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Abstract: Bisphenol A (BPA) is an endocrine disruptor which is widely present in fish under the
influence of environmental pollution. It is essential to establish a rapid detection method for BPA.
Zeolitic imidazolate framework (ZIF-8) is a typical metal-organic framework material (MOFs) with
a strong adsorption capacity, which can effectively adsorb harmful substances in food. Combining
MOFs and surface-enhanced Raman spectroscopy (SERS) can achieve rapid and accurate screening
of toxic substances. In this study, a rapid detection method for BPA was established by preparing a
new reinforced substrate Au@ZIF-8. The SERS detection method was optimized by combining SERS
technology with ZIF-8. The Raman peak at 1172 cm−1 was used as the characteristic quantitative
peak, and the lowest detection concentration of BPA was as low as 0.1 mg/L. In the concentration
range of 0.1~10 mg/L, the linear relationship between SERS peak intensity and the concentration of
BPA was good, and R2 was 0.9954. This novel SERS substrate was proven to have great potential in
rapidly detecting BPA in food.

Keywords: SERS; metal-organic frameworks; bisphenol A; rapid detection

1. Introduction

Metal-organic frameworks (MOFs) are a kind of material formed by the combination of
metal ions and organic ligands, mainly including materials of the Institute Lavoisier (MILs)
series [1], zeolitic imidazolate frameworks (ZIFs) series [2], the pocket-channel frameworks
(PCNs) series [3], and University of Oslos (UiOs) series [4]. The synthesis methods mainly
include the solvothermal method [5], hydrothermal synthesis method [6], microwave syn-
thesis method [7], ultrasonic synthesis method [8], electrochemical synthesis method [9],
and the mechanical stirring synthesis method [10]. Compared with other materials (for
example, gold/silver nanoparticles and ferric oxide-based materials), MOFs materials
have apparent advantages, such as a large specific surface area, a flexible pore diameter,
ultra-high porosity, and good chemical stability, so they are widely used in adsorption [11],
separation [12], gas storage [13], water purification [14] and catalysis [15]. The ZIF-8 ma-
terial is a new type of MOF material assembled with Zn2+ as the central framework and
2-methylimidazole as the organic ligand. It not only retains the structure like zeolite, but
also has the advantages of MOFs material, so it has broad application prospects. Currently,
the application of ZIF-8 materials is focused on environmental wastewater treatment, gas
adsorption and storage, and drug-sustained release [16]. ZIF-8 can be prepared in high
purity by several different synthetic routes, such as conventional solvothermal methods,
microwave-assisted methods, acoustic chemistry, mechanochemical stirring, and electro-
chemical methods [17]. The ideal preparation method for ZIF-8 is to be synthesized in an
environmentally friendly manner under easily manipulated conditions [18]. In addition,
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synthesizing ZIF-8 materials by mechanochemical stirring makes it easier to obtain higher
solid product yields than by other methods [19].

Surface-enhanced Raman spectroscopy (SERS) introduced nanotechnology based on
ordinary Raman scattering using precious metal nanomaterials as the substrate to enhance
the Raman scattering of analytes, thus possessing significant advantages such as high
sensitivity and fast screening speed [20]. However, the target molecules often unevenly
spread across the substrate, leading to the poor reproducibility of the SERS signals [21].
Moreover, some components contained in the food samples would also adsorb onto the
substrate and interfere with the analysis of the target molecules, which limits its further
application in the field of food detection [22]. SERS has great application potential in food
safety-related detection fields. SERS is widely used to rapidly detect food-borne pathogens,
mycotoxins, shellfish toxins, illegal food additives, drug residues, and other toxic and
harmful substances in food [23]. Therefore, it is an encouraging attempt to apply ZIF-8
materials together with SERS detection technology in food detection, which can not only
increase the application scenes of MOF materials, but also enrich the substrate types of
SERS technology [24]. The combined application of MOFs materials and SERS technology
is mainly manifested in two aspects. On the one hand, MOFs materials are used in the
pretreatment of the SERS detection, and on the other hand, MOFs materials are used in the
synthesis of the SERS substrate [25]. The combined application of the two materials has
been used in food detection [26].

