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Abstract: Food safety and quality have gained much
attention and the capability to evaluate food quality and
safety in a sensitive, rapid, and reliable manner is of
great importance in the food industry. Surface-enhanced
Raman scattering (SERS) with the advantages of excellent sensitivity, high selectivity, non-destructive nature,
and significant enhancement to identify the target has
demonstrated a great potential for quick detection of
the food sample. The enhancement of Raman signals
for SERS is not only related to the interactions between
substrates and samples but also the functionalization
of substrates to gain SERS active substrates. In the
present review, this paper summarized the progress
of SERS quantitative analysis and application in food
safety detection. The future trends and perspectives
were also given.
Keywords: surface enhanced Raman scattering, food
safety, application

1 Introduction
In recent years, vibrational spectroscopy such as Raman
spectroscopy has been widely used to detect pesticide
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residues, biotoxins, antibiotics, and pathogens in food
due to its high sensitivity and rapid, trace detection
features. SERS is a highly sensitive elastic scattering
method that uses ordinary Raman scattering to detect
the surface of a sample adsorbed with coarse nanoparticles (such as gold, silver, or copper), resulting in a
stronger Raman signal for the sample to be measured,
specifically by a factor of 103-106 [1]. SERS technology is
widely used in environmental monitoring [2], explosives
detection [3], biomedical [4], food safety [5], and pesticide detection [6] due to its high sensitivity, trace level,
fast response, and details about the characterization of
the “fingerprint”. For example, Huang et al. successfully prepared snowflake-like gold nanoparticles used
as SERS substrates, and the results showed that the
snowflake-like Au NPs substrates have excellent SERS
activity with a detection limit of about 3×10 -9 mol·L-1 in
aqueous solution of rhodamine 6G and 1×10 -8 mol·L-1 for
organophosphorus pesticides in solution [7]. Ilhan et al.
developed a paper-based SERS platform and an immunomagnetic enrichment assay for the specific detection of Escherichia coli in milk, and the SERS results
obtained were consistent with conventional plate colony
counting methods [8]. SERS can even reach the level of
single-molecule detection under the near-infrared laser,
so it has a great prospect of application in food quality
and safety evaluation. The purpose of this review is to
introduce the theoretical basis of SERS, SERS active substrates, SERS detection techniques, and the application
of SERS in food safety evaluation, and to analyze the
current challenges and prospects of SERS technology in
the field of food safety detection. Based on the previous
summary, this review mainly focuses on the application
of SERS technology in recent years and summarizes
the SERS detection technology. Finally, it summarizes
the current challenges and potential future trends of
SERS technology, hoping to provide readers with a good
understanding of the latest applications of SERS technology and encourage more applications of SERS for
food safety evaluation.

This work is licensed under the Creative Commons
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2 Theoretical bases of SERS
Raman spectroscopy is an inelastic scattering of an incident photon with a molecule, discovered by C.V. Raman
in 1928, which allows the analysis of scattering spectra
at frequencies different from the incident light to obtain
information about the vibration and rotation of molecules and is applied to the study of molecular structure.
Raman scattering involves only small energy changes,
and typical Raman scattering cross sections are small,
with values of about 10-29 cm2/sr [9], 10 orders of magnitude lower than those of infrared or fluorescence spectroscopy, making typical Raman spectroscopy too weak to
be used for trace detection in routine analysis, which also
makes Raman spectroscopy a great challenge for trace
detection [10]. Due to the general weakness of Raman
scattering (typically one millionth of the incident light
frequency) [11], only solid samples or biological samples
with high concentrations of aqueous solutions show
good Raman scattering, but when nanometer roughness
metals (such as gold and silver) are adsorbed on the
sample surface, the Raman signal of the sample is significantly enhanced, allowing the detection of samples
at very low levels (picomolar to femtomolar concentrations), also known as SERS [12].
Although SERS technology has undergone more than
40 years of development, there is still no definite conclusion on the enhancement mechanism, and it is now
generally accepted in academic circles that the main
mechanisms of SERS are physical enhancement mechanism (EM) and chemical enhancement mechanism (CT),
and the result of the joint action of the two classical
mechanisms [13]. EM mechanism is the mechanism of EM
field enhancement. The reason for the enhancement is
that when the EM wave interacts with the metal surface,
if the metal surface is rough, then the EM wave will excite
a local surface plasma on the surface, which leads to the
amplification of the electric field near the surface. Surface
plasma is the collective oscillation of free electrons in a
metal under a photoelectric field, and the local electromagnetic field enhancement caused by surface plasmon
resonance (SPR) is also considered to be the main core
of SERS enhancement [14]. The electromagnetic enhancement mechanism is a purely physical description of
the local electromagnetic field enhancement caused by
plasma resonance on the surface of metallic nanoparticles, which has been confirmed by many scholars at home
and abroad. Unlike the physical enhancement mechanism, the chemical enhancement mechanism mainly
considers the charge transfer interactions between the
metal nanoparticles and the sample, that is the charge

