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Early, efficient and sensitive detection of serum markers in cervical cancer is very important for the treatment and prognosis to cervical cancer patients. In this paper, a SERS platform based on surface enhanced Raman scattering technology was proposed to quantitatively detect superoxide dismutase in serum of cervical cancer patients. Au-Ag nanoboxs array was made by oil-water interface self-assembly method as the trapping substrate. The single-layer Au-AgNBs array was verified by SERS for possessing excellent uniformity, selectivity and reproducibility. 4-aminothiophenol (4-ATP) was used as Raman signal molecule, it will be oxidized to dithiol azobenzene under the surface catalytic reaction with the condition of PH = 9 and laser irradiation. The quantitative detection of SOD could be achieved by calculating the change of characteristic peak ratio. When the concentration was from 10 U mL−1–160 U mL−1, the concentration of SOD could be accurately and quantitatively detected in human serum. The whole test was completed within 20 min and the limit of quantitation was 10 U mL−1. In addition, serum samples from the cervical cancer, the cervical intraepithelial neoplasia and healthy people were tested by the platform and the results were consistent with those of ELISA. The platform has great potential as a tool for early clinical screening of cervical cancer in the future.
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INTRODUCTION
Among female malignancies, cervical cancer is the second leading cause of death in women, with more than 600,000 new cases each year, accounting for 5% of all new cancer cases, more than 80% of which occur in developing countries (Bray et al., 2018; Siegel et al., 2018; Clarke et al., 2019; Liu et al., 2019). There are even 300,000 deaths ever year and a clear trend of younger age (Li et al., 2011; Arbyn et al., 2022). Squamous cell carcinoma is the most common histological type of cervical cancer and persistent infection of HPV is the main cause of cervical squamous cell carcinoma (Li et al., 2016; Mao et al., 2018). The current diagnostic methods for cervical cancer include HPV testing, cytology testing and colposcopy, but these methods are usually invasive and have low patient acceptance. Although the popularity of vaccines and cervical cancer screening has effectively reduced the mortality rate of cervical cancer. Cervical cancer is still the malignant tumor with the highest mortality rate in women worldwide (Aggarwal, 2014). However, the early stage of cervical cancer is not easy to diagnose and existing diagnostic methods are inaccurate and expensive (Zorzi et al., 2013; Tsikouras et al., 2016). Therefore, a sensitive and non-invasive method for diagnosing cervical cancer is urgently needed. With the development of tumor ecology, biomarkers have gradually become one of the indicators for early detection and prognosis of tumors (Braham et al., 2017).
Superoxide dismutase is the most common class of antioxidant enzymes in organisms and it is also an important enzyme that regulates the metabolism of reactive oxygen species. SOD achieves cellular homeostasis by maintaining intracellular reactive oxygen species levels and redox balance, while protecting normal tissues from oxidative stress. Studies have shown that the downregulation of SOD activity is related to tumorigenesis and development. The reduction of SOD levels may lead to an increase in lipid peroxidation, resulting in rigidity and deformability of cells, which may be related to tumor migration and invasion (Khawsak et al., 2012). The SOD activity in normal human blood is about 128 U mL−1, while the SOD activity in tumor patients is significantly lower than that in normal people. For example, the SOD activity in the serum of gastric carcinoma is 27.6 ± 6.6 U mL−1 (Naidu et al., 2007), while SOD activity in the serum of patients with intestinal cancer is 79.35 ± 15.66 U mL−1 (Lee et al., 2006). Therefore, rapid and simple detection of SOD concentration is of great significance for early diagnosis of tumor. At present, there are three commonly used methods to detect SOD activity, including nitroblue tetrazole photochemical reduction method, chemiluminescence method and pyrogallol autoxidation method. Nitroblue tetrazole photochemical reduction method has strong specificity, stable determination results, good repeatability, simple instrument, but it also has complicated reagent preparation, complex operation, long determination time and expensive reagents (Manoharan et al., 2004; Qi et al., 2022). Chemiluminescence method has the advantages of high sensitivity, high accuracy, strong specificity detection. However, due to the need for special high sensitivity precision luminescence detection instruments, its clinical use is inhibited. The pyrogallol autoxidation method requires high environmental conditions and is not easy to implement. In clinical detection, turbidimetry, electron spin resonance (ESR) spectroscopy and spectrophotometry were often used for the analysis of SOD (Manju et al., 2002; Zahra et al., 2021). These methods take a long time to detect, expensive and not easy to popularize, hence, it is urgent to develop a rapid, sensitive and cheap method to detect SOD.