Bisphenol A (BPA) is an endocrine disruptor. People previously paid more attention
to its migration in food packaging. Nowadays, due to environmental pollution, it is also
commonly found in fish [27]. How to deal with BPA residues in fresh fish is a problem
worth exploring. ZIF-8 is a typical ZIF material and 2-methylimidazole (Hmim) forms a
framework material with a square sodalite topology; the structure is highly efficient in the
enrichment, determination, and removal of hazardous substances from food [28]. In this
study, ZIF-8 material was synthesized by the mechanical stirring method. The advantage of
this method is that the whole reaction can be carried out under the condition of solvent-free,
avoiding the use of organic solvents, and the reaction time of this method is short, only
10-60 min to obtain a specific yield. The morphology and structure of the material were
characterized by a transmission electron microscope (TEM), X-ray diffraction (XRD) and
Fourier transform infrared spectroscopy (FT-IR). After the adsorption performance of BPA
was verified, ZIF-8 was applied to the pretreatment of the SERS detection to establish a
fast detection method of BPA in fish by SERS. The practical application of this method was
investigated. At the same time, a new substrate, the Au@ZIF-8 material with a good Raman
enhancement effect, was prepared based on the ZIF-8 material.

2. Materials and Methods
2.1. Schematic Overview of the Experimental Program

ZIF-8 can firmly adsorb target molecules, further increasing the contact between target
molecules and gold nanoparticles, thus obtaining better detection results. The substrate’s
enhancement effect, reproducibility, and stability were investigated using BPA as the
target contaminant. A SERS assay for BPA was developed using a new substrate, and the
SERS assay conditions were optimized. A standard curve was established, the minimum
detection concentration was determined, and then the practical applicability of the method
was examined by selecting actual samples (Figure 1).
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Figure 1. Schematic overview of the experimental program. a. solid BPA standard, b. 3 nm Au@ZIF-8,
c. 20 nm Au@ZIF-8, and d. 50 nm Au@ZIF-8.

2.2. Chemicals and Reagents

A BPA standard (purity > 98.0%), 2-methylimidazole (AR), and zinc nitrate hex-
ahydrate (AR) were purchased from J&K Scientific Co., LTD (Beijing, China). Sodium
hydroxide (AR), trisodium citrate dihydrate (99.0% purity), Na2CO3 (99.0% purity), an-
hydrous sodium sulfate (98.0% purity), and Polyvinyl pyrrolidone (Mw = 55,000, 99%
purity) were purchased from Shanghai Aladdin Co., LTD (Shanghai, China). Methanol
(AR), ethanol (AR), acetonitrile (AR), hydrochloric acid (AR), acetone (AR), ethyl acetate
(AR), n-hexane (AR), and HNO3 (AR) were purchased from Sinopharm Chemical Reagent
Co., LTD (Shanghai, China). Potassium tetrachloroaurate (K(AuCl4), purity 97.0%) was
purchased from Nanjing Senbeca Biotechnology Co., LTD (Nanjing, China). The above
reagents, unless otherwise specified, are Analytical Reagents. The Crucian carp (Carassius
auratus) fish was purchased from Jingdong (Shanghai, China).

2.3. Instruments

A conical flask, a round-bottomed flask and a centrifuge tube were purchased from
Shanghai Shendi Glass Co., LTD (Shanghai, China). Further instruments were purchased
as follows: ME204E Electronic balance (Mettler Toledo Instruments Co., LTD, Shanghai,
China); Shaker oscillator, (Yuezhong Instrument Equipment Co., LTD, Shanghai, China);
Milli-Q Ultrapure Water Systems (Millipore, Burlington, MA, USA); GZX-9076MBE Electric
thermostatic drying oven (Boxun Industrial Co., LTD, Shanghai, China); 79-1 Heat-Up Mag-
netic Agitator (Jintan Medical Instrument Factory, Jintan, China); TU-1900 UV-visible spec-
trophotometer, (Shimadzu Company, Japan); BCD-602W refrigerator (Qingdao Haier Co.,
LTD, Qingdao, China); PS-10 Endosonic Ultrasonic Cleaner (Jiekang Ultrasonic Equipment
Co., LTD, Dongguan, China); BRUCKER D8 ADVANCE X ray apparatus (BRUCKER, Ger-
many); Nicolet IS10 infrared spectrometer (Nicoli Corporation, Salt Lake, UT, USA); SU8020
SEM (Hitachi, Tokyo, Japan); JEM-2100 TEM, (Nippon Electronics Co., Ltd., Chiyoda-ku,
Tokyo, Japan); FI-FO785E60X-W Portable Fiber optic Probe Raman spectrometer (Beijing
Zhuoli Hanguang Instrument Co., LTD, Beijing, China); ZNCL-GS magnetic heating Oil
Bath (Shanghai Yuezhong Instrument Equipment Co., LTD, Shanghai, China); ZGDCY-24
dry nitrogen blowing instrument (Shanghai Zigui Instrument Co., LTD, Shanghai, China);
and Waters1525EF High performance liquid chromatography (HPLC) system (Waters,
Milford, MA, USA).
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2.4. Synthesis of Au@ZIF-8