transfer between the chemical bonding, surface complexes, light-induced and the substrate, which is generally in the range of 10-103, and the enhancement effect
is much lower than the physical enhancement [13]. Due
to the differences between the molecules and their interactions with metal nanoparticles, the chemical enhancement mechanism is not universal compared to the
physical enhancement mechanism. Although the mechanism of SERS enhancement is not conclusive, SERS is
widely used due to its high sensitivity, fast response, and
“fingerprint” recognition features. In addition to these
features, the good compatibility with water systems and
the linear relationship between spectral intensity and
analytical concentration determines that SERS technology can be used for qualitative [15], semi-quantitative
[16], and quantitative analysis [17].

3 SERS-active substrates
As can be seen above, the SERS phenomenon is relatively
complex, and there is no uniform substrate to detect all
target analytes, so it is necessary to develop different
high-sensitivity SERS substrates to cope with a variety
of analytes, making SERS technology a powerful tool to
detect specific target molecules at trace levels. In recent
years, with the continuous development of nanotechnology, different shapes, sizes, compositions, and spatial
distances of SERS substrates have been developed,
because the shape, size, and composition of the substrates can affect the sensitivity of SERS detection, and
they can generate different enhancement factors (EFS) to
enhance SERS to different degrees [18].The enhancement
factor is often used to reflect the activity of the substrate
and the sensitivity of SERS is greatly influenced by the
“hot spots”, which are the largest electric field enhancement sites on metal nanoparticles, mainly in the tiny gaps
between the metal nanoparticles [19]. Due to the occurrence of localized surface plasmon resonance (LSPR) of
the metal nanoparticles, the electric field of the metal
surface part is significantly enhanced, showing a good
Raman signal. Therefore, the enhanced Raman signal is
not only related to the interaction between the substrate
and analyte, but also to the functionalization of the substrate to obtain a better substrate activity [20]. For food
quality evaluation, it is particularly important to select
functionalized substrates for more accurate detection of
target analytes. The common active substrates for SERS
in recent years are divided into metallic nanomaterials
(noble metals and transition metals) and non-metallic
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nanomaterials (graphene, semiconductors, etc.) [21]. For
example, Ekmen et al. synthesized surface molecularly
imprinted magnetic nanoparticles (MIP@Fe3O4NPs) for
the sensitive and selective quantification of malachite
green in tap water and carp samples through a recently
developed active mechanism called reversible chain
transfer catalytic polymerization (RTCP) [22]. Wang et al.
constructed a highly sensitive SERS substrate based on
Ag-nanoplates decorated graphene-sheets for ultrasensitive SERS detection of organic pesticides (including
thiram and methyl parathion and their mixtures). The
Ag-nanoplates@graphene hybrids (Ag-NP@GH) substrate
showed low detection limits of 40 and 600 nM for thiram
and methyl parathion, respectively, and more importantly,
Ag-NP@GH substrate showed good SERS signal reproducibility with relative signal deviation as low as 5.6% [23].
Guselnikova et al. proposed functionalized surface equipartition oscillator supported gold grating surfaces with
metal-organic backbone (MOF-5) for sensitive, selective,
and reproducible SERS detection of organophosphorus
pesticides, in addition to selective detection and identification of several relevant organic contaminants such as
azo dyes and mycotoxins [24]. Gold nanoparticles (AuNPs)
and silver nanoparticles (AgNPs) were used more often in
these studies. There are also nuclear-shell nanoparticles
developed on this basis. To enhance the SERS signal, these
noble metal nanoparticles are transformed into various
shapes, such as nanorods, nanodendrites, nanoflowers,
nanosheets, nanomembranes, and nanostars [25,26].
In general, SERS active nanosubstrates can be divided
into colloidal nanosubstrates and solid nanosubstrates. Colloidal substrates are easier and more sensitive to
make. However, since it is a solution system, it is not easy
to control the assembly of metal nanoparticles and evaluate the exact position of the target analyte, so the developed solid nanosubstrates can solve this problem, and the
solid substrates have good stability and durability.

