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Abstract

:

In order to prompt the appearance of the shrimp color, sodium metabisulfite is frequently added in shrimp processing, which is, however, prohibited in China and many other countries. This study aimed to establish a surface-enhanced Raman spectroscopy (SERS) method for screening sodium metabisulfite residues on shrimp surfaces, in a non-destructive manner. The analysis was carried out using a portable Raman spectrometer jointly with copy paper loaded with silver nanoparticles as the substrate material. The SERS response of sodium metabisulfite gives two fingerprint peaks at 620 (strong) and 927 (medium) cm−1, respectively. This enabled unambiguous confirmation of the targeted chemical. The sensitivity of the SERS detection method was determined to be 0.1 mg/mL, which was equal to residual sodium metabisulfite on the shrimp surface at 0.31 mg/kg. The quantitative relationship between the 620 cm−1 peak intensities and the concentrations of sodium metabisulfite was established. The linear fitting equation was y = 2375x + 8714 with R2 = 0.985. Reaching an ideal balance in simplicity, sensitivity, and selectivity, this study demonstrates that the proposed method is ideally suitable for in-site and non-destructive screening of sodium metabisulfite residues in seafood.
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1. Introduction


Sodium metabisulfite (sodium bisulfite), commonly known as “shrimp powder”, is often used as the blenching and preservative agent for shrimp processing. At the surface of shrimp, sodium metabisulfite generates reductive sulfite, resulting in significant color protection effects. More specifically, sulfite can effectively control the browning of shrimp color by inhibiting oxidase activity. Moreover, it can suppress the growth of microorganisms as well [1]. For these reasons, sodium metabisulfite is frequently added to shrimp in order to prompt the product’s appearance. However, this inevitably causes the problem of excessive residue. Remarkably, the toxicity of sodium metabisulfite to human beings had been experimentally evidenced, leading to strict restriction of it in seafood. From the existing report, it has been well known that high dosage exposure to metabisulfite can cause serious damage to a large array of organs, including the lung [2,3], cardiovascular, and nervous systems [4,5]. Therefore, sodium metabisulfite residue in shrimp poses a serious threat to human health. With this regard, the usage of sodium metabisulfite in shrimp is still prohibited in China and many other countries in the world.



As for residual analysis in food, HPLC had been the “gold method” in most controlling laboratories [6,7,8]. Nevertheless, all these methods based on column chromatography were not able to provide a timely and non-destructive solution for the screening of sodium metabisulfite residue on shrimp. On the contrary, surface-enhanced Raman spectroscopy (SERS) is a simple and fast spectral analysis technology. Compared to other spectroscopic detection, SERS shows outstanding advantages in the following two aspects: (1) High sensitivity. The SERS effect enhances Raman scattering by molecules adsorbed on rough metal surfaces or by nanostructures such as noble metal (Ag or Au) nanoparticles, which is understood to be conditioned by the localization of detected molecules into abnormally strong nano-scale localized optical fields. Particularly, the enhancement factor can be as much as 1010 to 1015 if special geometric structures, the so-called “hot-spot” of nanoparticles, are formed. As reported by Nie, the optical responses of a single molecule and nanoparticles were recorded by SERS, showing intrinsic Raman enhancement factors on the order of 1014 to 1015 [9]. (2) Rich structural information. The featuring advantage of SERS is the sharp, fingerprint-like spectra pattern specific for the respective analyte. SERS spectra can give vibrational spectroscopic fingerprints from chemical and biological materials and therefore provide a comprehensive characterization tool to gain an understanding of the molecular structure [10,11]. Therefore, SERS offers high sensitivity and specificity in molecular identification and is a promising tool for the detection of adverse residues in food [12,13,14,15,16,17,18,19].



Though the unusual phenomenon of SERS was observed in 1977, there is still lots of controversy about its mechanism. Generally, two major theoretical explanations for the SERS mechanism have been proposed. The first is a chemical enhancement, which primarily involves the charge transfer mechanism. The other one is an electromagnetic enhancement that results from the amplification of the light intensity by the excitation of localized surface plasmon resonances. In both theories, the strength of SERS is critically dependent on the quality of the substrate material. A large array of SERS substrate materials had been proposed to increase the detectability of SERS as much as possible. Recently, emerging flexible SERS substrates as an alternative to colloidal and rigid SERS substrates have attracted remarkable attention [20,21,22]. More specifically, flexible SERS substrates highlight the advantage of easy sampling by wrapping or swabbing on irregular surfaces, which ideally facilitates the detection of chemical residues on food surfaces. In this way, analysis steps can be performed in a highly efficient way, and the interferences caused by co-extracted sample matrices can be perfectly circumvented. This opens a new horizon on the non-destructive and sensitive analysis of adverse residues on the surface of the food.



