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Abstract: The detection of bifenthrin is closely related to the adsorption of SERS substrates. In this
study, superparamagnetic Fe3O4@Au MNPs coated with GO were used to detect the adsorption
and enrichment of bifenthrin molecules with benzene rings. Firstly, the thermal solvent method
synthesized Fe3O4 magnetic nanoparticles (MNPs) with a particle size of ~250 nm. Next, polyethylene
imide (PEI) was used as an intermediate layer to modify the surface of Fe3O4 to form a positively
charged ultra-thin polymer middle layer. Next, the gold shell was developed by adsorption of ~20 nm
AuNPs, without affecting the magnetic properties. Then, the additional amount of colloidal gold and
GO on SERS performance was systematically studied. Using crystal violet (CV) as the probe, we
investigated the SERS performance of composite nanomaterials. The lowest detected concentration
reached 10−8 mol/L, confirming that the composite functional material had good SERS activity
and magnetic properties. Finally, the substrate was used to detect bifenthrin in an acetone solution,
and the lowest detection concentration was 10−8 mol/L. These results showed that the prepared
GO/Fe3O4@Au MNPs were efficient SERS substrates that could detect bifenthrin pesticide residue
with high sensitivity.

Keywords: surface-enhanced Raman spectroscopy (SERS); GO/Fe3O4@Au; crystal violet (CV);
bifenthrin

1. Introduction

The problem of pesticide residues has attracted more and more attention with the mass
production and widespread use of pesticides. Pyrethroids are widely used in agricultural
production because of their high efficiency, low amounts of residue, easy degradation,
and crop safety. They replace organophosphorus and other pesticides, which are toxic
and do not degrade easily. However, as a spectral insecticide, bifenthrin is widely used
in vegetables, tea, and other crops, leading to a high risk of residue. In addition, this
pesticide can cause specific harm to skin and mucosa [1], the nervous system [2], and the
digestive system [3] through direct contact, inhalation via the respiratory tract, or intake via
the digestive tract [4,5]. Therefore, how to detect bifenthrin pesticide residues accurately,
quickly, and effectively has become a topic of concern to researchers. Currently, bifenthrin
is mainly detected by conventional gas chromatography [6] and liquid chromatography [7],
which require expensive equipment and a cumbersome sample pretreatment process.
Therefore, it is necessary to develop a rapid detection method for bifenthrin.

Compared with rapid detection methods such as enzyme inhibition and immunoassay
methods, which have long preparation periods and low sensitivity, surface-enhanced
Raman spectroscopy (SERS) [8], as a non-destructive testing technology, has low detection
cost [9], simple sample preparation [10], fast detection speed [11], and high sensitivity [12].
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There is little existing research on pyrethroid pesticide detection based on SERS. Hidayah
et al. used Au@Ag colloidal nanoparticles as the substrate to detect deltamethrin pesticides
in tea soup. The results showed that deltamethrin’s minimum concentration (LOD) was
0.01 mg/L [13]. Pham et al. used a laser-assisted photochemical method to grow and
deposit silver (Ag) nanodendrites at the core end of the multi-mode fiber for the detection
of permethrin pesticides in the concentration range of 0.1 mg/L to 20 mg/L, which verified
the potential of this method for the rapid detection of permethrin [14]. Tianhui Jiao
et al. used plasma oscillation produced by ZnO semiconductors and precious metals to
improve the Raman signal of deltamethrin and the least partial square algorithm to simulate
deltamethrin prediction. The detection limit (LOD) of the method was 0.16 µg/kg, and the
relative standard deviation (RSD) was 5% [15]. In another study calculating the Raman
spectra of bifenthrin using the density functional theory (DFT), the results showed that
the vibration modes of bifenthrin were many, and the characteristic peaks were difficult to
identify [16]. Due to the complex molecular interaction and interaction between groups, the
Raman peak complex can lead to a specific deviation in the spectrum. It also illustrates that
the SERS detection method of bifenthrin has a particular difficulty [17,18]. At present, there
are relatively few Raman spectroscopic studies on bifenthrin. However, due to the vast and
massive application of bifenthrin, the problem of detection of bifenthrin pesticide residues
has attracted much attention. SERS spectroscopic bifenthrin surveys will help the rapid
qualitative and quantitative detection and analysis of the pesticide residues. In general,
the adsorption of pyrethrin pesticide on common gold and silver SERS substrates was
weak, so it was necessary to enhance the SERS signal with other methods [19]. Therefore,
developing a substrate with strong adsorption of pyrethroids is helpful to perform SERS
detection of bifenthrin pesticides.