A total of 100 mL of 0.01% K(AuCl4) aqueous solution was added to a 250 mL round-
bottomed flask that was soaked in aqua regia, and placed in an oil bath at 140 ◦C. At the
same time, it was stirred at 200× g, and the reaction temperature was set constant until the
solution was boiled. After boiling, 0.75 mL of 1% C6H5Na3O7 aqueous solution was added
through a pipette. It was observed that the color of the solution changed from transparent
to dark and then to brown red in a few minutes. The solution was heated for another 30 min
and kept boiling to stabilize the particles in the system. After the reaction, the solution
was cooled to room temperature naturally. In this way, the preparation for the gold sol
was finished.

A total of 10 mL of prepared gold sol and 40 mL of 2.5% PVP aqueous solution were
mixed and stirred for 24 h to obtain PVP-modified gold sol. Fifteen milliliters of gold sol
solution that was modified was centrifuged (Beckman Coulter, Inc., California, CA, USA)
for 10 min at 330× g, and then the supernatant was discarded and 5 mL methanol was
added to evenly mix the lower layer precipitation. The above three solutions were selected
and added with different volumes of 25 mM Zn(NO3)2 solution (0.1, 0.8, 4.0 mL) and
stirred for 5 min. Then different volumes of 25 mM 2-methylimidazole solution (0.3, 2.4,
12.0 mL) were added, stirred for 5 min, and allowed to stand for 15 min. At the end of the
reaction, the solution was centrifuged at 330× g for 10 min. After washing with methanol
three times, the products were placed in an oven at 60 ◦C overnight to dry to obtain the
Au@ZIF-8 materials with different shell thicknesses. To use, Au@ZIF-8 was dispersed in
5 mL methanol.

Methanol was used to prepare 50 mM Zn(NO3)2. A total of 50 mL of the above solution
and 100 mM of 2-methylimidazole solution were fully and evenly mixed and stirred at
room temperature for 2 h. At the end of the reaction, a white suspension was obtained. The
above solution was centrifuged at 330× g for 10 min and then washed with methanol for
three times. The product was dried overnight in an oven at 60°C, and ZIF-8 was obtained
after taking out and grinding.

2.5. Study on the Optimum Synthesis Conditions of Au@ZIF-8

The reinforced substrates with different shell thicknesses were prepared with 5 µL
BPA at a concentration of 50 mg/L and 5 µL Au@ZIF-8 suspension, and the SERS enhanced
effect was evaluated by Raman detection. Twelve points were scanned consecutively for
reproducibility assessment. In order to evaluate the stability of the synthetic materials, 5 µL
BPA solution (50 mg/L) and 5 µL Au@ZIF-8 suspension were mixed, which was detected
by Raman spectroscopy (FI-FO785E60X-W portable optical fiber probe Raman spectrometer,
Beijing Zolix Instrument Co., Ltd, Beijing, China).

2.6. Application of Au@ZIF-8 in SERS Detection
2.6.1. SERS Detection

The optimal detection conditions were as follows: the mixing time was set to 180 s,
and the volume ratio of the tested solution to the Au@ZIF-8 suspension was set to 1:3. The
optimum solvent ratio was used to prepare the BPA standard solutions of 0.05, 0.1, 0.5, 1, 5,
and 10 mg/L, and then SERS detection and analysis were carried out to obtain the standard
curve, and the detection limit of this method was determined.

