or storing the sample under vacuum conditions [64,72].

Fig. 4(b) displays the UV–Vis absorption spectra of the Ag/SiO2 NC 
and commercial TC antibiotic measured at RT. The Ag/SiO2 NC shows a 
strong absorption peak at 400 nm due to the Mei plasmon resonance 
excitation from the Ag NPs on the surface of the SiO2 [24,37,50,64,73]. 
This absorption peak suggests that the Ag NPs are quasi-spherical in 
shape with a well-concentrated size distribution [37,45,74], corrobo
rating the TEM-derived particle sizes shown in Fig. 2(b). Additionally, 
Fig. 4(b) includes the UV–Vis spectrum of a commercial TC solution in 
DI water. The spectrum shows absorption peaks at 276 and 358 nm, 
corresponding to the A ring chromophore (CO1, amide, and CH3 groups) 
and the BCD ring chromophore, respectively [15,75–78]. The absorp
tion peak at 276 nm results from a π− π* transition within the tricarbonyl 
system of the A ring. In comparison, the band at 358 nm relates to the 
π− π* transition within the BCD chromophore [77,78]. The absorption 
peak at 358 nm in the visible range determines TC concentration [79,
80]. In addition, a weaker peak at 214 nm is associated with the π− π* 
transition within the BCD ring chromophore, related to the D ring 
phenyl group of the β-hydroxy ketone system. This transition is linked to 
deprotonation processes that occur at low pH (<7.0), indicating sensi
tivity to deprotonation and metal coordination effects [77,78].

Fig. 5 presents the representative survey and high-resolution XPS 
spectra of the Ag/SiO2 NC. The survey spectra confirm the presence of 
Si, O, and Ag elements, and no other elements are detected except for the 
C element, as seen in Fig. 5(a). The XPS of the Si 2p spectrum showed 
two decomposed peaks corresponding to the Si–O–Si bond (102.23 eV) 
and the Si–O bond (at 103.32 eV), which are attributed to SiO2 and 
Si–O–Si links between APTMS-bonded molecules [38], as shown in 
Fig. 5(b). The XPS spectrum of the O 1s profile indicated four decom
posed peaks at 530.8 eV, 531.4 eV, 532.2 eV, and 533.4 eV, corre
sponding to the elements of Ag–O, –OH, -Si-O-Si-, and -Si-O, as shown in 
Fig. 5(c). This indicates the presence of APTMS on the SiO2 NSs, besides 
the FT-IR spectra (Fig. 4(a)). Note that the XPS of Ag 3d exhibits two 
peaks at binding energies of 368.9 eV and 374.9 eV, corresponding to Ag 
3d5/2 and Ag 3d3/2, respectively.

The spin splitting of the 3d doublet of Ag is 6.0 eV, confirming the 
presence of Ag NPs and the Ag0 state. The high-resolution Ag 3d spec
trum was decomposed by four peaks at binding energies of (368.9; 
375.1 eV) and (367.8; 373.7 eV), indicating the appearance of small 
proportions of Ag and Ag–O along with metallic Ag NPs [81]. The 
elemental compositions were extracted using XPS data, which were 
61.18 % at. of O, 32.44 % at. of Si, and 6.38 % at. of Ag. The results 
differed from the EDX analysis, as seen in Fig. S2 of the Supporting In
formation. Because it only indicates the elemental compositions of the 
AgSiO2 compound, the composite primarily includes O, Si, and Ag. 
There is a blueshift in the binding energies of Ag 3d peaks compared to 
the theoretical calculation (368.2, 374.2 eV), attributed to a depletion of 
the electron density of Ag atoms. Regarding Ag/SiO2 NC, Ag atom tends 
to lose electrons primarily due to chemical interactions between func
tional groups (-OH, –C––O) of APTMS and the surface of SiO2 [82,83]. 
The electronegativity difference between Ag (1.94) and O (3.44) [84], 
combined with nanoscale surface effects [85], facilitates electron 
withdrawal from Ag atoms, resulting in a decrease in electron density. 
This mechanism manifests as a partial oxidation state of the silver 

Fig. 5. (a) (Color online) The XPS survey spectrum; High-resolution spectra of (b) Si 2p electrons of silica, (c) O 1s electrons of oxygen, and (d) Ag 3d electrons of 
silver of Ag/SiO2 NC. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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element to form an Ag–O bond, which is evidenced by a positive shift in 
the binding energy of the Ag 3d peaks in the XPS spectrum.