Surface-enhanced Raman scattering is a convenient, non-destructive and ultra-sensitive molecular fingerprinting spectroscopy method, which has been widely used in chemical, biological and food fields (Wang et al., 2018; Yang et al., 2019; Zhai et al., 2021). Theoretically, SERS is mainly based on the interaction of incident laser light with nanostructures, resulting in electromagnetic field enhancement in nanostructure gaps or junctions (hot spots). The enhancement factor depends on the size, shape, distribution and material composition of the nanostructures (Mondal and Subramaniam, 2020; Fu et al., 2021). The analyte molecules close to the hot spot region help to generate stronger Raman signals. SERS can overcome the disadvantage of low Raman spectral sensitivity and greatly expand the Raman signal. Its narrow linewidth allows the detection of multiple analytes in complex mixtures. The surface selection rule and the selectivity of resonance enhancement enable SERS to enhance only target molecules or chemical groups in extremely complex systems to obtain the spectral information of target analytes (Jiang et al., 2018; Luu et al., 2020).
Compared with common nano particles, such as gold nano particles and gold nano stars, Au-Ag nanoboxs (Au-AgNBs) with regular appearance is gradually attracting attention. Due to the inner and transmural walls of the cavity, Au-AgNBs have superior coupled electromagnetic fields between the inner and outer walls due to the coupling of the inner and outer surface fields, resulting in strong light absorption and high Raman enhancement (Xiong et al., 2005; Mahmoud et al., 2012). The pores on the surface of Au-AgNBs are expected to promote SERS activity through large electric field enhancement. In addition, due to the large surface area of Au-AgNBs, more Raman signal molecules can be accommodated on the surface to enhance the sensitivity of SERS detection (Wang et al., 2019).
High performance SERS substrate is a key problem in the application of SERS technology. Its signal strength is related to the surface morphology of the substrate adsorbed by the molecules. By assembling different kinds of nanomaterials into the substrate. The assembled substrates are divided into disordered substrates and highly ordered substrates and their repeatability is another important factor in the quantitative detection of target substances. Compared with the disordered SERS substrate, the highly ordered SERS substrate guarantees the reliability of the data due to its excellent signal uniformity and repeatability (Cheng et al., 2020; Langer et al., 2020; Yun and Koh, 2020). Au-AgNBs have the advantages of mild reaction conditions, simple steps, uniform morphology and high biocompatibility. Assembling them into orderly SERS substrates can not only increase the density of hot spots, but also enhance the SERS effect activity (Sultangaziyev and Bukasov, 2020).
In this work, a novel SERS platform for SOD detection based on Au-AgNBs array was proposed. 4-aminothiophene (4-ATP) was used as Raman reporter, which had been widely studied and used to determine SERS capability. Scheme 1 showed the schematic diagram of SERS platform preparation and SOD detection. By means of oil-water interface self-assembly, Au-AgNBs was assembled on the substrate surface of silicon wafer to form Au-AgNBs ordered nanoarray. The homogeneity, sensitivity and stability of the array were tested. Under the condition of PH = 9 and laser irradiation, with the gradual decrease of SOD concentration, 4-ATP would be oxidized into dithiol azobenzene (DMAB) under the action of surface catalytic reaction driven by plasmon, which made SERS signal appear the characteristic peak of DMAB and the SERS signal intensity changed accordingly, so as to realize the qualitative and quantitative detection of SOD. Finally, the SERS platform was used to detect SOD in clinical specimens of healthy people, patients with cervical low-grade squamous intraepithelial disease (LSIL), high-grade squamous intraepithelial disease (HSIL) and cervical cancer. The ELISA results further verified the accuracy of the method. This method had great potential in the early screening of cervical cancer.