3.1 Colloidal substrates
Gold and silver nanoparticles with diameters of 10-200
nm are typically used to make colloidal substrates,
which are readily available and inexpensive. Due to its
high sensitivity, ease of fabrication, and stability, it is
widely used for the detection of pesticide residues, biotoxins, and antibiotics, etc. [27]. In addition to chemical
reduction methods, also known as wet synthesis techniques, radiation reduction and laser ablation are used
to prepare metalloid substrates, but the most widely used
method is chemical reduction. However, due to the more
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rapid reaction of the reduction method, it is not easy to
control the nucleation rate of nanoparticles, which leads
to irregular and inhomogeneous size and shape of nanoparticles, and ultimately leads to lower stability and reproducibility of chemical reduction [28]. Therefore, in the
following long time, many scholars in China and abroad
have tried to improve the SERS strength by improving the
shape and size of metal nanoparticles. Bastús et al. used
growth kinetics to control the growth rate of metal nanoparticles and prepared gold and silver nanoparticles with
high uniformity and adjustable particle size by a stepwise growth method [29]. As mentioned above, the size
and shape of metal nanoparticles affect the intensity of
SERS through surface plasmon resonance, so the development of nanosubstrates of different sizes and shapes is
of great significance for high sensitivity detection. D’Elia
et al. fabricated gold nanorods for ultra-trace detection of
cocaine in unprepared oral fluid samples, and the results
confirmed the increased sensitivity and high stability and
reproducibility of the detection with gold nanorods [30].
Wang et al. developed a novel solvothermal method to
synthesize Ag nanocubes with controllable size. The PVP
was used as the capping agent, ethylene glycol as reducing agent and glycerol as the viscosity regulator in the
growth of Ag nanocubes. The results show that Ag nanocubes are highly SERS-active substrates and the detecting
limit of thiram can reach as low as 10-9 M [31].
Numerous experiments have confirmed that gold
nanoparticles have better stability and significantly
more controllability than silver nanoparticles, and silver
nanoparticles have higher SERS activity than gold nanoparticles. Therefore, many scholars often use the two in
combination to obtain more powerful SERS substrates. Pu
et al. developed two-dimensional (2D) stable Au-Ag coreshell nanorod (Au@AgNRs) nanoarray substrates with
high-performance SERS activity based on an interfacial
self-assembly strategy and successfully applied them for
the detection of thiram in apple samples. A broad linearity range of 0.01-10 mg/L and a low limit of detection of
0.018 mg/L were achieved for thiram solution. The substrates were stable and showed satisfactory sensitivity with
93-116% recovery after 4 weeks of storage at ambient temperature [32].
On the other hand, electrostatic repulsion exists
between the metal nanoparticles in the colloidal matrix
system, and the stability of the system is also maintained
by electrostatic repulsion, so when testing liquid food, the
charge present in the sample will have a great impact on
the adsorption ability between the metal nanoparticles
and the target, thus leading to a reduction in the reproducibility of the test results. Besides, the pH of the sample

176

Hualan Zhou et al.

matrix can affect the metal colloidal solution. For a more
commercial development of colloidal matrices, improvements in their stability and reproducibility are needed.

3.2 Solid substrates
In order to overcome the poor stability and reproducibility of the colloidal matrix, many immobilization
techniques have been developed to adsorb metal nanoparticles onto solid substrates, the most commonly
used techniques are nanolithography, microsphere
lithography, and self-assembly techniques. In previous
studies, self-assembly techniques were found to be more
effective and easier to prepare than nanolithography
[33]. Self-assembly technology mainly uses the morphological control of surface functional groups and nanostructures to form ordered structures, which can prepare
highly dense and orderly and controlled nanoarrays [34].
Zhang et al. developed a simple self-assembly method to
fabricate ordered Ag nanofilms, and the results showed
excellent SERS enhancement for the detection of methyl
parathion with detection limits up to 10-7 M [35]. Meanwhile, different homemade solid surface substrates such
as graphene-gold film-gold nanorods, graphene-gold
nanorods, and gold film-gold nanorods have been developed for the detection of hazardous substances in food.
Sivashanmugan et al. arrayed gold nanodots (AuNDs) on
thin graphene (GR) layer, which was mainly prepared by
chemical vapor deposition, by focused ion beam technique and used rhodamine 6G as a molecular probe. The
results showed that the detection limit of rhodamine
6G was as low as 10-12 M and the Raman enhancement
factor was increased to 108 fold [36]. Due to the increasing

popularity of SERS for trace energy level detection, different commercial solid surface SERS substrates have also
been developed. These include Q-SERS (USA), P-SERS
(USA), Enspectr SERS substrates (Russia), and inkjet
printed SERS substrates. These solid substrates are more
expensive, but the assay process is simpler and less
time-consuming and has been used by many researchers. For example, Liu et al. used Q-SERS solid substrates
with gold-coated SERS-active nanosubstrates for SERS
measurements. Three pesticides (carbaryl, phosmet,
and azinphos-methyl), which are widely used in apples
and tomatoes, were selected for the study quantitative
and qualitative models. The study showed that SERS
could detect 4.51 ppm carbaryl, 6.51 ppm phosmet, and
6.66 ppm azinphos-methyl in apples; 5.35 ppm carbaryl,
2.91 ppm phosmet, and 2.94 ppm azinphos-methyl in
tomatoes at 99.86% confidence interval [37].
In addition, flexible solid SERS substrates have
been developed for “in-situ” and real-time inspection of
irregular surfaces. Therefore, many scholars have made
a lot of efforts to develop flexible substrate materials,
such as cotton, tape, polymers, and paper [38]. Wu et al.
developed a simple and effective SERS tape sensing
strategy based on double pyramidal gold nanoparticles
(BP-AuNPs), using the tape to collect methyl parathion
from the surfaces of cucumbers, apples, and tomatoes by
a simple “stick/peel” procedure (Figure 1) [39]. It is clear
from practice that the development of soft, adhesive SERS
substrates is of great significance for “in-situ” detection
and has a very promising application.
Compared with colloidal matrices, the stability and
reproducibility of solid matrices have been significantly
improved, but the preparation process is relatively more
complicated.