Fig. 6(a) illustrates the Raman spectrum of the commercial TC 
powder, measured at RT using a 785 nm laser excitation source. The 
Raman spectrum reveals a series of distinct peaks at 579, 670, 710, 859, 
949, 1060, 1140, 1174, 1292, 1315, 1449, 1563, and 1625 cm− 1. 
Among these, the vibrational modes at 1625, 1449, 1315, and 1292 
cm− 1 are particularly significant for identifying TC. Two prominent 
Raman peaks are observed around 1625 and 1315 cm− 1. The peak at 
1625 cm− 1 is assigned to a combination of vibrational modes, including 
ν(O–C1), ν(C2–C3), δ(amid-CO), δ(amid-NH), and other amide-related 
stretching and bending vibrations. The peak at 1315 cm− 1 is assigned 
to ring breathing modes such as ν(C10–C10a), ν(C6a–C7), and 
ν(C9–C10), which are associated with the planar C9 to C12 region of the 
TC molecular structure.

In addition to these strong modes, medium-intensity vibrations are 
seen at approximately 1563, 1449, and 1292 cm− 1. The peak at 1563 
cm− 1 is attributed to δ(OH10,12) stretching, ν(C11aC12) bending, and 
ν(D) stretching of the benzene ring D. The peak at 1292 cm− 1 is assigned 
to a complex set of vibrations, including δ(CH4,4a,5,5a), δ(OH12), 
δ(amid-NH) bending, and various stretching modes such as ν(CO10), 
ν(CO3), ν(CH7,8,9), ν(amid-NC), ν(C4a C5), as well as ν(D) stretching of 
the benzene ring D [10,86,87]. A weaker variation mode is identified at 
1449 cm− 1, which is linked to δ(amid-CH3) stretching, δ(CH7,8,9) 
bending, δ(OH12) bending, and ν(CO10, CO11, CO12) stretching, as 
well as ν(D) stretching of the benzene ring. The detailed assignments of 
these variational modes across various frequencies are listed in Table 2, 
and further references can be found in the literature [10,86].

Fig. 6(b) presents the SERS spectra of 100 ppm TC on both bare Si 
(100) and Ag/SiO2/Si(100) SERS substrates in the 600–1800 cm− 1 

range. The Raman signal of the TC on the Ag/SiO2/Si(100) substrate 
exhibits significantly higher intensities with well-defined vibrational 
modes. In contrast, the Raman modes of TC on the bare Si(100) substrate 
are weak and poorly resolved, indicating limited signal enhancement in 
the absence of the SERS-active substrate. Additionally, there are non- 
SERS spectra of the Ag/SiO2/Si(100) substrate. Distinct Raman peaks 
of TC at 1564, 1446, 1325, 1275, and 1215 cm− 1 are observed on both Si 
(100) and Ag/SiO2/Si(100) SERS substrates. However, the intensities of 
these peaks are significantly enhanced on the SERS substrate, with more 
precise and more distinct vibrational features. This enhancement is 
attributed to the SERS effect, where combining plasmonic Ag NPs and 

SiO2 nanostructures creates "hotspots" that interact with TC molecules, 
resulting in amplified Raman signals. Among these, the vibrational 
mode at 1275 cm− 1 shows the most vigorous intensity (~4000 a.u.). 
Several additional TC vibrational modes at 597, 670, 710, 859, 949, 
1060, 1140, and 1174 cm− 1 overlap with vibrational modes from the Si 
and SiO2 substrates at 624, 665, 825, 980, 1073, 1106, 1144, and 1177 
cm− 1 [12,88]. These substrate-related vibrations, primarily associated 
with silicon oxide [88], exhibit significantly lower intensities than the 
prominent TC peaks, ensuring minimal interference in TC detection. The 
vibration modes at 1564, 1446, 1325, 1275, and 1215 cm− 1 are key 
markers for future TC identification on the SERS substrates, providing a 
reliable and enhanced signal. These bands were used to compare signal 
intensities across different substrates. To further optimize the SERS 
performance for TC detection at RT, the TC concentration on the 

Fig. 6. (a) (Color online) Raman spectrum of commercial TC powder, and (b) SERS spectrum of 100 ppm TC on various substrates with an acquisition time of 30 s. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2 
Raman vibration peaks of the Tetracycline.