Combining precious metals with magnetic materials and active substances can give
new the substrate new abilities to detect substances that are difficult to detect with conven-
tional noble metals [20,21]. Graphene material has been proven to be a promising SERS
substrate due to its strong chemical enhancement effect [22]. Graphene can reduce the
SERS background, quench molecular fluorescence, and improve the Raman signal-to-noise
ratio [23]. In addition, the large surface area and interconnected SP2 network of graphene or
GO enable π-π stacking and charge transfer with aromatic molecules [24], thus significantly
enhancing its absorption capacity for benzene ring pesticides. Compared to graphene,
GO has sufficient reactive oxygen sites and a high surface negative charge, which can
substantially improve its electrostatic adsorption [25–27]. The oxidation and p-doping of
graphene can increase the chemical strength of aromatic dye molecules by 104 times [28].

Thus, in this study, AuNPs produced a vast electromagnetic enhancement by directly
coating Fe3O4@Au magnetic nanoparticles with a small amount of GO. AuNPs are used
to create a substantial electromagnetic enhancement. On the other hand, GO promotes
hybridization, increases absorption of aromatic molecules, and provides additional charge
transfer enhancement without overpowering the molecule’s signal to be measured, result-
ing in a low signal-to-noise ratio.

2. Materials and Methods
2.1. Chemicals and Reagents

Ferric chloride (FeCl3), ethylene glycol (EG), Anhydrous sodium acetate (NaAc),
sodium citrate (C6H5Na3O7·2H2O), polyethylene imine (PEI, MW 10000, 99%), polyvinyl
pyrrolidone (PVP, MW 40000), and crystal violet (CV) from Aladdin Reagent Co., Ltd.
(Shanghai, China). Bifenthrin was obtained at Shanghai Pesticide Research Institute Co., Ltd.
Graphite and potassium permanganate were bought at Sinopharm Chemical Reagent Co.,
Ltd. Hydrogen peroxide and sulfuric acid were purchased at Huadong Pharmaceutical Co.,
Ltd. Hydrochloric acid and anhydrous ethanol were obtained at Zhejiang Sanying Chemical
Reagent Co., Ltd. They can be used without further purification. All aqueous solutions were
prepared with deionized water and purified by the Millipore Milli-Q system (18.2 MΩ/cm).
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2.2. Synthesis of GO/Fe3O4@Au MNPs
2.2.1. Preparation of High-Quality Fe3O4 Magnetic Particles

Fe3O4 magnetic particles were synthesized via the solvothermal method reported
by Li [29]. FeCl3 (0.65 g, 4.0 mmol) was dissolved in ethylene glycol (20 mL), and the
solution was stirred on a magnetic stirrer until it turned orange and transparent. Next, the
above solution was added to trisodium citrate (Na3Cit.H2O, 0.30 g, 0.51 mmol) and stirred
intensely for 60 min. Next, NaAc (1.20 g) was added and stirred intensely for 40 min. A
suspension was obtained and then heated at 200 ◦C for 10 h in a stainless-steel autoclave
lined with polytetrafluoroethylene (50 mL capacity). After cooling to room temperature,
the prepared Fe3O4 was enriched magnetically and washed with pure water and ethanol
three times. Finally, the enriched Fe3O4 was dried at 60 ◦C for 6 h in a vacuum oven, and
Fe3O4 microspheres of ~250 nm were obtained.