2.6.2. Spiking Recovery Tests

Meanwhile, the content of BPA in fish was detected by spiking recovery tests. When
the ZIF-8 material was used as the substrate, the spiked concentration of BPA in fish was
0.5, 1.0 and 5.0 mg/kg; when Au@ZIF-8 material was used as the substrate, the spiked
concentration of BPA in fish was 0.1, 0.2 and 1.0 mg/kg. Then the content of BPA in the
fish samples was determined by the SERS method established in this study. The parallel
experiment was repeated three times, and the recovery rate was calculated.
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2.6.3. Detection of BPA in Fish Samples

Ordinary treatment: a total of 5.00 (±0.05) g of fresh fish was accurately weighed into
the centrifuge tube. Then, 2 mL of the BPA standard solution at different concentrations,
3 mL of Na2CO3 solution (10.0% mass fraction) and 2.0 g of anhydrous Na2SO4 were
added and fully mixed by vortex for 1 min. Ten milliliters of extraction solvent were
also added, mixed again by vortex combined with ultrasonic, and finally centrifuged at
330× g for 10 min. The upper layer of the organic solvent was transferred to the centrifuge
tube, and 10 mL of extraction solvent was used for repeated extraction. The two extracts
were combined, concentrated to near dry by nitrogen gas, and redissolved by a methanol
solution. The redissolved solution was used for SERS detection.

Enrichment of Au@ZIF-8 on BPA: a total of (5.00 ± 0.05) g of fresh fish was accurately
weighed into the centrifuge tube, and then 2 mL of the BPA standard solution with different
concentrations was added into the centrifuge tube. Then, 3 mL of the Na2CO3 solution
with 10.0% mass fraction and 2.0 g of anhydrous Na2SO4 were also added in turn, and
fully mixed by vortex for 1 min, and then 10 mL of the extraction solvent was also added,
mixed again by vortex combined with ultrasonic, and centrifuged at 330× g for 10 min. The
upper layer of the organic solvent was transferred to the centrifuge tube, and the samples
were extracted with 10 mL of the extraction solvent. The two extracts were combined,
concentrated to near dry by nitrogen blowing, then ultrapure water was used for resolution.
A total of 20 mg of the Au@ZIF-8 material was added to the redissolved solution and shaken
in a shaker at room temperature for 30 min, and eluted after centrifugation. The eluent was
then dried by nitrogen blowing, then the methanol solution was used to redissolve it. The
redissolved solution was used to enrich BPA in the fish samples with Au@ZIF-8, and the
recovery experiment was carried out.

2.7. Comparison of Au@ZIF-8 SERS Detection with HPLC

High-Performance Liquid Chromatography (HPLC) was used to evaluate and compare
the detection results of the SERS method. Based on previous studies [29], HPLC detection
conditions were established. The column of the mobile phase of Waters SunFire®C18
(4.6 × 250 mm, five µm) was determined as methanol/water (3:1, v/v), the flow rate was
1 mL/min, the column temperature was 40 ◦C, the injection volume was ten µL, and the
UV detector was 280 nm.

After establishing the HPLC detection method for BPA, the standard solutions with
concentrations of 0.1, 0.5, 1.0, 5.0, and 10 mg/L were used to establish the BPA detection
curve. In the range of 0.1–10 mg/L, the concentration of BPA was used as the abscissa, and
the corresponding chromatographic peak integral area was used as the ordinate to establish
the standard curve, which was used for the subsequent detection in actual samples, and to
evaluate the accuracy of SERS detection results.

2.8. Data Processing

The charts were drawn mainly by Origin 2018 (Originlab Corporation, Northampton,
NC, USA) drawing software, and the data were processed by SPSS 26.0 (International
Business Machines Corporation, Armonk, NY, USA). Where applicable, the degree of
variance was explained by the relative standard deviation (RSD), which refers to the ratio
of standard deviation to the arithmetic mean of measurement results and is usually used to
express the precision of analytical test results.