[image: Scheme 1]SCHEME 1 | (A) Preparation of self-assembled Au-AgNBs array at oil-water interface. (B) SOD was detected by SERS platform.
MATERIALS AND METHODS
Materials
Chloroauric acid tetrahydrate (HAuCl4-4H2O), silver nitrate (AgNO3), hydrogen peroxide, sulfuric acid and ascorbic acid (AA) were obtained from YangZhou LanTian Chemicals Co. Ltd. (China). 4-aminothiophenol (4-ATP), sodium chloride and ethanol were acquired from Jiangsu Younuo Chemicals Co. Ltd. (China). All of the materials were applied directly without further processing. Meanwhile, ELISA kits, superoxide dismutase and four necked round bottom flasks were all purchased from Sangon Biotech (Shanghai, China). Deionized water (resistivity >18.2 Ω) was used for the preparation of the specimens and throughout all the experiments. All glassware was dipped in aqua regia [HNO3/HCl = 1:3 (v/v)] for over 24 h and washed with deionized water.
Collection, treatment, and preservation of clinical serum samples
Peripheral blood samples from clinical medical college of Yangzhou university in 50 cases of healthy subjects and 50 patients with low grade squamous intraepithelial lesion, high-grade squamous intraepithelial lesion in 50 cases of patients and 50 cases of cervical cancer patients were centrifuged at 3,000 rpm for 12 min at 4°C. Then serum samples were collected and based on its classification to store in −80°C before analysis. Consent documents were obtained from all donors. Table 1 summarizes the details of age and histopathological stage.
TABLE 1 | Basic characteristics of the subjects to be included.
[image: Table 1]Synthesis of Au-AgNBs
Au-AgNBs modified by nanodots was synthesized by one-step method (Li et al., 2018). The experiment was carried in 100 mL conical tubes. First, 90 μL of 1% HAuCl4 solution was added into 10 mL ultrapure water by continuously stirring for 1 min. Then, 170 μL of AgNO3 (6 mM) was dropped into the mixture and the mixture became turbid pearl white. After dropping the 125 μL of AA (0.1 M), the solution turned to distinct blueviolet color indicating the Au-AgNBs were prepared. After 10 min of continuously stirring, the Au-AgNBs were concentrated by centrifugation (4,000 rpm, 4 min). Collecting the bottom sediment, disperse the particles in 5 mL deionized water and store at 4°C.
Manufacturing of capture substrate
The silicon wafer was divided with the size of 0.8 × 0.8 cm2, then they were placed in a beaker and used after ultrasonic cleaning with ultra-pure water and ethanol in turn. Then, the silicon wafer of appropriate size was immersed in piranha solution (hydrogen peroxide (30%) was added to concentrated sulfuric acid in a ratio of 3:7 by volume) for 30 min to make the silicon wafer hydrophilic. Then ultrapure water and ethanol were used again to clean the silicon wafer for three times. Au-AgNBs prepared the array by using the method of oil-water interface self-assembly. In brief, by mixing 8 mL of the prepared Au-AgNBs solution sequentially with 4 mL of hexane in a beaker and then adding 4 mL of ethanol drop by drop, it was found that Au-AgNBs formed neat arrays at the oil-water interface. Next, the Au-AgNBs array was picked up using the prepared hydrophilic silicon wafer and placed in a ventilated place to dry. Then, the Au-AgNBs array is obtained. These prepared Au-AgNBs array were uniformly stored in a sealed glass cover at 4°C. Every time they were used, Au-AgNBs arrays made in the same batch were selected to reduce the error caused by the detection platform.
