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Fe3O4 nanoparticles were first modified with tetraethoxylsilane to form Fe3O4/SiO2 nanoparticles, fol-

lowed by the addition of 3-aminopropyltriethoxysilane and 3-thiolpropyltriethoxysilane to introduce -NH2 
and -SH groups to the surface of Fe3O4/SiO2 nanoparticles. Gold nanoparticles were further assembled on 
the surface of Fe3O4/SiO2 via the electrostatic adsorption of -NH2 and the Au-S bond to produce stable core-
shell Fe3O4/SiO2/Au gold/magnetic nanoparticles. These Fe3O4/SiO2/Au gold/magnetic nanoparticles were 
characterized by a variety of techniques such as transmission electron microscopy (TEM) and energy dis-
persive X-ray spectroscopy (EDX), and afterwards conjugated with tetrodotoxin antibodies (Ab) and used as 
a Raman active substrate (Fe3O4/SiO2/Au-Ab) with Rhodamine B (RhB)-labeled tetrodotoxin antibody as a 
Raman reporter (Ab-RhB). Upon mixing these reagents with tetrodotoxin (TTX), a sandwich complex 
[Fe3O4/SiO2/Au-Ab···TTX···Ab-RhB] was generated due to the specific antibody-antigen interactions. The 
immunocomplex was subsequently separated by an externally applied magnetic source and concentrated 
into a pellet point, where the laser interrogation of the pellet produced a strong signal characteristic of RhB. 
The logarithmic intensity of the signal was found to be proportional to the concentration of TTX with a limit 
of detection of 0.01µg/mL and a detection linearity range of 0.01–0.5 µg/mL. The established method 
eliminates the complicated procedures of traditional centrifuging, column separation, and incubation and 
achieves a rapid detection of tetrodotoxin with improved detection sensitivity.  
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Наночастицы Fe3O4 модифицированы тетраэтоксисиланом с образованием наночастиц (НЧ) 
Fe3O4/SiO2, после чего к ним добавлены 3-аминопропил- и 3-тиолпропил-триэтоксисилан, чтобы вне-
дрить NH2- и SH-группы на поверхность наночастиц Fe3O4/SiO2. Затем на их поверхности дополни-
тельно размещались НЧ Au посредством электростатической адсорбции NH2 и Au-S. В результате 
получены состоящие из ядра и оболочки стабильные магнитные НЧ Fe3O4/SiO2/Au, которые иссле-
дованы методами просвечивающей электронной микроскопии (TEM) и энергодисперсионного рент-
геновского анализа. Синтезированные НЧ соединены с тетродотоксин-антителами (Ab) и исполь-
зованы как КР-активный субстрат (Fe3O4/SiO2/Au-Ab), где в качестве КР-метки выступают мечен-
ные родамином B (RhB) тетродотоксин-антитела (Ab-RhB). При соединении этих реагентов с тет-
родотоксином (TTX) генерируется сандвич-комплекс [Fe3O4/SiO2/Au-Ab···TTX···Ab-RhB], обусловлен-
ный специфическими взаимодействиями антиген–антитело. Полученный иммунокомплекс отделяли 
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внешним магнитным полем и концентрировали в точечную гранулу, которая при лазерном воздейст-
вии давала сильный сигнал, характерный для RhB. Обнаружено, что логарифм интенсивности сиг-
нала пропорционален концентрации TTX с пределом обнаружения 0.01 мкг/мл и диапазоном линейно-
сти детектирования 0.01–0.5 мкг/мл. Разработанный метод обладает повышенной чувствитель-
ностью обнаружения и не требует сложных процедур традиционного центрифугирования, колонно-
го разделения и инкубации, что обеспечивает быстрое обнаружение тетродотоксина. 

Ключевые слова: спектроскопия гигантского комбинационного рассеяния, быстрое обнаруже-
ние, тетродотоксин, магнитные наночастицы. 

 
Introduction. Tetrodotoxin (TTX) is an alkaloid that exists in puffer fish and other animals, such as 

xanthid crabs and flatworms [1]. With a molecular formula of C11H17N3O8 (molecular weight: 319.27), TTX 
is recognized as one of the most toxic neurotoxins and nonprotein toxoids found in nature [2]. It is highly 
chemically and thermally stable and can only be hydrolyzed and broken down at elevated temperatures in al-
kaline conditions. 