2.2.2. Preparation of PEI-Modified Fe3O4 Magnetic Particles

PEI-modified Fe3O4 magnetic particles were prepared according to the following
procedure: Firstly, a 5 mg/mL PEI solution was prepared. Secondly, a 10 mg/mL Fe3O4
solution was prepared by dissolving 100 mg of Fe3O4 microspheres in 10 mL of deionized
water and sonicating for 10 min to thoroughly disperse the mixture. Then, the above
Fe3O4 and PEI solutions were diluted at a volume ratio of 1:1 and sonicated for 10 min.
Finally, the PEI-modified Fe3O4 was enriched in a magnetic field washed five times with
deionized water to remove the residual PEI. The final product of PEI-modified Fe3O4
magnetic particles was stored in 10 mL of deionized water for later use.

2.2.3. Preparation of GO/Fe3O4@Au Magnetic Nanoparticles

An amount of 99 mL ultrapure water and 1 mL 1% chloroauric acid aqueous solution
were successfully put into a 250 mL conical flask, heated to 100 ◦C, and stirred vigorously.
After the solution reached the set temperature, 1.5 mL 1% trisodium citrate aqueous solution
was added quickly and heated and stirred for another 15 min. In the process, the color of
the solution changed from light yellow to wine red. After the reaction, the solution was
cooled naturally to room temperature for later use. The final size of the Au nanoparticles
prepared was about 20 nm.

A GO was prepared according to a previous method [30]: 0.8 g of graphite powder
was added to a 250 mL beaker, followed by 50 mL of concentrated sulfuric acid and then
4 g of potassium permanganate, with continuous mixing for 2 min. The next step was
magnetic stirring for 4 h at a speed of 1500 rpm. Then, 100 mL of deionized water and
4 mL of hydrogen peroxide (30%) were gradually added to the beaker after mixing and
shaken ultrasonically for 30 min. The solution was then transferred into a 50-mL centrifuge
tube and centrifuged for 10 min at 8000 rpm. Next, the supernatant was poured out,
and pH test paper was used to test the acidity and alkalinity. Next, deionized water and
3% hydrochloric acid were added to clean the centrifuged sediment, and the solution
was centrifuged again. The above centrifugation and cleaning steps were repeated until
the solution’s pH was 7. Finally, it was put into the vacuum drying oven for 6 h, at a
temperature of 60 ◦C. After drying, it was weighed again. A 5 mg/mL GO solution was
thus prepared for later use.

An amount of 1 mL Fe3O4@PEI (2 mg/mL) was added to 2 mL, 4 mL, 6 mL, 8 mL, and
10 mL of AuNPs for ultrasonic reaction for 30 min. The excess colloidal gold solution was
removed by magnet adsorption, and cleaned with deionized water three times.

Amounts of 0.15 mL, 0.2 mL, 0.25 mL, 0.5 mL, and 1 mL of 0.5 mg/mL GO and the
optimized Fe3O4@Au were taken over 15 min; transferred into the centrifugal tube; stirred;
adsorbed on the silent agitator for 6 h; and stored at 4 ◦C for later use.

2.2.4. Preparation and Detection of Bifenthrin

A bifenthrin stock solution of 10−2 mol/L was prepared with acetone. The stock
solutions was diluted with acetone to prepare analytes in different concentrations (from
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10−4 mol/L to 10−10 mol/L) for each use. For the measured SERS, 100 µL of GO/Fe3O4@Au
MNPs and 100 µL of bifenthrin solution were mixed and incubated in a silent mixer for
0.5 h to enhance the adsorption effect. Then, 50 µL was dropped onto a special tapered
glass plate, with a matching magnet placed under the glass plate for magnetic enrichment,
and put on the sample platform of the Raman spectrometer for detection.