Principle of the SERS platform
Before the test, 20 μL of 2.5 × 10−5 M 4-ATP was dropped onto the prepared Au-AgNBs array surface. Then an appropriate amount of buffer solution was added to the array surface to adjust PH = 9 and left it at room temperature for 2 min to mix evenly. Next, 20 μL of sample solution was dropped and stayed for 2 min at room temperature to make it evenly covered. The ordered array was irradiated by 785 nm laser. The laser power at the sample location was 2.3 mW. Under the continuous irradiation of the sample, the SERS spectrum of 1 s was continuously measured in 1 min steps. All SERS spectrum reported in this study were collected in a continuous mode within the range of 400–1800 cm−1. The average SERS spectra measured at 10 different points at random in one platform were used to quantify SOD in the sample solution, which ensured the authenticity and rationality of the data. The characteristic bands of 4-ATP and DMAB were listed in the table S1 (supporting information).
Instrumentation
Uv-vis-near-infrared (UV-VIS-NIR) spectrometer (UV-3000PC, Mapuda, China) was used to detect the absorption spectrum of UV-VIS-NIR. Transmission electron microscope (TEM) images were taken with transmission electron microscope (Tecnai 12, Philips, Netherlands). Scanning electron microscopy (SEM) images were studied using an S-4800II ⅐ laser emission scanning electron microscope (Gemini SEM 300, Carl Zeiss, Germany). High-resolution TEM (HRTEM) images, selective region electron diffraction (SAED) and element mapping images were obtained using a field emission transmission electron microscope (Tecnai G2F30 S-Twin, FEI, United States). Raman spectrometer (Renishaw inVia, United Kingdom) was used to record SERS mapping with a mapping step of 1 μm and a pinhole of 25 μm. All experiments were performed at room temperature.
RESULTS AND DISCUSSION
Characterization of Au-AgNBs
Au-AgNBs is a new type of nanomaterial, which has the advantages of high hotspot density and good stability. TEM and SEM were used to characterize the structure and size of Au-AgNBs. The SEM image of Au-AgNBs could be seen in Figure 1A, which indicated that a large amount of Au-AgNBs could be obtained by one-step process with uniform size and good dispersion. It could be seen that in the TEM image, the hollow inner wall and outer wall of Au-AgNBs were obviously different (Figure 1B). The mean side length of Au-AgNBs was 70 nm and the thickness of the wall was 5 nm. As shown in Figure 1C, the four bright rings {111}, {200}, {220}, and {311} indicated that Au-AgNBs were polycrystalline (Gomez-Grana et al., 2013). Usually, nanocages were composed of bimetals and almost all hollow nanostructures needed to use templates to form nanocages (Zhang et al., 2010). The template was often silver nanocubes. In particular, Cl− promoted the formation of silver cube templates through the cap effect, which was consistent with the halide selective stabilization of the {100} surface of Au-AgNBs, while the silver nanocrystals were oxidized to form Au-AgNBs in the inner pore wall (Huang et al., 2009). Figure 1D indicated the plane distances between the tip crystal faces of the inner and outer walls of Au-AgNBs were 0.210 nm and 0.225 nm respectively. The basic diagram of energy dispersive X-ray energy spectrum (EDX) of Au-AgNBs could be seen from Figure 1E, it could be seen that the outer wall composition of Au-AgNBs were dominated by silver and gold. Figure 1F showed the UV-visible spectrum of Au-AgNBs with a broadband maximum of 692 nm, which indicated that a large amount of Au-AgNBs had been prepared. The physical drawing showed the picture of the Au-AgNBs solution in visible blue color. Figure 1G was the energy dispersive X-ray spectrum (EDX) of Au-AgNBs. It showed that Au-AgNBs is mainly composed of gold and silver and the peak of copper in the electron spectrum was mainly due to the use of copper mesh as the test substrate. The Raman spectra of 4-ATP and 4-ATP-labeled Au-AgNBs were shown in Figure 1H. 4-ATP and Au-AgNBs were connected to each other mainly through Au-S bonds (Jang and Keng, 2008). As could be seen from the figure, the Raman spectrum of 4-ATP showed that the SERS signal was very weak. In contrast, significantly enhanced SERS signal could be observed for 4-ATP-labeled Au-AgNBs indicating that Au-AgNBs had a strong SERS effect. The analytical enhancement factor (EF) of Au-AgNBs was calculated as EF=(ISERS/CSERS)/(IRS/CRS) (Mahmoud and El-Sayed, 2010). SERS and RS represent SERS condition and non-SERS condition, while C and I represent the concentration and intensity, respectively. When CSERS = 1 × 10−6 M, CRS = 10−1 M and the intensity measured at 1,081 cm-1, the EF calculated was 7.531×105. This effect was due to the coupling of its inner and outer surfaces, leading to strong optical absorption and high SERS enhancement. Therefore, compared with the ordinary noble metal substrate, the Au-AgNBs array had significant SERS signal enhancement ability.