Raman shift 
positions (cm− 1)

Description of normal modes Vibration 
intensity (arb. 
units)

1619/1617 ν(CO1), ν(amid-CO), δ(amid-CNH), 
ν(CO3), ν(C2C3), ν(OH10,12),ν(amid-CO2)

Very strong

1590 δ(OH10,12), ν(D), ν(C11aC12) Weak
1573/1560 ​ ​
1480 δ(CH7,8,9), δ(OH12), ν(D), ν(CO10,CO11, 

CO12), δ(amid-CH3)
​

1449/1450 ​ ​
1314/1311 ν(C9C10,C10C10a,C10aC11), ν(CO11,12), 

ν(CO3), δ(CH7,8,9)
Very strong

1278 δ(CH4, 4a, 5, 5a), δ(OH12), δ(amid-NH), 
ν(CO10), ν(CO3), ν(CH7,8,9), ν(amid-NC), 
ν(C4aC5), ν(D)

Medium

1252 δ(CH4,5a,5,5a), δ(CH10), δ(CH7,8,9), 
δ(OH12), ν(D)

​

1249 ν(CO10) ​
1183 ν(CO3) ​
1170 ν(CO10) Weak
1141/1060/ 

1137
ν(CO6,12) Medium

1060 ν(CO3) Weak
942/947 ​ ​
719 w(amin-NH), w(amin- NH2), ν(CO6,12), 

γ(OH3,6,10,12,12a)
​

594/597 δ(amid-ONH) ​

γ – stretching; δ – bending.
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Ag/SiO2/Si(100) SERS substrate was systematically varied, allowing the 
determination of the lowest detectable concentration under these 
conditions.

Fig. 7(a) shows the Raman spectrum of commercial TC powder 
before preparing TC antibiotic at varying concentrations on different 
substrates, obtained using a 785 nm excitation laser at RT. Notably, only 
the SERS data reveal distinct and well-resolved vibrational modes 
associated with TC. The Raman spectrum of TC on the SERS substrate 
exhibits a series of well-defined peaks at 661, 773, 995, 1215, 1275, 
1334, 1436, and 1564 cm− 1, which align closely with the Raman spec
trum of TC/Si(100). These vibrational modes become more distinct and 
are significantly enhanced on the SERS substrate. The Raman intensity 
of 104 ppm of TC/Si(100) is considerably weaker, ranging from 2.70 to 
4.32 times and 1.33 to 2.10 times lower than those of 10 ppm and 100 
ppm of TC/Ag/SiO2/Si(100) at the 661, 1215, 1275, 1334, and 1564 
cm− 1 bands. Additionally, slight shifts of approximately 2–8 cm− 1 in the 
vibrational modes are observed compared to the pure TC powder. These 
shifts are likely due to the interaction between TC with water and the 
substrate surface. Despite these minor shifts, these modes remain 
consistent with the reference Raman spectrum of TC crystals [1–4,12,86,
87], confirming the accuracy and reliability of the SERS substrate. This 
data suggests that the Ag/SiO2/Si(100) SERS substrate is highly sensi
tive and selective for TC detection, even at low concentrations.

Fig. 7(b) presents the SERS spectra of TC at various concentration 
levels on the Ag/SiO/Si(100) SERS substrate, compared to the pure TC 
powder on Si(100). The progressive enhancement of TC vibrational 
modes, particularly at 1215, 1275, and 1336 cm− 1, highlights the sur
face enhancement effects attributed to the Ag NPs. As the TC concen
tration decreases from 100 ppm to 0.01 ppm, the intensities of these 
peaks diminish by an EF value of approximately 5.8 to 3.4, respectively. 
Notably, the SERS intensity at the 1275 cm− 1 peak significantly in
creases with the increase in TC concentration, indicating the high 
sensitivity of the Ag/SiO2/Si(100) substrate. Even at a low concentra
tion of 0.1 ppm, the SERS spectrum still exhibits distinct peaks, with the 
1275 cm− 1 signal being approximately twice as intense as that at 0.01 
ppm and about three times weaker than at 100 ppm. To elucidate the 
enhancement mechanism, coupling Ag NPs and SiO2 NSs under 785 nm 
irradiation creates a substantial localized electric field driven by the 
resonance effect. This enhanced EM field, primarily at the Ag NP edges 
and tips, arises from localized SPR and is further amplified by the light- 