Figure 1: Schematic diagram of BP-AuNPs-based SERS tape sensor for trace sensing on peel surfaces Reprinted with permission from
Ref. [39].
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4 SERS detection technology
At present, the detection techniques for SERS include
label-free SERS detection and labeled SERS detection
(Figure 2).

4.1 label-free SERS detection technology
Label-free SERS detection is considered to be the most
direct and reliable way to obtain SERS spectra without
the need for secondary Raman dyes and synthetic SERS
labels (also known as reporter molecules) to obtain a
unique “fingerprint” of the target analyte, relying primarily on the interaction between the target analyte and the
SERS substrate [40]. In label-free assays, molecular interactions are directly converted into multiple (mechanical,
electrical, or optical) signals and can be detected without
any labeling. Therefore, label-free SERS assays offer the
advantages of simplicity, flexibility, high specificity, and
real-time tracking [41]. Hernández et al. developed a lowcost, selective, and reliable gold nanoprism-based labelfree nanoadaptor sensor for the detection of trichostatin
A (OTA) by SERS. Label-free SERS provides the molecular
markers of the aptamer-OTA complex used and can differentiate the OTA solution from 10 to 250 ppb through
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multivariate analysis [42]. Du et al. synthesized novel
multifunctional Fe3O4@TiO2@Ag particles for the immunoassay of prostate-specific antigen (PSA) with a low
detection limit of 16.25 pg/mL using a label-free SERS
assay [43]. The use of label-free SERS assays for highly
sensitive and quantitative determination in food samples
remains a challenge. Therefore, the development of a
more sensitive and selective SERS detection technique is
the focus of many scholars.

4.2 Labeled SERS detection technology
The labeled SERS method is considered as an indirect
approach. The method of functionalizing a SERS active
substrate with a label and then detecting the SERS signal
of that molecule can significantly improve the specificity of a given substance [44]. Labeled SERS detection
use external signal tags for analyte measurements. Commonly used tags include electrochemically active molecules, isotopic elements, organic dyes, and nanoparticles
[45]. SERS tag-based detection methods have been shown
to be very promising for a wide range of detection applications, overcoming the drawbacks mentioned above in
Label-free SERS detection. Lu et al. developed a method
combining SERS and sandwich-type immunolabel for

Figure 2: Schematic diagram of (a) label-free SERS detection and (b) labeled SERS detection Reprinted with permission from Ref. [12].
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sensitive detection of TYR, in which 4-mercaptobenzyl cyanide is embedded between Au core and Au shell
(Au4MB@Au). Core-shell structure is used as SERS label,
which is expected to achieve sensitive and quantitative
detection of TYR in complex body fluids [46]. Zhang et al.
developed a multiple SERS-based lateral flow immunosensor for the identification of six major fungal toxins
in maize. Using two characteristic Raman reporter molecules 5,5-dithiobis-2-nitrobenzoic acid (DTNB) and 4-mercaptobenzoic acid labeled synthetic Au@Ag core-shell
nanoparticles, the detection limits for zearalenone were
6.2 pg/mL and 0.26 ng/mL for fumonisin B, which are
below instrumental analysis and most other biosensors,
the limits of detection for zearalenone and fumonisin B
were 6.2 pg/mL and 0.26 ng/mL, which are lower than
those of instrumental analysis and most other biosensors, and well below the tolerance limits set by the EU,
US, and China [47].

5	Application of SERS in food safety
detection
5.1 Heavy metal detection
The accumulation and concentration of heavy metals,
especially harmful heavy metals, in the human body can
cause acute and chronic poisoning. Researchers have
done a lot of work on highly sensitive detection of heavy
metals in food, as is shown in Table 1.
Song et al. proposed a novel colorimetric/SERS dualmode detection of the Hg2+ method by using SERS-active
peroxidase-like Au@AgPt NPs. The dual-mode probe
integrated the advantages of facile detection by colorimetric analysis and high-sensitive trace assay by SERS.
The limit of detections (LODs) of colorimetric analysis
and SERS assay were 0.52 and 0.28 nM, respectively [48].