[image: Figure 1]FIGURE 1 | The representative structure of Au-AgNBs was generated in one step. (A) SEM of Au-AgNBs, (B) TEM, (C) SAED image, (D) HRTEM and EDX mapping (E) for Ag element and Au element image, (F) UV-Vis-NIR absorption spectrum of Au-AgNBs. (G) EDX spectra of Au-AgNBs. (H) SERS spectra of 4-ATP and 4-ATP-labeled Au-AgNBs.
Characterization of Au-AgNBs array
Excellent SERS substrate performance is the key to practical application. As shown in Figure 2A, the SEM image showed the side view of Au-AgNBs array. It could be seen that Au-AgNBs was highly uniform and orderly arranged, with an average height of about 70 nm. 40 × 40 μm2 area was randomly selected on the array marked with 4-ATP for SERS intensity mapping measurement. Each pixel in the spatial position of the mapping image represented the signal strength at 1,081 cm-1. These signals were related to the distribution of Au-AgNBs on the array surface. Although there were a few blue and yellow areas in the image, most areas show relatively stable green, indicating that the SERS substrate had a high uniformity as shown in Figure 2B. In order to more intuitively verify the uniformity of the detection substrate, 10 random points were selected on the substrate surface for SERS spectrum measurement. Figure 2C showed the SERS spectrum of the random points. It could be seen that the signal strengths of the selected points were relatively consistent. The histogram in Figure 2D intuitively showed the slight fluctuation of the spectrum and its relative standard deviation (RSD) was 7.832%, indicating that the Au-AgNBs array had good signal uniformity.
[image: Figure 2]FIGURE 2 | (A) SEM of cross section and plane for monolayer Au-AgNBs array. (B) SERS mapping of Au-AgNBs array at 1,081 cm−1. (C) SERS spectra with a peak intensity of 1,081 cm−1 were obtained from 10 randomly selected points within the 40 × 40 μm2 region of the substrate of the Au-AgNBs array and (D) the histogram of spectral intensity at 1,081 cm−1.
Optimization of parameters
The concentration of 4-ATP and SOD had a strong influence on the detection sensitivity. By optimizing these parameters, the sensitivity of SERS detection platform could be further improved. When 4-ATP was adsorbed on the surface of Au-AgNBs, under the irradiation of laser, 4-ATP would be oxidized into DMAB. In the presence of SOD, SOD could combine with OH− in solution to remove oxide, thus inhibiting the formation of DMAB and then SERS signal showed the characteristic peak of 4-ATP. The value of I1170/I1185 was selected as the index parameter of the optimization result, the detection sensitivity was positively correlated with I1170/I1185. In the process of preparing SERS substrate, 4-ATP with different concentrations was added and then SOD solution with the same solubility of 150 U mL−1 was dripped respectively. As shown in Figure 3A, the peak intensity of I1170 gradually increased with the increase of 4-ATP concentration. It was shown in Figure 3B that when the 4-ATP concentration was 2.5 × 10−5 M, the ratio of I1170/I1185 was close to 1, and I1170/I1185 ratio remained unchanged with the increase of 4-ATP concentration. Therefore, when the SOD concentration was 150 U mL-1, the optimal 4-ATP concentration was 2.5 × 10−5 M. Similarly, by controlling the concentration of 4-ATP to 2.5 × 10−5 M and changing the concentration of SOD from 0 U mL−1–150 U mL−1, as shown in Figures 3C, D, the ratio of I1170/I1185 gradually decreased with the increase of SOD concentration. When SOD concentration was 150 U mL-1, the ratio of I1170/I1185 was close to 1 and when SOD concentration was increased again, the ratio of I1170/I1185 hardly changed, indicating that when SOD concentration was 150 U mL−1, the conversion of 4-ATP could be completely inhibited. Therefore, SOD with the concentration of 150 U mL−1 and 4-ATP with the concentration of 2.5 × 10−5 M were selected as the best concentrations.