Current approaches used to detect TTX include biological methods involving mice, thin layer chroma-
tography (TLC), electrophoresis, and high-performance liquid chromatography (HPLC) [3]. Although the 
mouse bioassay is a legally approved method for the quantitative determination of TTX in Japan, it is labor-
intensive and suffers from poor repeatability and lack of specificity. TLC and electrophoresis are useful for 
the detection of TTX, but not for its quantitative determination because of their insufficient sensitivity and 
reproducibility. HPLC has been used to qualitatively and quantitatively detect TTX [4, 5]; however, the 
sample pretreatment is time-consuming and requires complicated laboratory work, which makes it unsuitable 
for rapid on-site detection. 

Surface-enhanced Raman spectroscopy (SERS) has been widely used in surface, biological, and analyti-
cal sciences over the past few decades. In 1974, Fleischmann and co-workers [6] first detected the enhanced 
Raman signal of pyridine on the surface of a rough silver electrode. Van Duyne et al. [7] later revealed that 
the Raman signal of pyridine molecules attached to the surface of rough silver electrodes was about 106 
times stronger than that of the same amount of the compound in solution. Owing to their high surface en-
hanced Raman scattering effects, gold and silver nanoparticles (NPs) are generally used in SERS as Raman-
active substrates [8]. Under ideal conditions, SERS can detect a single molecule of the analyte [9]. Recently, 
SERS has been developed as a platform for pathogen and biothreat detection, cancer diagnostics [10], DNA 
and RNA detection [11–13], protein immunoassays [14–18], and food-safety analysis [19–23]. 

In this work, Fe3O4 NPs were first treated with tetraethxoysilane (TEOS) to form Fe3O4/SiO2 NPs; this 
was then followed by addition of 3-aminopropyltriethoxysilane and 3-thiolpropyltriethoxysilane to introduce 
–NH2 and –SH onto the surface of the Fe3O4/SiO2 NPs, respectively. Next, Au NPs were assembled on the 
surface of the Fe3O4/SiO2 NPs through electrostatic interactions between the –NH2 and the Au–S bond to 
produce stable core-shell Fe3O4/SiO2/Au gold/magnetic NPs. These Fe3O4/SiO2/Au gold/magnetic NPs were 
conjugated with TTX antibody (Ab) and used as a Raman-active substrate (Fe3O4/SiO2/Au-Ab) with Rho-
damine B (RhB)-labeled TTX antibody as a Raman reporter (Ab-RhB). A sandwich complex 
[Fe3O4/SiO2/Au-AbTTXAb-RhB] was formed on mixing these reagents with TTX, and this complex was 
subsequently separated with an external magnet and concentrated into a pellet point. TTX was rapidly de-
tected with improved sensitivity over conventional techniques by laser excitation of the pellet. The synthesis 
and characterization of the Fe3O4/SiO2/Au gold/magnetic NPs, the effect of the reaction conditions on the 
SERS effect, and the detection limit for TTX as well as the corresponding linearity range, were investigated. 

Experimental. Instruments and reagents. SERS spectra were acquired using a DeltaNu Advantage 785 
Raman spectrometer equipped with a microscope and a stage-sample holder. The Raman spectrometer has a 
laser power of 120 mW at wavelength at 785 nm and a spectral range of 200–2000 cm–1. The prepared 
Fe3O4/SiO2/Au gold/magnetic NPs were observed on a transmission electron microscope (TEM, Tecnai G2 
F30 S-Twin) equipped with an energy dispersive X-ray (EDX) analyzer (JEOL 4000FX), operating at a high 
acceleration voltage of 300 keV. Ultrasonic oscillator (KQ3200B) was purchased from Kunshan ultrasonic 
instrument limited company. High-speed desktop centrifuge (TGL-16G) was purchased from Shanghai Ant-
ing Scientific Instrument Limited Company. 

RhB isothiocyanate (mixed isomers, C29H30N30O3S) and Fe3O4 nanopowder (97%, 50–100 nm) were 
purchased from Sigma-Aldrich. Gold chloride acid hydrate (HAuCl4 · 4H2O, 99%) was purchased from 
Shanghai Siyu Chemical Technology Limited Company. Tetraethoxysilane (TEOS, 99%), sodium citrate 
(C6H5Na3O7 · 2H2O, 99%), (3-aminopropyl)triethoxysilane (APTES, 99%), and γ-mercaptopropyl-
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triethoxysilane (MPTES, 98%) were obtained from Aladdin. The active ester polyethylene glycol (≥95%, 
NHS-PEG-NHS, MW = 800) was purchased from Shanghai Tuoyang Biological Technology Limited Com-
pany. Tetrodotoxin (TTX, 1.0 mg) was purchased from Shanghai Yuanye Biotechnology Limited Company. 
Tetrotodoxin antibody (TTX Ab, 1mg/mL) was purchased from Shanghai Boyan Biological Technology 
Limited Company. Saxitoxin (STX, 1.0 mg) was purchased from Beijing Pushihua Technology Develop-
ment Limited Company. All other chemicals were of analytical grade and used without further purification. 