2.3. Instruments and Measurements

Size and morphological analyses were conducted using a scanning electron microscope
(HITACHI, SU8010 FE-SEM). A 200 nm–800 nm UV-vis spectrophotometer was used to
obtain UV-vis spectra (FIG-1901, Purkinje, China). Surface-enhanced Raman scattering
spectra (SERS) of all samples were captured using a confocal Raman microscopy system
(Horiba). The diameter of the laser was 5 mm; its excitation wavelength was 633 nm, and it
illuminated the test substrate vertically.

GO/Fe3O4@Au MNPs prepared under different growth conditions were dropped
into a CV solution (10−4 mol/L) for the SERS test. The substrate was combined with
the CV concentration of 10−4 mol/L–10−8 mol/L, and SERS detection was carried out
through magnetic enrichment to obtain the SERS spectrum of CV at 5 s per scan and 1%
of maximum laser power. The results were recorded on the confocal Raman microscope
system. Cumulative scanning was performed on the preferred substrate to obtain SERS
spectra of the bifenthrin concentration gradient; each scanning time was 20 s, each scan
was at 10% of maximum laser power, and the results were recorded on a confocal Raman
microscope system (Horiba). All measurements were randomly performed three times.

3. Results and Discussion
3.1. Preparation Principle and Optimization of GO/Fe3O4@Au MNPs
3.1.1. Preparation Principle of GO/Fe3O4@Au MNPs

As shown in the schematic diagram in Figure 1, by modifying PEI, Fe3O4 MNPs with
a particle size of ~250 nm were aminated [31]. Colloidal gold prepared by the sodium
citrate method had strong electronegativity, enabling Fe3O4@PEI to adsorb gold nanoparti-
cles under ultrasonic conditions so that gold nanoparticles with a particle size of 20 nm
had a SERS-enhanced effect on the surface modification of magnetic beads. The mag-
netic beads were then wrapped with a small amount of GO lamellar structure to obtain a
GO/Fe3O4@Au magnetic nanosubstrate. AuNPs were used to generate substantial elec-
tromagnetic augmentation, where folds formed by the GO lamellae structure promote the
absorption of aromatic molecules and provide additional charge transfer augmentation [32].
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Figure 1. Schematic diagram of GO/Fe3O4@Au magnetic SERS substrate. Figure 1. Schematic diagram of GO/Fe3O4@Au magnetic SERS substrate.

3.1.2. Effect of Colloidal Gold Volume with 20 nm Particle Size on GO/Fe3O4@Au
MNP Synthesis

Firstly, the critical parameters for preparing GO/Fe3O4@Au MNPs were optimized.
Then, by adding different volumes of 20 nm AuNPs into the Fe3O4@PEI magnetic beads,
the maximum loading of AuNPs on the Fe3O4 surface and the effect of the AuNPs on the
SERS-enhanced effect of graphene-coated, gold-shelled magnetic beads were studied. As
shown in Figure 2a, 2 mL, 4 mL, 6 mL, 8 mL, and 10 mL of colloidal gold were ultrasonically
reacted with 1 mL 2 mg/mL of Fe3O4@PEI for 30 min, respectively, and GO/Fe3O4@Au
MNPs were prepared. When the colloidal gold volume was 8 mL, the SERS spectral
intensity of the magnetic beads was the highest. However, when the volume of colloidal
gold was further increased to 10 mL, the SERS intensity decreased significantly. As SERS
enhancement was derived from the high-intensity local electric field in the gap between
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noble metal nanoparticles, when AuNPs were further adsorbed on the surface of magnetic
beads, the “hot spots” formed between AuNPs were covered, resulting in a significant
decrease in signal instead of an enhancement. Additionally, the complex substrate structure
can be seen in Figure 2b, which shows the UV absorption spectrum. When the colloidal
gold volume is less than 10 mL, the electron energy level transition is accompanied by
a variety of vibrational and rotational energy level transitions, which causes the broader
absorption peak of the UV-vis spectrum. However, when the colloidal gold volume is 10
mL, the absorption peak becomes significantly narrower, indicating that many redundant
AuNPs are dispersed in the solution, indicating that the adsorption AuNPs on the magnetic
bead surface have reached saturation. Therefore, the colloidal gold dosage of 8 mL is the
optimal colloidal gold volume for further experiments with GO/Fe3O4@Au.
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3.1.3. Effect of Different GO Volumes on GO Fe3O4@Au MNP Synthesis