Table 1: The application of SERS in food safety detection
Classification

Target analyte

SERS substrate

LOD

Reference

Heavy metal pollution

Hg(II)

Au@AgPt NP
B40/PSS PAH @AuNP
4,4’-bipyridine (Dpy) to modify silver
nanoparticles (AgNPs)
AuNP@Thiosemicarbazone
B40/PSS PAH@AuNP
DNAzymes and enzyme-free CHA
amplification system
Ag nanoparticles decorated Ag@ZrO2
Au@Ag core-shell nanoparticles

0.28 nM
0.5 ppb
0.1 ppb

[48,51-53]

VAN-Au NPs
Fe-MIL-88 was fabricated as artificial
enzyme to catalyze leuco malachite
green
AuNPs-PDMS
aptamer-Fe3O4@Au MNPs
functionalized polymeric magnetic
nanoparticles (FPMNPs)
Au@Ag NPs or SiO2@Au NPs
black phosphorus-Au (BP-Au) filter
paper
aptamer-4-ATP-GNPs

Cd(II)
Pb(II)
Cr (VI)
As
foodborne pathogen

Staphylococcus aureus

S. typhimurium
Shigella sonnei
Staphylococcus aureus, Listeria
monocytogenes and Escherichia coli
E. coli O157:H7
Illegal additives

melamine
rhodamine B
clenbuterol hydrochloride (CLB)
acid orange II and brilliant blue
formaldehyde

Au@HC3N4
AgNPs/AgNWs
AuNPs/AgNWs
Fe3O4@Au@AgNP
Fe3O4@Au core–shell
the self-assembled substrates of
GNRs were prepared by ethanol
modulation

79×10-8 mol·L -1
0.5 ppb
0.42 pM

[51]
[49]

0.5 μM
0.1 ppb

[50]
[54]

1.0×103 cfu·mL-1
1.95 cfu·mL-1

[55,58,59,62]

13 cfu·mL-1
3 cell·mL-1
10 cells·mL−1

[56]

10 cfu·mL-1
10-106 cfu·mL-1

[57]
[60]

102 cfu·mL-1

[61]

2.7×10-9 M
10-10 mol·L-1
10 -15 mol·L-1
0.003 ng mL-1
1 μg·mL-1,0.5
μg·mL-1
0.86 nM

[63]
[66]
[67]
[64]
[68]
[65]

(continued)
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Table 1: (continued)
Classification

Target analyte

SERS substrate

LOD

Reference

biotoxin

ochratoxin A (OTA)
domoicacid (DA)
patulin
aflatoxin B1
Yersinia pestis, Francisella
tularensis, and Bacillus anthracis

Ag@AuCSNPs
animo-AgNPs
MIP-SERS
aptamer-SERS sensing chip
SERS-based LFA

[69]
[72]
[76]
[73]
[74]

tetrodotoxin (TTX)
tropane alkaloids (TAs):
scopolamine hydrobromide
(SH),methscopolamine bromide (MB)
and scopolamine butylbromide (SB)

Fe3O4/SiO2/Au–Ab
Ag NPs

0.83 fg·mL-1
0.033 ppb
8.5×10-11 M
0.4 fg·mL-1
43.4 cfu·mL-1,
45.8 cfu·mL-1,
357 cfu·mL-1
0.01 μg·mL-1
10.0 µg·L-1,
1.0 µg·L-1,
1.0 µg·L-1

2,4-dichlorophenoxyacetic acid
(2,4-D)
4-aminothiophenol, methomyl

hollow Au@Ag bimetallic nanoflowers

0.11 ng·mL-1

[76]

3.6×10-7 M

[77]

4 ppm

[78]

1×10-7M,1×10-5M
0.0012 mg·kg-1,
0.02 mg·kg-1,
0.0003 mg·kg-1
0.01μg·mL-1,
0.125 μg·mL-1
5 ppm

[79]
[80]

thiabendazole standard solution,
thiabendazole
thiabendazole (TBZ)

silver nanoparticle-bacterial
nanocellulose paper
Silver colloids synthesized by
reduction of AgNO3 by trisodium
citrate
Ag NPs/PDMS
gecko-inspired nanotentacle surfaceenhanced Raman spectroscopy
(G-SERS)
gold nanoparticles were physically
immobilized on the UF
CNF-AgNP

thiabendazole, ferbam

Au@Ag-TGANPs

[83]

marbofloxacin

β-cyclodextrin-modified silver
nanoparticles (β-CD-AgNPs)
Ag/Nanocellulose fibers

0.12 ppm,
0.003 ppm
1.7 nmol·L-1
0.05 ppm,
0.09 ppm,
0.0014 ppm,
0.069 ppm
0.005 ng·mL-1

[85]

10−7 M
2 pg·mL-1

[87]
[88]

5×10-10 mol·L-1

[89]

pesticide residues

thiabendazole

crystalviolet (CV), thiram
thiram (TMTD), methyl parathion
(MPT), malachite green (MG)