[image: Figure 3]FIGURE 3 | Relationship between 4-ATP concentration and SOD concentration and I1170/I1185 (A) SERS spectrum when 4-ATP concentration was changed, (B) corresponding scatter plot, (C) SERS spectrum when SOD concentration was changed, (D) corresponding scatter plot.
Characterization of the sensor performance
The stability of SERS substrate was evaluated. The prepared SERS substrate was stored in a sealed container at 20°C and SERS detection was taken on the SERS substrate at the 0, 5, 10, 15, 20, and 25 days respectively. As can be seen in Figure 4A, there was no significant difference in the SERS spectrum peak and spectrum shape. Figure 4B showed the corresponding scatter plot, with the peak intensity of 1,081 cm−1 as the characteristic peak and the peak intensity of the 15th day was 8.803% lower than that of the 0 day. Among them, the peak intensity on the 25th day was still maintained at 80% of the initial intensity compared with the peak intensity on the 0 day, indicating that the SERS array base had stable SERS enhanced effect and storage stability. As we all know, the selectivity of SERS platform was of great significance in the actual analysis of biological samples. In order to evaluate the selectivity of SERS immune substrate. The substances were selected that may exist in the detection environment as interfering substances and detected specific markers SOD and non-specific biomarkers or proteins (SCCA, CA125, IL-6, survivin, glucose) of the same concentration (100 U mL−1) in PBS buffer. I1170/I1185 was selected as the tracer of SOD. As shown in the spectrum in Figure 4C, the peak intensity of I1170 of SOD was similar to that of I1185, while the peak intensity of I1170 of other substances was obviously higher than that of I1185. The histogram of Figure 4D indicated the results more clearly. When SOD existed, the I1170/I1185 ratio was obviously lower than that of the solution without SOD. Under the above optimal conditions, the reproducibility of another important parameter of the SERS platform was studied. According to Figure 4E, the SERS spectra was studied by selecting of ten independent experiments conducted at different times. There was almost no difference between these SERS spectra. The broken line graph of the SERS spectrum was shown in Figure 4F. With 1,081 cm−1 as the characteristic peak, the peak intensity deviation was 7.625%. This small change showed that the SERS platform had good reproducibility. In order to study the differences between different batches of Au-AgNBs arrays, the Au-AgNBs arrays made at different batches were compared. Figure S1A showed the differences of SERS spectrum. The Au-AgNBs array marked with 4-ATP prepared at different batches were detected by SERS. As shown in Figure S1B, with 1,081 cm-1 as the reference peak, the intensity deviation of the four peaks was small (2.407%), indicating that there was almost no difference between Au-AgNBs array prepared at different times.
[image: Figure 4]FIGURE 4 | (A) SERS spectra of 4-ATP-labeled Au-AgNBs array stored for different days. (B) The scatter graph corresponding to SERS intensity at 1,081 cm−1. Specificity based on Au-AgNBs array. (C) SERS spectra of analytes (1) SOD, (2) SCCA, (3) CA125, (4) IL-6, (5) survivin, (6) glucose. (B) Histogram corresponding to I1170/I1185. Reproducibility of Au-AgNBs array. (E) SERS spectrum at 1,081 cm−1. (F) Scatter diagram of peak intensity at 1,081 cm−1.