The amount of GO coating significantly influenced the SERS performance of GO/
Fe3O4@Au MNPs. If the GO coating was too thick, AuNPs could not form surface plasmons
with the target molecules, so achieving a good enhancement effect was not easy. Therefore,
by adding different volumes of GO solution to the Fe3O4@Au magnetic beads, the impact of
the amount of GO coating on the aggregation of magnetic beads and SERS-enhanced effect
was studied. The findings are displayed in Figure 3a–f: SEM images of GO/Fe3O4@Au
MNPs created for various GO volumes. The gold-shelled magnetic beads aggregated visibly
when GO was 0.15 mL, but the surfaces of the magnetic beads were not uniformly coated.
The concentration of gold-shelled magnetic bead increased when the amount of GO was
greater than 0.2 mL. The figure shows that the GO lamellae on the surface are excessively
thick, and AuNPs are concealed beneath the GO film. When the GO concentration was
increased to 1 mL, the magnetic beads with the gold shell were covered entirely with GO,
and the gold shell was no longer visible. As shown in Figure 3f, SERS intensity rose as GO
increased when GO was lower than 0.2 mL. However, SERS intensity quickly dropped as
the GO concentration increased, which was consistent with the SEM findings.

3.2. GO/Fe3O4@Au MNP Characterization

The growth process of GO/Fe3O4@Au MNPs was measured by UV-vis spectroscopy
(Figure 4a). The magnetic Fe3O4 microspheres had an absorption peak at 500 nm, which
showed a slight red shift after PEI modification. Fe3O4@Au shows a new peak (blue curve)
at 545 nm. The red shift of the absorption peak indicates the successful adsorption of
AuNPs on Fe3O4. After wrapping Fe3O4@Au with GO, enhanced absorbance was observed
at ~250 nm (green curve), suggesting the presence of GO [33]. However, the peak value
of AuNPs still exists, but it is slightly redshifted and widened compared with Fe3O4@Au,
indicating that the Fe3O4@Au composite has a specific aggregation after interacting with
GO. Such aggregation may generate more SERS hot spots, which is crucial for the effective
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electromagnetic enhancement of the SERS signal. These results confirm the formation of
Fe3O4@Au and GO-coated Fe3O4@Au MNPs.
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The magnetic properties of Fe3O4, Fe3O4@PEI, Fe3O4@Au, and GO/Fe3O4@Au at
room temperature are depicted in Figure 4b. Hysteresis loops can be seen in the curves, and
the corresponding magnetic saturation strengths are 58.5 emu/g, 58.1 emu/g, 43.0 emu/g,
and 37.3 emu/g, respectively. The rise in the percentage of non-magnetic components in
magnetic particles is responsible for the decrease in magnetic saturation intensity. All curves
intersect the origin at room temperature, indicating that all products are superparamagnetic.
It can be seen from the M-H curve that the decrease in the value is limited, and the
magnetic response is weakened by about 30%. The GO/Fe3O4@Au nanocomposites still
have a high magnetic saturation strength value, indicating that these particles all show
superparamagnetism [34]. The magnetic saturation intensity after the modification of
AuNPs was smaller than that of Fe3O4 and Fe3O4@PEI because the change in AuNPs led
to the increase in particle size of magnetic beads and the gold shell formed covered the
surface of the magnetic beads. When covered with GO, the magnetic saturation intensity
decreases to 5.7 emu/g, indicating that a small amount of GO can improve the adsorption
capacity of benzene ring molecules in the magnetic bead adsorption band without affecting
the magnetic response capacity of the magnetic bead.