scattering properties of SiO2 NSs. The morphology of Ag NPs and the 
interaction with SiO2 significantly contribute to this field enhancement, 
enabling TC detection at sub-ppm levels. In addition, the scattering ef
fect of SiO2 NSs reflects and re-irradiates the Ag NPs, producing sec
ondary field enhancements that intensify the overall SERS signal [2,59]. 
This effect, combined with the CT mechanism between the Ag/SiO2 
heterostructure NCs and the TC molecule, facilitates polarization of the 
TC, enlarging its Raman scattering cross-section. This CT is further 
supported by the matching energies of the Ag/SiO2 plasmon modes and 
the highest occupied molecular orbital (HOMO) of TC, enhancing 
Raman signal intensities [2,89]. The role of SiO2 also extends to mo
lecular trapping, as it effectively captures TC molecules, concentrating 
them on the SERS substrate. This molecular enrichment and optical 
plasmon effects in the Ag NPs further contribute to signal enhancement 
due to optical attractive forces between Ag NPs and SiO2 NSs under laser 
excitation. In addition, these effects synergistically boost the sensitivity 
of the Ag/SiO2/Si(100) substrate for the reliable detection of trace TC 
concentrations [90].

Fig. 8(a) presents the linear fitting plot of logarithmic TC concen
tration versus SERS intensity at the 1275 cm− 1 peak. The plot demon
strates a robust linear correlation between the logCTC plot and Raman 
intensity at 1275 cm− 1, yielding a calibration equation of ISERS = 840. 
logCTC + 1969 with a correlation coefficient (R2) of 0.968. The limit of 
detection (LOD) for TC was estimated to be approximately 0.01 ppm 
within a linear detection range of 0.01–100 ppm, as shown in Table 3. 
However, the R2 value is slightly lower than in previous studies at 
similar TC concentrations [1–3,86]. This is likely due to the lack of 
optimization in parameters such as the size of the SiO2 NS, Ag NPs, 
substrate, incident laser spot size, and absorption time of TC on the SERS 
substrate. Nevertheless, the results are more significant than those re
ported in other studies [12,71,76], affirming the efficacy of this system 
for detecting TC at sub-ppm concentrations.

The EF was calculated using Eq. (3) [3], which compares the SERS 
intensity of TC/Ag/SiO2/Si(100) substrate to the Raman intensity of 
TC/Si(100): 

EF=
ISERS/CSERS

IRaman/CRaman
, (3) 

where ISERS is the SERS intensity of TC/Ag/SiO2/Si(100), NSERS is the 
number of SERS molecules, IRaman is the Raman intensity of TC/Si(100), 

Fig. 7. (a) (Color online) SERS spectra of 100 and 10 ppm TC on the Ag/SiO2/Si(100) SERS substrate, compared with Raman spectra of 104 ppm TC and TC powder 
on the Si(100) substrate. (b) SERS spectra of TC with concentrations ranging from 0.01 to 100 ppm, measured on the Ag/SiO2/Si(100) SERS substrate, with an 
acquisition time of 30 s. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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and NRaman is the number of molecules contributing to the Raman signal. 
The average EF at a TC concentration of 0.01 ppm was estimated to be 
approximately 4.6 x 106, 1-2 orders of magnitude higher than the EF 
values at TC concentrations ranging from 100 to 1.0 ppm (Table 3). This 
EF improvement is attributed to the combined effect of the EM field 
enhancement under the excitation of surface plasmon in Ag NP and the 

CT enhancement mechanism. The plasmon-enhanced electric fields 
surrounding the Ag NPs amplify the incident and scattered Raman fields 
up to 4 orders of magnitude [91]. Additionally, the efficient interface 
between Ag NPs and SiO2 NSs heterojunction, as well as the interaction 
between Ag NPs and TC molecule, facilitate rapid CT process from 
HOMO to LUMO of TC under incident light. This CT process enhances 
the polarization of TC molecules, increasing the EF value [2,91].

The SERS data confirms the ability to detect sub-ppm levels of TC (as 
low as 0.01 ppm) with high sensitivity and stability. This detection 
sensitivity is lower than reported in other studies using Ag/SiO2 NC- 
based SERS substrate, as summarized in Table 4, but remains satisfac
tory for practical applications. The uniform sensitivity of 100 ppm TC/ 
Ag/SiO2/Si(100) was also validated by comparing SERS spectra ob
tained from five different points on the SERS substrate, as shown in 
Fig. 8(b). All spectra consistently exhibited vibrational bands in the 
661–1625 cm− 1 range, indicating uniform SERS performance across the 
substrate. The relative deviation is 8.4 % (well within the acceptable 
range of <10 %), demonstrating that the Ag/SiO2/Si(100) substrate 
provides reliable and reproducible SERS detection with high uniformity. 

Fig. 8. (a) (Color online) Linear correlation between TC concentration in water and SERS intensity at 1275 cm− 1 peak, (b) SERS spectra of 100 ppm TC concentration 
at different positions on the SERS substrate, with an acquisition time of 30 s. (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.)