3. Results and Discussion
3.1. Characterization of Au@ZIF-8

The synthesized ZIF-8 and Au@ZIF-8 were characterized by TEM. The results are
shown in Figure 2A where the black core represents Au particles and the gray shell ZIF-
8 material [30]. Au@ZIF-8 materials with shell thicknesses of 3, 20, and 50 nm were
synthesized by adjusting the additional amount of zinc nitrate and 2-methylimidazole.
The crystal structure of ZIF-8 was polyhedral, and the particle size was relatively uniform
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(the diameter was about 50 nm). The gray ZIF-8 shell wrapped around the black Au
core and had a complete core-shell structure. Because the shell of ZIF-8 is relatively
thin, it is also believed to further promote the formation of SERS hot spots between gold
nanoparticles [31].
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In Figure 2B, XRD shows that the synthesized ZIF-8 has several diffraction peaks,
among which the sharpest peak is at 2 θ = 7.5◦, indicating that the synthesized material
has high crystallinity. Compared to ZIF-8, a new diffraction peak appears for Au@ZIF-8 at
38.1◦, which is the diffraction peak of Au, corresponding to the plane (111) [32].

According to the FT-IR results in Figure 2C, the absorption peak at 421 cm−1 is caused
by the stretching vibration of Zn-N; the characteristic absorption peaks at 995 cm−1 and
1144 cm−1 are attributed to the vibration of C-N bond, and the absorption peak at 1578 cm−1

is caused by the vibration of C=N bond in imidazole ring [33,34]. In addition, it can also be
found that there is a broad infrared absorption peak at 3442 cm−1, which is the characteristic
absorption peak of the O-H bond in water molecules, indicating that there may also be
some free water in the ZIF-8 material [35]. The FT-IR results of Au@ZIF-8 showed that the
infrared spectrum of the synthesized material is like that of ZIF-8, and there is no impurity
peak formation, indicating that the synthesized material has a complete structure and no
impurity interference [36].

3.2. The Optimum Synthesis Conditions Properties of Au@ZIF-8

Layer thickness. Figure 3 shows the influence of Au@ZIF-8 with different shell thick-
nesses on the SERS enhanced effect. The Raman enhancement effect is enhanced with the
decrease of the ZIF-8 layer thickness because the target molecules adsorbed by the material
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can directly make complete contact with the gold nanoparticles, which dramatically en-
hances the Raman signal of the target molecules [32]. Therefore, Au@ZIF-8 with an outer
layer of 3 nm was selected as the detection thickness.
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SERS reproducibility. When measuring the stability of Au@ZIF-8, it can be seen from
Figure S1 that the position of the characteristic peak and Raman intensity of BPA did
not change much within 30 days and remained in a stable state with the average RSD of
SERS intensity of five characteristic peaks at 6.01%, which shows that Au@ZIF-8 has good
reproducibility [37].

SERS storage stability. After different storage days, the prepared Au@ZIF-8 was fully
mixed with the solution of BPA to be detected, and the SERS spectrum of BPA was collected.
The results are shown in Figure S1. It can be seen from Figure S1 that in the first 30 days,
the characteristic peak and intensity of BPA did not change much, and remained in a stable
state, which indicates that the Au@ZIF-8 long-lasting SERS enhancement effect can be
maintained at the initial stage [37]. When the time exceeds 30 days, the characteristic peak
of BPA can still be clearly identified, but the corresponding SERS intensity declines. When
the time reaches 60 days, its SERS intensity is only about one-third of the initial. The results
show that Au@ZIF-8 within 30 days after synthesis, the SERS stability is excellent.

3.3. The Optimum SERS Detection Conditions of Au@ZIF-8

Mixing time. As can be seen from Figure 4, the SERS intensity of BPA increased with
the mixing time from 30 to 180 s. The SERS intensity continued to decrease when the time
exceeded 180 s. On the other hand, it could be that at the beginning, as time goes on, the
BPA molecules in the solution continue to be adsorbed. At the same time, as the solvent
volatilizes, more and more BPA molecules come into contact with the substrate, and the
number of BPA molecules adsorbed per unit substrate increases, and the SERS signal also
becomes stronger [32]. When the solvent evaporates to a certain degree, it will form “dry
patches”, the system is in a state of excessive accumulation, and the SERS intensity is also
weakened [24]. So, the mixing detection time was selected as 180 s.
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Different ratio of solution. The ratio of solution and substrate can also influence
the SERS effect [38], which was optimized; the results are shown in Figure 5. As can
be seen, when the solution was mixed with the Au@ZIF-8 suspension at a ratio of 1:3,
the SERS enhanced effect was the best and relatively ideal and has a smaller amount of
substrate used compared with 1:4. Therefore, the mixing ratio was fixed as 1:3 in the
subsequent experiments.