Residues of veterinary
drug detection

thiram, thiabendazole, malachite
green, enrofloxacin

amantadine
fipronil
kanamycin

malachite green (MG)

the flower-like gold nanoparticles
(AuNFs)
SiO2@Au nanoparticles
2-mercaptobenzothiazole (MBT)
labeled Au@Ag core–shell
nanoparticles
glass fiber paper modified with AgNPs

Researchers have also developed a novel “signal-on”
SERS sensing platform for Pb2+, which was developed
based on CHA amplification and DNAzymes. The biosensor is based on the excellent performance of Pb2+-specific
DNAzymes and enzyme-free CHA amplification system.
The linear detection range of Pb2+ was 1 pM to 100 nM, and
the detection limit was 0.42 pM [49]. Moreover, Li et al.
designed an Ag nanoparticle decorated Ag@ZrO2 for SERS
to detect Cr (VI). Ag@ZrO2@Ag nanospheres were used as

[71]
[70]

[81]
[82]

[84]

[86]

SERS substrates to sense Cr (VI) in the water at different
concentrations, and the linear correlation between SERS
intensity and Cr (VI) concentration was R2 = 0.97 with a
detection limit of 0.5 μM [50].
In another study, Mukherji et al. developed the detection of metal ions (Hg2+, Cd2+) added to deionized and tap
water using E. coli B40 as bioreceptor with a detection
limit of 0.5 ppb [51]. In addition, Dou et al. prepared a
SERS-based capillary sensor for the detection of mercury
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ions (Hg2+) in water using 4,4’-bipyridine (Dpy) functionalized silver nanoparticles with LOD of 0.1 ppb [52]. Also,
de Souza et al. developed AuNP@thiosemicarbazone as
a substrate for the selective detection of Hg2+ with LOD
of 79×10-8 mol·L-1[53]. Moreover, Zhou et al. proposed a
novel type of sensor for detecting As, combining arsenic
aptamer with Au@Ag NPs, and measuring the actual concentration of arsenic (III) in the lake water [54].

5.2 Foodborne pathogens detection
Pathogenic bacteria directly or indirectly contaminate
food and water sources, and oral infection in humans can
lead to intestinal infections, food poisoning, and epidemics of infectious diseases in livestock and poultry.
Liu et al. modified the design of Fe-MIL-88 enzyme
to catalyze colorless malachite green to malachite green.
Milk and chicken meat were selected as actual samples
to evaluate the performance of the Staphylococcus aureus
(ATCC 29213) detection system by detecting the MG signal
and quantifying S. aureus in the range of 101-106 CFU·mL-1
with a detection limit of 1.95 CFU·mL-1 [55]. Compared
with the traditional enzyme-linked immunosorbent
assay, the 5,5′-dithiobis (succinimidyl-2-nitrobenzoate)
(DSNB)-based SERS immunosensor developed by this
method is very sensitive, even in the presence of crosscontamination[56]. In addition, Wu et al. constructed an
aptamer-based sensor by synthesizing metal complexlinked gold nanoparticle dimer, which AuNP dimer has
the dual function of active substrate and Raman reporter molecule and modified the aptamer against Shigella
sonnei onto the surface of this bifunctional material. The
method achieved recoveries of 92.6-103.8% with LOD of
10 CFU·mL-1 [57].
In another study, Zhao et al. constructed a new sandwich LFA format to use VAN and pig IgG for the detection of Staphylococcus aureus with a detection limit of
1.0×103 CFU·mL-1 [58]. Zhu et al. synthesized hollow Au@
Ag NFs SERS aptamer sensors to detect S. aureus with LOD
of 13 CFU·mL-1 [59]. Besides, Huang et al. invented a 3D
SERS substrate based on BP-Au filter paper that can specifically identify and differentiate Staphylococcus aureus,
Listeria monocytogenes, and E. coli [60]. Some researchers
also used aptamer-4-ATP-GNPs to detect E. coli O157:H7
sensitively and highly specifically, with LOD value of
102 CFU·mL-1, and a recovery rate of 99-113% [61]. Also, Pang
et al. designed a dual identification SERS biosensor for
pathogen detection. The recovery rate of Staphylococcus
aureus for actual samples is 95.0-106.4%, and the relative
standard deviation (RSD) is less than 5.3% [62].