Compared to other flexible materials such as textiles, copy paper is the most commonly available flexible material ideally able to host nanoparticles of silver and gold, which is especially suitable for in-situ screening. Additionally, the copy paper itself does not generate any strong SERS signal, implying that background interference from the substrate material can be excluded. There have been many reports that evidenced that paper was able to facilitate on-site SERS detection of substance molecules in the field [23,24]. Loaded with Ag nanoparticle (AgNP), copy paper can be cut into any size and shape, bent, and folded [25]. Copy paper can also be covered on an irregular sample surface without destroying raw materials, which may reduce the number of “hot spots” during in situ detection [26]. Therefore, compared with other rigid substrate materials, copy paper-based flexible substrates displayed stronger detection ability and wider application on complex and irregular surfaces, allowing effective detection at low concentrations [27]. In this study, copy paper loaded with AgNP (AgNP−CP-) was fabricated in order to realize fast and simple screening of sodium metabisulfite on the surface of shrimp, which was illustrated in Figure 1.




2. Materials and Methods


2.1. Chemicals and Equipment


Silver nitrate (AgNO3, purity ≥ 99.8%), sodium citrate (C6H5Na3O7·2H2O, purity ≥ 99%), and sodium metabisulfite were purchased from Sinopharm Chemical Reagent Co., LTD (Beijing, China). A4 copy paper was purchased from Deli Ltd. (Shanghai, China). The magnetic heating stirrer-MS-H-ProA was from Dragon Laboratory Instruments Ltd. (Shanghai, China). The portable Raman spectra analyzer-ATR3110 workstation was from Optosky Photonics Ltd. (Xiamen, China). Ultra-pure water (conductivity: 1.08 μS/cm) was prepared by a Millipore Synergy system (Schwalbach, Germany). UV-vis spectrophotometer was from Jinghua Ltd. (Shanghai, China). Shrimp samples were purchased from a local supermarket.




2.2. Synthesis of AgNPs


The synthesis of AgNPs was principally based on the method proposed by Lee and Meisel [28] and characterized by UV-vis spectrophotometer and Scanning Electronic Microscopy. Briefly, 45.0 mg of AgNO3 was dissolved in 250 mL of ultra-pure water. The mixture was evenly stirred and then boiled. Afterward, 5 mL of 1% trisodium citrate solution was added drop by drop to the boiling mixture; meanwhile, the mixture was magnetically stirred during the whole process to ensure uniform heating. After boiling for 1 h, heating was stopped, and the solution was cooled down to room temperature with continuous stirring. A grey-green colloidal solution of AgNPs was obtained, which was refrigerated at 4 °C, sealed, and stored in the dark.




2.3. Fabrication of AgNP−CP


The blank copy paper was cut into 1 cm × 1 cm pieces, which were soaked in the as-prepared AgNPs colloid. After the AgNPs were evenly adsorbed on the paper substrates, they were taken out and put into a closed space to dry naturally and set aside for later use.




2.4. Preparation of Standard Solutions


Preparation of sodium metabisulfite standard solution: 0.05 g of sodium metabisulfite solid powder was dissolved in 5 mL of ultra-pure water to prepare a 10 mg/mL sodium metabisulfite standard solution. The standard solution was serially diluted to prepare 5, 3, 1, 0.2, and 0.1 mg/mL solutions, which were sufficiently shaken before use.




2.5. Preparation of Shrimp Samples


The SERS detection process of sodium metabisulfite in shrimp is shown in Figure 1. The different diluted solutions of sodium metabisulfite (prepared 5, 3, 1, 0.2, and 0.1 mg/mL) were sprayed on the shrimp surface and allowed to dry.




2.6. SERS Sampling and Measurement


As for SERS analysis of the standard solution of sodium metabisulfite, 10 μL of the solution was applied within an area of 1 cm2 square on clean glass. The liquid was allowed to dry at room temperature. Then, the AgNP-CP was wiped on the square area in order to sample the analyte onto the SERS substrate material. As for the analysis of the real shrimp sample, the AgNP-CP was wiped on the shrimp’s surface. After that, the quantitative measurement was performed with a portable Raman spectrometer, with an excitation wavelength of 785 nm and laser power at 80 mW. The acquisition time was 500 ms with one accumulation. The integration time is 8000 ms, the signal-to-noise ratio threshold is 3, and the intensity threshold is 1000. Spectral data recorded by the Raman spectrometer were processed using Origin 8.5 software. Each sample was measured three times to obtain the average value.





3. Results and Discussion


3.1. Fabrication and Characterization of AgNP-CP


In this study, the colloid of AgNPs was first prepared. The significant surface plasma effect of AgNPs can be characterized by their light absorption spectrum. As shown in Figure 2a, the light absorption spectrum of the raw AgNPs colloid after 20-fold diluting was continuous and displayed the maximum absorption peak at 440 nm, indicating that the AgNPs prepared in this work had the effectiveness and could be applied to the study of nanomaterials.