Synthesis of Fe3O4/SiO2/Au gold/magnetic nanoparticles. The Fe3O4 NP was first modified with silane 
according to a literature method [24]. Briefly, 4.00 mg of Fe3O4 NPs was dispersed in 2 mL of distilled water 
followed by addition of 10 mL of ethanol and 0.2 mL of anhydrous ammonia. After the solution was ultra-
sonicated for 5 min, 8 µL of TEOS was slowly added and the mixture was treated with ultrasonic oscillation 
for 6 h. The NPs were separated by a magnet and washed with anhydrous ethanol and distilled water, then 
redispersed in a mixture of 2 mL water, 10 mL ethanol, and 0.2 mL of ammonia. Then 4 µL of APTES and 
4 µL of MPTES were added to the mixture, which was subjected to ultrasonication for 16 h. The final Fe3O4 
NPs modified with -NH2 and -SH groups were separated by a magnet, washed with anhydrous ethanol and 
distilled water, and redispersed in 10 mL of distilled water. 

The synthesis of Au NPs is based on a literature method [25]. Briefly, 50 mL of distilled water was 
heated to 100C under stirring and 100 µL of sodium citrate solution (w/w 5%) was added into the water. 
Then 1 mL of distilled water containing 10.00 mg of gold chloride acid hydrate was added dropwise and the 
solution kept boiling for 3 min. After the solution cooled down to room temperature, Au NPs were collected 
by centrifuge at 10000 g for 10 min and redispersed in 50 mL of distilled water.  

Modified Fe3O4 NP solution (4 mL) was mixed with 4 mL of Au NP solution, and the mixture was 
gentlly stirred (150 rpm) at room temperature for 6 h. Then the solution was separated by a magnet and 
washed twice with distilled water to obtain Fe3O4/SiO2/Au NPs. 

Synthesis of the TTX Ab conjugated nanoparticles (Fe3O4/SiO2/Au-Ab). The above prepared 
Fe3O4/SiO2/Au gold/magnetic NPs were redispersed in a mixture of 0.5 mL of distilled water, 3.5 mL of 
ethanol, and 50 µL of ammonia under ultrasonication. Afterwards, 3 µL of TEOS and 2 µL of APTES were 
slowly added and the solution was treated with ultrasonication for 16 h. Then the Fe3O4/SiO2/Au 
gold/magnetic NPs were separated with a magnet, washed twice with distilled water, and redispersed in 4 
mL of distilled water. NHS-PEG-NHS (1 mg) was dissolved in 1 mL of phosphate buffer (PBS, pH 7.4) and 
then mixed with 1 mL of above gold magnetic NP solution. The mixture was stirred at room temperature for 
6 h to immobilize the PEG–NHS group on the surface of the Fe3O4/SiO2/Au gold/magnetic NPs. After the 
reaction completed, the modified Fe3O4/SiO2/Au gold/magnetic NPs were collected by a magnet, washed 
with PBS buffer, and redispersed in 2 mL of PBS containing 0.1 mL of tetrodotoxin antibody solution (1.0 
mg/mL). The solution was stirred at room temperature for 6 h, and TTX Ab conjugated NPs Fe3O4/SiO2/Au-
Ab were obtained. The NPs were finally separated by a magnet, redispersed in 2 mL of PBS, and stored in 
the refrigerator at 4C. 

Synthesis of the RhB-labeled TTX Ab reporter (Ab-RhB).  RhB isothiocyanate (50 µg) was dissolved in 
0.2 mL of NaHCO3 buffer solution (pH 8.3) and mixed with 0.1 mL of tetrodotoxin antibody (1.0 mg/mL). 
The mixture was stirred at room temperature for 6 h and then dialyzed against NaHCO3 buffer solution to 
remove the excess of RhB.  