Figure 4c shows the Zeta potentials of Fe3O4, Fe3O4@PEI, Fe3O4@Au, and GO/
Fe3O4@Au. Fe3O4 modified the amino group on its surface via PEI-mediated modifi-
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cation, giving the magnetic particles a positive charge on their surfaces (Zeta potential
changed from −28.2 mV to 49.6 mV). AuNPs prepared by citric acid reduction were modi-
fied by Fe3O4@PEI to form Fe3O4@Au (Zeta potential = 11.6 mV) by electrostatic interaction.
The composite was mixed with GO suspension to generate GO/Fe3O4@Au MNPs (Zeta
potential = −4.1 mV) via electrostatic interaction.

Crystal violet (CV) containing benzene rings was used as a SERS probe molecule to
detect the SERS adsorption and enhancement effect of GO/Fe3O4@Au MNP substrate.
Figure 5 show the SERS spectral results and linear regression curves of CV detected by
GO/Fe3O4@Au MNPs at different concentrations. As can be seen from the Figure 5a,
when the concentration of CV was 10−8 mol/L, GO/Fe3O4@Au MNPs still had a noticeable
enhancement effect. According to the literature, the primary SERS peak CV sources detected
by GO/Fe3O4@Au MNPs were assigned [35]. The (C+-benzene) bending that occurred
out-of-plane caused the peak at 441 cm−1. The C-H bending vibration may be responsible
for the Raman peak at 810 cm−1. The radial benzene ring skeleton vibration is responsible
for the 920 cm−1 Raman signal. The Raman peaks at 1178 cm−1, 1371 cm−1, and 1618 cm−1

can be attributed to in-plane C-H bending vibration, N-benzene stretching vibration,
ϕ-N stretching, and C-C stretching vibration. The CV characteristic peak at 1178 cm−1 was
taken as a reference, and the molecular concentration-peak intensity correction curve was
obtained by linear fitting, as shown in Figure 5b. The correlation coefficient of the fitting
curve reached 96.412%. These results demonstrate that the gold-shelled magnetic beads
coated with GO have good adsorption and enhancement ability for aromatic molecules
containing benzene rings.
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3.3. FDTD Simulation Results of GO/Fe3O4@Au MNPs

In addition to the experimental study, a finite difference time domain (FDTD) simula-
tion of GO/Fe3O4@Au MNP substrate was carried out using Lumerical FDTD Solutions
software to further analyze its electric field distribution [36,37]. First, we simulated a
GO/Fe3O4@Au single-sphere model and two adjacent GO/Fe3O4@Au two-sphere mod-
els. As shown in Figure 6a,b. The core of Fe3O4 was 250 nm, the diameter of the gold
shell was 20 nm, and the graphene structure was directly above the single-sphere model.
The graphene structure of the double-sphere model was placed in the middle of the two
spheres, and the excitation wavelength was 633 nm. The theoretical enhancement factor
script provided by The Official Website of FDTD [38] shows that the enhancement fac-
tor of the GO/Fe3O4@Au single sphere model was 16932900 and that of the Fe3O4@Au
MNPs without GO was 17933400, demonstrating that GO had almost no effect on SERS
enhancement of precious metal substrate.
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the two spheres).

Then, we calculated the theoretical enhancement factor of two adjacent GO/Fe3O4@Au
nanoparticles, which was 1356758. The above simulation results proved that the GO/
Fe3O4@Au structure had an excellent SERS-enhanced effect, and SERS-enhanced hot spots
could be formed between the gold sphere and two gold-shelled magnetic beads on the
surface of a single particle.