Then the flexible SERS substrate was obtained by simply dipping the copy paper into the colloid of AgNPs. After that, the color of the copy paper became gray, evidencing that the dispersed AgNPs were absorbed in the fiber structure of cellulose. The color change was resistant to rinsing, suggesting that absorption was strong enough. The electron microscope photographs enabled further insight into the morphology of the substrate. As shown in Figure 2b,c, lots of AgNPs uniformly anchored on the cellulose fiber structure can be observed after dipping, compared to that of the blank copy paper. This further evidenced the success of SERS substrate fabrication.




3.2. Usability Evaluation of the SERS Substrate


In order to access the usability of the as-prepared substrate, SERS measurement to the standard solution of sodium metabisulfite was carried out. As shown in Figure 3, the blue line represents the blank substrate response, and the red line represents the SERS signal of the sodium metabisulfite standard solution (10 mg/mL). It was apparent that the blank copy paper was inactive to SERS since the spectrum is a flat line. On the other hand, the copy paper became highly SERS active after being loaded with AgNPs. The SERS signal of the sodium metabisulfite aqueous solution displayed two characteristic peaks at 927 and 620 cm−1, agreeing well with its Raman scatter pattern, comparatively shown in Figure 3a,b. The assignment of these characteristic peaks is listed in Table 1. Due to the electromagnetic coupling between S and Ag, S-O stretching vibration (symmetry + symmetry), and O-S-O symmetry, SO2 binding to the surface of AgNPs generated two strong and comparable characteristic peaks at 927 and 620 cm−1. Since the strength of the S-O tensile band can be variable, the characteristic peaks will deviate accordingly [29,30]. These results evidenced that SERS detection can provide an ambiguous tool for the identification and confirmation of metabisulfite ions on shrimp, even in the absence of the reference standard.




3.3. Analysis Sensitivity


In routine screening tasks, the primary concern is whether the shrimp were treated with sodium metabisulfite or not. Therefore, the sensitivity of detection is of crucial importance. In order to evaluate the detectability of the developed method, a glass plate was used as the blank control first. More specifically, sodium metabisulfite solutions of different concentrations were added dropwise to the glass plate and air-dried. Then, the spot on the glass plates was wiped with AgNP-CP for SERS measurement. As shown in Figure 4a, the characteristic SERS peaks at 620 and 927 cm−1 were clearly distinguished even at a low concentration of 0.1 mg/mL sodium metabisulfite. In addition, parallel analyses of different concentrations of sodium metabisulfite were performed to verify the reliability of the AgNP-CP detection system over a range of 0.1–10 mg/mL (Figure 4b). The results showed minor deviations in sensitivity with no obvious influence of the test solution concentration, evidencing good sensitivity and reliability of the analysis method. Moreover, the analysis sensitivity could be further enhanced by using other plasmonic Ag material with higher SERS activity [31,32,33].




3.4. Precision Evaluation of the Analysis


The uniformity analysis of the detection was investigated using 1 mg/mL sodium metabisulfite solution as a probe and using the wiping method. A volume of 10 μL of the 1 mg/mL sodium metabisulfite solution was dropped onto the glass plate and wiped after drying. Then, 20 points were randomly selected on a single AgNP-CPAgNP-CP piece to collect the SERS spectra. As shown in Figure 5a, the intensity of fingerprint peaks at 620 and 927 cm−1 did not fluctuate significantly, and the SERS signal display rate reached 100% in 20 measurements, indicating the uniform distribution of the test substance on the AgNP-CP detection system. Figure 5b shows that there was almost no significant change in the intensity of the 620 cm−1 peak, and the relative standard deviation (RSD) was only 1.2%, indicating the good performance of the SERS detection system. Moreover, the data in Figure 5c shows that the intensity of the SERS response peak 620 cm−1 from 20 randomly selected points did not change significantly. These results showed that the AgNP-CP detection system is simple, reliable, and has good uniformity.




3.5. Stability Evaluation of the Analysis


The stability test of the AgNP-CP was performed using the glass slide wiping test. AgNP-CP substrates of the same preparation batch were used for analysis. The soaked paper substrates were dried, placed in closed glassware, and then stored at 18 °C and 30% humidity in the dark. The interval of measurement was 24 h, and the test stability was checked for 5 days. For the wiping analysis method, we used 10 μL of 1 mg/mL sodium metabisulfite standard solution. The analysis of stability over five days is shown in Figure 6. The stability gradually decreased over time. On the fifth day, though the peak intensity (620 cm−1) reduced to about half of that on the first day, the characteristic peaks at 620 and 927 cm−1 were still clear and easy to distinguish. Such a descending trend might be attributed to the oxidation of silver over storage, suggesting that the SERS substrate was better to be used shortly after fabrication.