3.4. SERS Detection of Au@ZIF-8 for BPA

SERS detection was carried out on different concentrations of BPA by the optimal
detection method of Au@ZIF-8. Figure 6 showed the Raman peaks at 636, 821, 1108, 1172,
and 1612 cm−1 that were used to determine the minimum detection limit, because these
Raman peaks were greatly enhanced. Among them, 636 cm−1 is a skeleton vibration of
para-substituted benzene, 821 cm−1 is a vibration of para-substituted benzene, 1108 cm−1

is a C=C stretching vibration, and 1172 cm−1 is a vibration of para-substituted benzene [39].
As can be seen in Figure 6A, with the gradual decrease in the concentration of BPA solution,
the SERS signal intensity of the five characteristic Raman peaks all decreased. When the
concentration was 0.1 mg/L, the five Raman peaks could be clearly identified. When
the concentration continued to decrease to 0.05 mg/L, the five Raman peaks could not
be identified (the curve represented by c in Figure 6A). The possible reason may be that
the concentration of BPA is already deficient. The Raman spectrum information of a tiny
amount of BPA cannot be captured and enhanced by the Au@ZIF-8 material [31]. Therefore,
the detection limit of this method is 0.1 mg/L. When the concentration of BPA was in the
range of 0.1~10 mg/L, there was a good linear relationship between the peak intensity at
1172 cm−1 and the solution concentration, and the R2 could reach 0.9954 (Figure 6B).
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Figure 6. (A) SERS spectra of BPA in the solid state (a), in methanol (b), and in 0.05 (c), 0.1 (d),
1 (e), 5 (f), 10 (g), 25 (h), 50 (i) and 100 (j) mg/L Au@ZIF-8 solution; (B) Intensity of the BPA peak at
1172 cm−1 as a function of BPA concentration (0.05, 0.1, 1, 5 and 10 mg/L).

The different SERS effects between ZIF-8 and Au@ZIF-8 are listed in Table 1. It can
be seen that the SERS substrate prepared by Au@ZIF-8 was better than ZIF-8, including a
lower detection limit, more comprehensive linear range, and more significant R2.
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Table 1. Comparison with the SERS effect between ZIF-8 and Au@ZIF-8.

Detection Limit (mg/L) Linear Range (mg/L) R2

ZIF-8 1.0 1–50 0.9846
Au@ZIF-8 0.1 0.1–10 0.9954

3.5. Detection of Actual Samples

Detection of BPA in fish by SERS. Due to the severe and extensive pollution range
of BPA, the residue of BPA in aquatic products, especially fish, is inevitable [27]. The
enrichment effect of Au@ZIF-8 in the pretreatment of fish was investigated by using BPA
samples with different spiked concentrations in Figure 7. When Au@ZIF-8 was used as
the reinforced substrate, the spiked fish sample well identified according to the Raman
characteristic peak of BPA at 1172 cm−1, indicating that the Au@ZIF-8 SERS detection
method could detect the actual sample contaminated with BPA at 0.1 mg/kg.
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The enrichment effect of ZIF-8 and Au@ZIF-8 in fish pretreatment was investigated
using BPA samples with different spiked concentrations. The results are shown in Table 2. It
is found that the recovery rate, accuracy, and precision (RSD value) meet the requirements.
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Table 2. The recovery and RSD of BPA.

Material Spike Concentration
(mg/kg)

Average Recovery
Rate (%) RSD a Value (%)

ZIF-8
0.5 80.35 2.43
1.0 85.57 9.42
5.0 84.47 11.81

Au@ZIF-8
0.1 102.35 7.58
0.2 99.68 6.14
1.0 100.82 3.28

a Note: RSD, relative standard deviation.

Detection of BPA by HPLC. Many other detection techniques, such as gas chromatography-
tandem mass spectrometry (GC-MS), liquid chromatography (LC) and liquid chromatography-
mass spectrometry (LC-MS), electrochemical analysis, and enzyme-linked immunosorbent
assays can be used for the detection of BPA [40,41]. The SERS method and HPLC method
were used to detect fish samples with different spiked concentrations of BPA, and the
results of the HPLC method are shown in Figure 8. Moreover, the accuracy of the SERS
method was investigated, and the results are shown in Table 3.
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Table 3. The recovery rate of BPA spiked with different addition levels and methods.