5.3 Illegal additives detection
Frequently exposed food safety incidents seriously threatened residents’ health and affected public trust in food
safety. Tang et al. synthesized holey g-C3N4 embedded
with Au nanoparticles, and this holey structure of highdensity Au nanoparticles also inhibited their own aggregation. The detection limit of crystal violet is 2.7×10-9 M,
the enhancement factor (EF) is 6.8×105. The milk samples
tested by this method showed a good linear range of
1×10-4-5×10-7 M (R2 = 0.986) and 1×10-3-5×10-6 M (R2 = 0.971)
[63]. In another study, Duan et al. synthesized Fe3O4@Au@
Ag nanoparticles with strong SERS enhancement were as
active substrates. The aptamer against clenbuterol hydrochloride (CLB) was immobilized on the surface of the substrate to form a capture probe. The detection limit was
0.003 ng·mL-1 [64]. Yan et al. synthesized gold nanorods
(GNRs) through a seed growth method to prepare selfassembled substrates by ethanol regulation. The detection limit of HCHO was 0.86 nM, and the EF was 3.9×107.
The relative standard deviation (RSD) in the detection of
rice noodles, steamed bread and liquor with methanol
addition was less than 6.74%, and the recovery was 89.45103.2% [65]. Xu et al. also determined melamine in milk by
preparing dendritic AgNPs/AgNWs with the limit of detection of 10-10 mol·L-1 [66]. Moreover, Xu et al. have prepared
centimeter-scale AuNPs/AgNWs composite materials with
high nanometer-level roughness. The limiting concentration of Rhodamine B for this SERS substrate is 10-15 mol·L-1
[67]. Researchers also synthesized Fe3O4@Au core-shell
nanomaterials, which can be used to detect acid orange II
and brilliant blue in food samples [68].

5.4 Biotoxin detection
Natural toxins are a general term for a large class of biologically active substances, including animal toxins, phytotoxins, and microbial toxins. Different from synthetic
toxic compounds, they can also be divided into marine
toxins and agricultural toxins. Huang et al. reported a
dual amplification strategy for the ultra-sensitive detection of biotoxins with the detection limit of 0.83 fg·mL-1.
This method was based on the specific target recognition
of DNA aptamers, and the developed satellite core components generate many “hot spots” that can effectively
enhance SERS signals [69]. Using the electrostatic interaction between halide ion, target, and Ag NPs, Tian et al.
found that the coadsorption with the specific adsorbed
I- during the formation of hotspots could significantly
improve the detection sensitivity. With the example of
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the trace analysis of three tropane alkaloids (TAs) including scopolamine hydrobromide (SH), methscopolamine
bromide (MB), and scopolamine butylbromide (SB), it
was performed at a minimum detection concentration of
1 g·L-1 for these three substances under optimized conditions [70]. In addition, Sun et al. developed Fe3O4/SiO2/
Au/magnetic nanoparticles conjugated with tetrodotoxin
(TTX) antibodies (Ab) and used as a Raman active substrate (Fe3O4/SiO2/Au-Ab), the concentration of TTX with a
limit of detection of 0.01 μg·mL-1 and a detection linearity
range of 0.01-0.5 μg·mL-1 [71].
In another study, Müller et al. used aminofunctionalized Ag nanoparticles as SERS probes to
detect domoic acid (DA) biotoxins causing amnesic
shellfish poisoning (ASP) in seawater with a detection
limit of 0.033 ppb [72]. Besides, Han et al. proposed an
exonuclease-assisted SERS sensing strategy and successfully constructed an aptamer-SERS for the determination of aflatoxin B1 (AFB1) in peanuts with a limit of
detection (LOD) of 0.4 fg·mL-1 [73]. A novel SERS-based
lateral flow (LF) assay has been reported by another
researcher, which could detect Yersinia pestis, Francisella tularensis, and Bacillus anthracis with LODs at
43.4, 45.8, and 357 cfu·mL-1, respectively [74]. Moreover,
Han et al. combined the sensitivity of SERS technology
to prepare a new type of MIP-SERS substrate for the
detection of patulin. The linear range of the method was
5×10 -10-10 -6 M with a limit of detection of 8.5×10 -11 M [75].