3.6. Analysis of Real Samples


Figure 7a shows the SERS spectra of shrimp surfaces sprayed with sodium metabisulfite standard solutions of different concentrations. After allowing the sodium metabisulfite solution to dry naturally, the shrimp surface was sprayed with prepared ethanol aqueous solution, and the surface wiping test was performed with AgNP-CP, and SERS signals were recorded (Figure 7b). The intensity of the two characteristic peaks at 620 and 927 cm−1 became gradually weaker as the sodium metabisulfite concentration decreased. Due to the specific influence of the shrimp on the substrate, the detection of sodium metabisulfite solution only reached 0.2 mg/mL. Then, we used the SERS peaks for quantitative analysis and established a standard curve between the concentrations of the test samples and the intensity of the peak at 620 cm−1. The results are shown in Figure 7c. The standard curve was fitted to the 375x + 8714 (R2 = 0.985) equation. The LOD of the detection of sodium metabisulfite on the shrimp surface was 0.31 mg/kg. Compared with other SERS detection of sodium metabisulfite in recent years, our detection method is remarkably convenient, especially suitable for screening tasks (Table 2). A comparison of the data showed that the AgNP-CP has good sensitivity, and the test had a linear correlation of the standard curve for accurate and quantitative analysis. This suggested that the AgNP-CP assay can be used for the quantification of the residue of sodium metabisulfite on shrimp.





4. Conclusions


In this study, we developed a SERS method using a flexible AgNP-CP substrate material for the rapid determination of sodium metabisulfite on shrimp surface that can be conducted with a portable Raman spectrometer. AgNP-CP exhibited good adsorption uniformity, maintaining the reproducibility of the SERS results. The SERS detection sensitivity of AgNP-CP for sodium metabisulfite solution on the shrimp surface was 0.2 mg/mL, and the LOD value was 0.31 mg/kg. We also established a quantitative relationship between the intensity of the characteristic peak at 620 cm−1 and the sodium metabisulfite concentration. The linear fitting equation was 2375x + 8714 (R2 = 0.985), evidencing that this method could be used for quantitative screening. Generally, the proposed method demanded simple sample pre-treatment, short analysis time, and portable equipment, showing high simplicity and cost-effectiveness. Therefore, it might be suitable for on-site and non-destructive screening of the sodium metabisulfite residue on shrimp. However, the stability of the SERS activity of the substrate material over storage still needed to be further optimized.
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Figure 1. Schematic illustration of SERS detection of sodium metabisulfite residue on shrimp surface. 
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Figure 2. Ultraviolet absorption spectra of the AgNPs colloid (a); Microscopic structure of the blank copy paper (b) and copy paper loaded with AgNP by dipping (c). 
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Figure 3. The Raman scattering spectrum of sodium metabisulfite (a); SERS spectra of the AgNP-CP with or without sodium metabisulfite standard solution (b). 
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Figure 4. SERS spectra of AgNP-CP wipes of air-dried sodium metabisulfite solutions on glass plates (a); Error analysis of parallel detection for different concentrations of sodium metabisulfite standard solutions (0.1–10 mg/mL) (fingerprint peaks at 620 cm−1) (b). 
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Figure 5. SERS spectrogram from 20 randomly selected points on a single piece of AgNP-CP (a), RSDS peak intensity at 20 random points, and (c) bar chart showing peak intensity data from the 20 random points (b). 
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Figure 6. SERS spectrogram of 5-day stability test of AgNP-CP for sodium metabisulfite (a) and comparison of peak intensity at 620 cm−1 (b). 
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Figure 7. AgNP-CP wiping test on the shrimp surface (a), SERS sensitivity of the AgNP-CP wiping test, and (c) linear relationship between the intensity of 620 cm−1 peak and sodium metabisulfite concentration (b). 
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Table 1. Distribution of the two characteristic peaks of sodium metabisulfite.
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	Fingerprint Peak (cm−1)
	Intensity
	Signal Assignment





	620
	Strong
	Symmetrical bending vibrations of O-S-O



	927
	Medium
	Symmetrical and asymmetric S-O stretching vibrations
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Table 2. Comparison of detection methods for sodium metabisulfite.






Table 2. Comparison of detection methods for sodium metabisulfite.





	Method
	Analyte
	Sample

Matrix
	LOD
	Reference





	Near-infrared
	Sodium metabisulfite
	Fresh-cut

potatoes
	500 g/kg
	[34]



	Colorimetry
	Sulfite
	Foods
	27.6 nM
	[35]



	RP-HPLC
	Sodium metabisulfite
	Drugs
	95 mg/L
	[36]



	SERS
	Sodium metabisulfite
	Shrimp
	0.31 mg/kg
	This study
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