3.4. Detection of Different Concentrations of Bifenthrin

It can be seen from Figure 7a that there are two benzene rings in the molecular structure
of bifenthrin. Raman spectra of bifenthrin were obtained by direct detection of bifenthrin
solid powder. The results are shown in Figure 7b. Due to the complex molecular structure
of bifenthrin, there are many peak sites in the spectrum, among which the main peak
sites are 656 cm−1, 991 cm−1, 1288 cm−1, and 1650 cm−1. Then, a magnetic enrichment
detection method was used to detect bifenthrin in acetone with GO/Fe3O4@Au MNPs as
the substrate. The corresponding peak positions between the SERS characteristic peak and
the solid Raman characteristic peak are marked in red.

In contrast, the strong solid Raman characteristic peaks are marked in black. The
results are shown in Figure 7c. Its characteristic peak was still clearly visible when the
solution concentration was 10−8 mol/L. It was proven that the GO/Fe3O4@Au MNP sub-
strate had excellent bifenthrin SERS adsorption detection ability. Among them, the signals
of the five spectrum peaks at 751 cm−1, 890 cm−1, 1215 cm−1, 1288 cm−1, and 1357 cm−1

were evident in the SERS spectrum of bifenthrin. Due to the conformation change in
molecules during the SERS and conventional Raman tests, the polarization angle of the
laser, and many other factors, the excitation peak was not the original prominent peak.
Corresponding peak locations have been marked in Figure 7b. The characteristic peak
positions of SERS peak locations were attributed to C-Cl stretching vibration at 751 cm−1,
C-O-C stretching vibration at 890 cm−1, C-H bending vibration at 1215 cm−1, C-H stretch-
ing vibration at 1288 cm−1, and benzene ring stretching vibration at 1357 cm−1. In
Figure 7d, the correlation curve between the peak intensity of 1288 cm−1 and the con-
centration of bifenthrin is Y = −0.000341156x + 7.83793, and the correlation coefficient (R2)
is 96.973%, indicating that there is an excellent linear relationship between the peak intensity
and concentration.

Furthermore, as shown in Figure S1, we detected bifenthrin and its structural ana-
logues using GO/Fe3O4@Au MNPs as a SERS substrate. It can be quickly concluded that
only bifenthrin exhibited the distinguishable characteristic peak. At the same time, the
other analogues could not excite good characteristic peaks, which proves the excellent
specificity of the SERS substrate for the detection of bifenthrin. In addition, we calculated
the limit of detection (LOD) [39], and the details are in the supporting information. The
LOD of bifenthrin is as low as 7.122 µg/kg. Therefore, it was proven that GO/Fe3O4@Au
MNPs could be used as an effective SERS adsorption-enhanced substrate for bifenthrin.
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4. Conclusions

In this paper, we reported a preparation method for graphene-coated, gold-shelled
magnetic beads of GO/Fe3O4@Au MNP as a SERS substrate, which increased the adsorp-
tion and SERS-enhanced effect and was used to detect residues of bifenthrin pesticide.
The method can be divided into four steps: the preparation of magnetic microspheres,
PEI modification of the magnetic microspheres, gold shell growth, and GO coating. By
optimizing the two steps of gold shell growth and GO coating, we prepared GO/Fe3O4@Au
MNPs in a controlled manner. Using CV as the probe molecule, we evaluated the enhanced
effect of the magnetic beads under different growth conditions, and obtained the SERS
gradient and linear regression curve. It has been proven that the prepared substrate has
good uniformity of size and shape, high magnetic responsiveness, and SERS activity. Based
on the adsorption of graphene to molecules with a benzene ring and the enrichment ability
of the magnetic substrate, the detection of bifenthrin with this substrate achieved its lowest
concentration of 10−8 mol/L. These results showed that GO/Fe3O4@Au MNPs can be used
as SERS substrates for the rapid, convenient, and highly sensitive detection of bifenthrin
pesticide residues.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11020073/s1, Figure S1: SERS spectra of bifenthrin
and its structural analogues based on GO/Fe3O4@Au MNPs.
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