5.5 Pesticide residues detection
In order to protect the health of consumers, many studies
have reported the application of SERS for pesticide residues detection. For example, Chen et al. synthesized
hollow Au@Ag-nanoflower-SERS sensor for competitive detection of 2,4-dichlorophenoxyacetic acid (2,4-D),
and they developed antibody-functionalized magnetite
nanoparticles (antibody-MNPs) as enrichment probe.
The LOD was 0.11 ng·mL-1, and its linear range was 0.001100 ng·mL-1 with recoveries of 89.73-100.27% and RSDs
of 2.56-4.97% [76]. In addition, Ekgasit et al. designed a
simple and effective “paste-and-read” SERS method and
prepared a biodegradable plasma silver nanoparticlebacterial nanocellulose paper (AgNP-BNCP). A 3D SERS
hot spot was formed on the substrate to directly detect
4-aminothiophenol and methomyl pesticides on oranges
and apples, and the detection limit for methomyl was
3.6×10-7 M [77].
In another study, Lu et al. designed a novel MISPESERS chemosensor by combining molecularly imprinted
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polymers (MIPs) with SERS to detect thiabendazole in
orange juice, the LOD was 4 ppm [78]. Moreover, researchers assembled a transparent AgNPs/PDMS composites
on flexible PDMS surfaces, and measured crystal violet (CV)
and thiram concentrations as low as 1×10-7 and 1×10-5 M in
contaminated fish skin and orange peel, respectively [79].
In addition, Han et al. designed a gecko- inspired nanotentacle SERS (G-SERS) substrate to detect TMTD, MPT
and MG in cucumbers, grapes, and apples. The LOD
were 0.0012, 0.02, and 0.0003 mg·kg-1, respectively [80].
Also, Hong et al. developed a highly homogeneous plasmonic SERS substrate by immobilizing gold nanoparticles on ultrafiltration (UF) membranes using a suction
technique. The LOD of thiabendazole standard solution
and thiabendazole in orange extract were 0.01 μg·mL-1 and
0.125 μg·g-1 [81]. In another study, a cellulose nanofiber
(CNF) composite material coated with silver nanoparticles (AgNPs) was also developed to detect thiabendazole
(TBZ) in apples with a detection limit of 5 ppm [82].

5.6 Residues of veterinary drug detection
Veterinary drug residues have become the most common
contamination problem. The development of SERS-based
technology is particularly important for the detection of
veterinary drug residues. For example, Sun et al. developed a surface-enhanced Raman spectrometer based on
thioglycolic acid (TGA)-functionalized silver-coated gold
nanoparticles (Au@Ag-TGANPs) for rapid screening of thiamethoxam (TBZ) and ferbam in liquid milk with detection limits of 0.12 and 0.003 ppm [83]. Moreover, Zhao
et al. developed a novel type of SERS of marbofloxacin
established by using the interaction between marbofloxacin and β-cyclodextrin-silver nanoparticles. The method
was used to determine the content of Marbofloxacin in
chicken and duck mea t[84]. Huang et al. also developed an Ag/nanocellulose fibers for in-situ detection of
foodstuffs, used rhodamine 6G as a probe to rapidly and
accurately detect harmful residues on fish-fosfomycin,
thiabendazole, malachite green, and enrofloxacin with
the detection limits of 0.05, 0.09, 0.0014, and 0.069 ppm,
respectively [85].
In addition, Wang et al. proposed a novel ultrasensitive SERS immunosensor based on the flower-shaped gold
nanoparticles and magnetic beads to detect amantadine
in chicken meat with a detection limit of 0.005 ng·mL-1
[86]. Also, Huang et al. fabricated uniform SiO2@Au nanoparticles with excellent SERS activity, which can detect
fipronil in 0.1 ppm [87]. In addition, another study used
anti-kanamycin functionalized hybrid magnetic (Fe3O4)
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nanoparticles (MNPs) and 2-mercaptobenzothiazole-labeled Au core@Ag shell nanoparticles as substrates. This
sandwich assay measured the limit of detection (LOD) of
kanamycin in milk to be 2 pg·mL-1 [88]. Moreover, Deng
et al. prepared a SERS substrate using glass fiber paper
to detect malachite green residues in fish. The detection
limit was 5×10-10 mol·L-1 [89].

6 Future trends and perspectives
As a kind of quick and sensitive detection technology,
SERS played a very important role in detecting heavy
metal pollution, agricultural, and veterinary drug
residue, misuse of food additives, foodborne pathogenic
micro-organisms and so on. However, the SERS technology is still in its initial stage in the practical application
of food safety detection, and it also faces corresponding challenges in theoretical analysis and quantitative
analysis. First, SERS mechanism has not yet reached a
clear point, and some SERS phenomena cannot be fully
explained. Electromagnetic field enhancement mechanism and chemical enhancement mechanism are two
main theoretical supports at present, but they have not
been unanimously agreed. Therefore, the theoretical
research on SERS still needs to be carried out continuously. Second, although there were various kinds of SERS
substrate, problems such as instability, poor reproducibility, high cost and uneven structure were still faced.
Complex two-dimensional or three-dimensional nanostructures can generate many “hot spots”, but they are
rarely used in food safety analysis, so further research in
this area is not possible. Thirdly, since the signal strength
of the same sample to be tested will be different under
different test conditions, it is still a challenge to apply
SERS to quantitative analysis. The quantitative accuracy
still needs to be further studied. Fourth, the rapid determination of different samples requires the establishment
of a unified Raman spectrum library. However, since the
strength of SERS signal was affected by detection environment, the establishment of this gallery still needed
to be done.
SERS technique showed great potential in the field
of food safety. In the future, SERS technology can be
combined with other techniques to improve the sensitivity, such as chemical separation technology, biological
capture technology, etc. In order to obtain the results
quickly and conveniently, the portable Raman spectrometer can be developed which has a broad prospect in the
field of rapid detection.
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