Detection of TTX by the combination of Fe3O4/SiO2/Au-Ab and Ab-RhB. The detection assay of TTX 
was assembled by addition of 50 µL of Fe3O4/SiO2/Au-Ab solution, 10 µL of Ab-RhB solution, and 60 µL 
of a series of PBS solutions containing dilutions of TTX. The final concentrations of TTX in these solutions 
are 0.5, 0.1, 0.05, 0.02, 0.01, and 0.005 µg/mL respectively. Triplicate reactions for each concentration of 
TTX detection were incubated for 2 h at room temperature and then separated by the application of an exter-
nal magnet, after which the concentrated pellet material was transferred to a concave slide for laser excita-
tion. RhB spectra were acquired with the baseline off and analyzed using Grams/AITM software. The third 
strong peak at 1510 cm–1 of RhB was used for the quantitative detection of TTX as the strongest peak at 
1360 cm–1 and the second strong peak at 1275 cm–1 were prone to interference with the glass background of 
slide [26]. The total analysis time was less than 1 h. 

Results and discussion. TEM analysis of Fe3O4/SiO2/Au gold/magnetic nanoparticles. Figure 1 shows 
the TEM images of Fe3O4/SiO2/Au gold/magnetic NPs at different resolutions. Obviously, the large Fe3O4 

NPs with diameter ranging from 100–200 nm are covered by a layer of small Au NPs. The Au NPs have a 
diameter of 20–40 nm with narrow size distribution and are closely attached to the surface of Fe3O4 NP due 
to the electrostatic adsorption of -NH2 and the Au-S bond. 
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Fig. 1. TEM images of Fe3O4/SiO2/Au gold/magnetic NPs at different resolutions. 
 
The effects of preparation method of the Fe3O4/SiO2/Au gold/magnetic nanoparticles on the SERS effect. 

The effects of three different assembly methods of Au NPs (stirring, shaking, and ultrasonication) coating on 
Fe3O4 magnetic NPs on the SERS effect were investigated and the results are shown in Fig. 2. Figure 2a 
shows that the Fe3O4/Au NPs were assembled by gentlly stirring the mixture of Au NP solution and Fe3O4 
NP solution. The Fe3O4 magnetic NPs were densely and uniformly covered by a layer of gold NPs. Corre-
spondingly, the Raman scattering intensity of RhB adsorbed on Fe3O4/Au NPs was higher than 8000 at the 
peak of 1510 cm–1 (Fig. 2b). The Fe3O4 NPs were less densely covered by Au NPs (Fig. 2c) when using 
shaking instead of the above stirring method, and the corresponding Raman scattering intensity of RhB de-
creased to about 6500 at 1510 cm–1 (Fig. 2d). Only a small amount of gold NPs was attached to the surface 
of Fe3O4 NPs when the mixture of Au and Fe3O4 NP solution was treated with ultrasonication (Fig. 2e), and 
accordingly the Raman scattering intensity was further decreased to lower than 3500 at 1510 cm–1 (Fig. 2f), 
indicating that ultrasonication may cause the gold NPs shedding from the surface of Fe3O4 NPs.  
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Fig. 2. TEM images (a, c, e) of Fe3O4/SiO2/Au gold/magnetic NPs prepared by different  
assembly methods and the corresponding SERS spectra of RhB (b, d, f). 
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Detection of TTX using [Fe3O4/SiO2/ Au-Ab···TTX···Ab-RhB] immunocomplex as a matrix. Figure 3 
shows the SERS spectra acquired from the sample. a) containing 50 µL of Fe3O4/SiO2/Au-Ab, 10 µL of Ab-
RhB, and 60 µL of 0.1 µg/mL TTX; b) containing 50 µL of Fe3O4/SiO2/Au-Ab and 10 µL of Ab-RhB as a 
blank; and c) containing 50 µL of Fe3O4/SiO2/Au-Ab, 10 µL of Ab-RhB, and 60 µL of 0.1 µg/mL saxitoxin 
as a control antigen. Clearly, the spectrum for the sample containing 0.1 µg/mL TTX (a) demonstrated 
strong peaks characteristic for RhB at 1275, 1360, 1510, and 1648 cm–1, suggesting that the TTX had been 
captured due to the formation of [Fe3O4/SiO2/Au-Ab···TTX···Ab-RhB] immunocomplex. The negative con-
trol without the addition of TTX (b) produced a background spectrum with only a broad peak centered at 
1360 cm–1 resulting from the interference of glass slide [26]. This is because there was no antigen-antibody 
specific interaction that connected Fe3O4/SiO2/Au-Ab and Ab-RhB together due to the absence of tetro-
dotoxin. RhB dyes could not be collected, separated, and concentrated to a pellet point by an external magnet 
and were thus left in the supernatant, resulting in the absence of characteristic peaks of RhB. Saxitoxin has a 
molecular structure similar to tetrodotoxin, however, the control assay containing 0.1 µg/mL saxitoxin (c) 
provided a background spectrum like spectrum b, indicating that the current detection of TTX based on 
[Fe3O4/SiO2/Au-Ab···TTX···Ab-RhB] immunocomplex has excellent specificity.  
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Fig. 3.  SERS  spectra  acquired  from the  sample.  a) Containing 50 µL  of Fe3O4/SiO2/Au-Ab,  10 µL of  
Ab-RhB, and 60 µL of 0.1 µg/mL TTX; b) containing 50 µL of Fe3O4/SiO2/Au-Ab and 10 µL of Ab-RhB;  