Addition Level
(mg/kg)

SERS Recovery Rate
(%)

HPLC Recovery Rate
(%)

Deviation from
HPLC Results (%)

0.100 102.4 99.0 3.43
0.200 99.7 101.4 −1.68
1.000 100.8 100.3 0.50

Three supplemental levels of 0.1, 0.2, and 1 mg/kg were selected for the spiked
experiment. The results show that the average spiked recovery of BPA in actual samples
was 99.68–102.35%, the RSD value was 3.28–7.58%, and the deviation was −1.68–3.43%,
indicating that the detection method based on this substrate has high accuracy. The
detection results of HPLC were consistent with those of SERS. Compared with the HPLC
method, the SERS method established in this paper had the advantage of fast detection,
so this method could be used to rapidly detect BPA residues in fish. Once again, the SERS
method can be used to quickly, economically, and simply determine the chemical hazards
in food [23].
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3.6. Comparison of Au@ZIF-8 SERS Detection with Other SERS Methods

The method established in this study was compared with other SERS detection meth-
ods for BPA, and the results are shown in Table 4, and our new method can be applied to
the detection of BPA in real food samples with a low detection limit.

Table 4. Comparison of different SERS detection methods of BPA.

Reinforced Substrate Actual Sample Detection Limit Reference

Au@ZIF-8 Fish 0.10 mg/L This study
AuNPs PC packaging 7.50 mg/kg [42]
AgNPs / 1.00 mg/L [43]

Au-Ag film / 0.50 mg/L [44]
MIPs@AgNPs Polycarbonate toys 0.01 mg/L [45]

Functionalized Au-Ag nanoparticles Soda water 0.05 mg/L [46]
MIP-ir-AuNPs Drinking water 0.12 mg/L [47]

As can be seen from Table 4, compared with other SERS detection methods, the
detection limit of the method established with Au@ZIF-8 as the enhanced substrate was
relatively lower. Meanwhile, it could be found that some SERS methods selected simple
food substrates such as drinking water as actual samples [46,47], and lacked research on
complex food substrates such as fish. The detection limit of this method meets the EU
regulation 2004/19/EC limit for BPA residues in food (0.6 mg/kg). At present, China has
not regulated the residue of BPA in fish meat. So, this method can not only be used as a quick
detection method practical application, but also provide a supplementary reference for the
establishment of the related detection standard. Subsequent research can achieve a more
sensitive and faster detection of food pollutants through applying the Au@ZIF-8 substrate
combined with chemometrics methods, such as machine learning and artificial intelligence,
which will also have better significance for food safety and human health protection [48].
In addition, we can also consider further improving the characteristics and performance of
Au@ZIF-8 nanoparticles in the future, which can be used as a diagnostic tool and also be
helpful for the determination of physiological index molecules and disease biomarkers [49].
In a word, the Au@ZIF-8 material has a wide range of application potential under the
background of today’s “One Health”, which deserves further detailed exploration.

4. Conclusions

The Au@ZIF-8 Raman reinforced substrate with shell layer within 3~50 nm was
further synthesized, and the detection limit of the BPA solution was up to 0.1 mg/L. In the
detection of actual fish, the average recoveries were 99.68–102.35%, and the RSD values
were 3.28–7.58%, which were consistent with the results of HPLC. There is no limited
standard of BPA in fish, so this novel and rapid method can provide a supplementary
reference for establishing a related standard. Moreover, with the help of new substrate
materials such as Au@ZIF-8, the application of the SERS rapid detection method in food
safety and human health can also be considered to be full of bright potential.

In this study, the combination of MOFs materials and SERS technology to detect food
pollutants has achieved specific results, but there are still shortcomings, such as:

1. There may be many pollutants in food, and the combined method of MOFs and SERS
can be established for more contaminants in the future.

2. The adsorption mechanism of ZIF-8 and the enhancement mechanism of Au@ZIF-8
have only been preliminarily discussed, and the related mechanism can be further
explored in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12040813/s1, Figure S1: Effect of Au@ZIF-8 on enhancing
the Raman spectrum signal of BPA with its storage time.

https://www.mdpi.com/article/10.3390/foods12040813/s1
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