Table 3 
Enhancement factor (EF) on Ag/SiO2/Si(100) for various TC concentrations at 
1275 cm− 1 peak.

TC concentration (ppm) Peak position (cm− 1) EF

100 1275 0.3 × 104

10 1275 1.7 × 104

5 1275 3.1 × 104

1.0 1275 1.5 × 105

0.5 1275 7.2 × 105

0.1 1275 1.2 × 106

0.05 1275 1.4 × 106

0.01 1275 4.6 × 106

Table 4 
Comparison of TC detection using different materials and methods.

Detection methods Material structures LOD Linear range Real samples Ref.

(ppm) (ppm)

Raman, SERS Ag/SiO2 NPs 0.01 0.01–100 Water This work
Raman, SERS Ag nano colloids 0.01 0.01–1000 Bovine milk [6]
Raman, SERS Au/ND/C3N4 hybrids 3.55 × 10− 8 0.03 — 3.55 × 10− 8 Water [2]
Raman, SERS Au nanostars 4.0 × 10− 5 0.005–0.05 Water [1]
Raman, SERS Ag nanoparticle arrays 3.55 × 10− 5 3.55 × 10− 5 — 0.355 Milk, spiked water [3]
Raman, SERS Au/Ag nanoparticles 2.5 × 10− 9 2.5 × 10− 9 — 0.01 Wastewater, serum [9]
Fluorescence Tb(NO3)3.H2O/H2L 6.4 × 10− 3 0–3.55 Raw milk [14]
Fluorescence AuCu nanocluster @ZIF8 1.7 × 10− 4 7.1 × 10− 4 — 0.023 Raw milk [43]
Fluorescence Ag nanocluster and Er 3.73 × 10− 4 0—10.6 × 10− 4 Milk and honey [17]
Fluorescence Se-doped carbon dots 3.73 × 10− 3 1.7 × 10− 3 —0.0142 Tap water [19]
Fluorescence WxOy quantum dots 6.75 × 10− 4 0–0.05 Milk powder [18]
LRET, luminescence MnO2 nanosheets 8.5 × 10− 6 10− 5 —0.1 Eggs, honey, milk, fish [8]
Photoluminesce Carbon dots 6.75 × 10− 4 3.55 × 10− 4 — 1.42 Tap water, milk powder [7]
HPLC, UV–Vis – 5 × 10− 4 — 1.0 – Bovine milk, water, human plasma [15]
EIS MBCPE/Fe3O4 NP@OA 1.35 × 10− 10 3.55 × 10− 10 —0.0355 Raw milk, blood serum, honey [20]
DPV 1.1 × 10− 8 3.55 × 10− 8 — 0.0355
ELISA Biotin—avidin 3.55 × 10− 6 1.12 × 10− 5 — 0.0112 Milk [21]

—non-investigation, NP—nanoparticle; LOD—limit of detection; ICA—immunochromatographic assay; LRET—luminescence resonance energy transfer; ELI
SA—enzyme-linked immune assy; DPV—differential pulse voltammetry; EIS—electrochemical impedance spectroscopy.
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The spectra were also clearly discernible additional characteristic TC 
bands at 611, 773, 858, 995, 1070, 1215, 1334, 1564, and 1625 cm− 1. 
The relatively uniform and reproducible surface of the Ag/SiO2/Si(100) 
substrate, prepared by the coating method, meets the requirements for a 
robust and consistent SERS substrate [92,93], making it a promising 
candidate for sensitive TC detection in future applications.

4. Conclusions

In summary, an Ag/SiO2-based SERS substrate was developed for the 
ultrasensitive detection of tetracycline in water samples. The Ag/SiO2 
NC, synthesized via the Stӧber method coupled with chemical reduction, 
exhibited a well-defined architecture with uniformly distributed Ag NPs 
on SiO2 NCs. The substrate achieved a remarkable enhancement factor 
(EF ~ 106) for tetracycline detection at sub-ppm levels (<1.0 ppm), 
attributed to efficient charge transfer, molecular enrichment, enhanced 
light scattering, and secondary plasmonic effect. Notably, the sensor 
demonstrated a detection limit as low as 0.01 ppm, with a strong linear 
correlation between tetracycline concentration and SERS intensity (R2 

= 0.968), underscoring its reliability for quantitative analysis. These 
findings suggest that the Ag/SiO2 NC is a promising candidate for SERS- 
based chemical sensing, offering high sensitivity and selectivity for trace 
contaminant detection in environmental and pharmaceutical 
applications.
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