c) containing 50 µL of Fe3O4/SiO2/Au-Ab, 10 µL of Ab-RhB, and 60 µL of 0.1 µg/mL saxitoxin. 
 

Detection sensitivity of TTX using [Fe3O4/SiO2/Au-Ab···TTX···Ab-RhB] immunocomplex as a matrix. 
The SERS spectra of RhB acquired from the [Fe3O4/SiO2/Au-Ab···TTX···Ab-RhB] immunocomplex with 
different TTX concentration ranging from 0.005 to 0.500 µg/mL are shown in Fig. 4. A progressive decrease 
in the intensity of RhB signature peak was observed when decreasing the TTX concentration from 0.500 to 
0.005 µg/mL. As the spectrum obtained from 0.005 µg/mL of TTX is indistinguishable from background 
spectra (Fig. 3,b,c), a conservative limit of detection for TTX is set at 0.01 µg/mL. 
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Fig. 4. SERS spectra acquired from the [Fe3O4/SiO2/Au-Ab···TTX···Ab-RhB] immunocomplex  

with TTX concentration at 0.5 (a), 0.1 (b), 0.05 (c), 0.02 (d), 0.01 (e), and 0.005 µg/mL (f). 
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To determine the quantitative response of SERS signaling intensification to TTX detection, a plot of 
natural logarithm of TTX concentration versus natural logarithm of peak intensity at 1510 cm–1 shows that 
TTX detection is linear within the concentration between 0.01 and 0.5 µg/mL. The linear equation is lnI1510

 = 
= 9.347lnCTTX + 0.892 (lnI1510 is the natural logarithm of peak intensity at 1510 cm–1, lnCTTX is the natural 
logarithm of TTX concentration), and the linear regression yields an R2 value of 0.9959 for TTX detection. 

In order to test and verify the reliability of the standard curve, aqueous samples containing TTX at con-
centration of 0.50, 0.05, and 0.01 µg/mL, were prepared. Each sample was tested three times under the same 
condition. The analysis of the precision and recovery is shown in Table 1. The test results of TTX recovery 
is ~84.54–90.67%, and the relative standard deviation (RSD) is between 2.6 to 11.1%.  

 
TABLE 1. Accuracy and Precision Analysis for the TTX Detection  

Using [Fe3O4/SiO2/Au-Ab···TTX···Ab-RhB] as a Matrix 
 

Concentration under 
test, µg/mL 

Measured concentration, 
µg/mL 

Average recovery 
rate, % 

RSD, % 

0.448 
0.463 

 
0.5 

0.417 

 
88.53 

 
5.3 

0.0455 
0.0541 

 
0.05 

0.0443 

 
90.67 

 
11.1 

0.0119 
0.0115 

 
0.01 

0.0121 

 
84.54 

 
2.6 

 
Conclusion. This paper demonstrates a rapid detection of TTX by using Fe3O4/SiO2/Au gold /magnetic 

NPs conjugated with TTX antibodies as a Raman active substrate (Fe3O4/SiO2/Au-Ab) and TTX antibody 
labeled Rhodamine B as Raman reporter (Ab-RhB). Using an external magnet, the                
[Fe3O4/SiO2/Au-Ab···TTX···Ab-RhB] immunocomplex was separated and concentrated into a pellet point. 
The laser interrogation of the pellet produced a strong signal of Rhodamine B, and the logarithmic intensity 
of the signal was found to be proportional to the concentration of TTX within the linear range of          
~0.01–0.5 µg/mL. The recovery rate of samples was in the range of ~84.54–90.67%, and the relative stan-
dard deviation was ~2.6–11.1%.  
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