Application of detection platform in serum
Under the above optimization conditions, the capability of SERS platform for rapid analysis of SOD was evaluated. In order to combine the immunosensor with practical application, it was used to detect the concentration of SOD in serum. Au-AgNBs ordered arrays with the size of 0.8 × 0.8 cm2 which adsorbed 4-ATP on their surfaces according to the detection principle were adjusted to the PH = 9. The SOD solution was diluted in the purpose-made serum (without SOD) to the concentration of 10 U mL−1, 40 U mL−1, 70 U mL−1, 100 U mL−1, 130 U mL−1 and 160 U mL−1 respectively. 20 μL of the above solutions was dropped on different SERS detection platforms, then the samples were continuously irradiated under Raman microscope. The SERS spectrum were continuously measured for 1 s in a step of 1 min until the spectral shape did not change. 10 points were selected randomly of the detection platform for measurement and the average SERS spectrum were calculated for quantitative detection of SOD in the sample solution. Figure 5A presented the SERS spectra of SOD solutions with different concentrations. It was obvious that with the increase of SOD concentration, the process of 4-ATP converting to DMAB was gradually inhibited, which was reflected in the gradual decrease of the ratio of I1170/I1185. By using the ratio of I1170/I1185 as parameter, a linear calibration chart for quantitative assessment of SOD concentration was constructed as shown in Figure 5B. When the SOD concentration was from 10 U mL−1–160 U mL−1, the ratio of I1170/I1185 was almost linearly related to the concentration of SOD. Its linear regression equation was y = −0.00332x+1.54406 and the relative coefficient (R2) was 0.970. The limit of quantitation (LOQ) of the SERS platform for SOD was 10 U mL−1. It showed that the SERS platform had a good linear relationship at the concentration range from 10 U mL−1–160 U mL−1, which could realize SERS detection of SOD activity in serum.
[image: Figure 5]FIGURE 5 | After applying different concentrations of SOD in serum (10 U mL−1–160 U mL−1), obtained SERS spectrum (A) and calibration curve (B).
Clinical serum samples analysis
SERS platform was used to analyse SOD quantitatively to prove the accuracy, reliability and clinical practicability of the analysis. Clinical serum samples of healthy people, LSIL, HSIL and the cervical cancer were studied. By calculating the ratio of I1170/I1185 in SERS spectrum, the concentration difference of SOD in serum of different populations could be calculated. The used clinical serum samples needed not to be diluted and they were directly used as sample solution. Each sample was measured three times. 10 random test points were measured on the surface of the detection platform each time. Every spectra was the average result of 30 different serum samples. These results are analyzed and the standard deviation is calculated. Figure 6A showed the mean SERS spectrum of clinical samples. It could be seen that as the disease progresses, the characteristic peak of SERS spectrum gradually changed from 4-ATP to DMAB, which was the ratio of I1170/I1185 gradually increasing. The concentration of SOD in each actual sample was determined by fitting I1170/I1185 into the linear regression equation of the calibration curve. The concentration of SOD in the serum of patients with cervical cancer was significantly lower than that of HSIL, LSIL and normal people. Figure 6B directly showed the ratio difference of I1170/I1185 in SERS images. As a detection method for biomarkers, ELISA was used to detect the actual samples and calculated the average concentration. Figure 6C allowed a more intuitive comparison of the SOD concentration in the actual samples detected by ELISA kit and SERS platform. As shown in Table 2, the average concentration of SOD in the serum of healthy people, LSIL, HSIL, and the cervical cancer detected by SERS platform were 129.1 U mL−1, 79.95 U mL−1, 57.24 U mL−1, and 28.96 U mL−1, respectively. The concentration of SOD detected by ELISA were 121.7 U mL−1, 82.19 U mL−1, 59.72 U mL−1 and 27.88 U mL−1 respectively and the relative errors of the two methods were −3.87%, 4.1%, 2.73% and −6.08% respectively. The results showed that there was no significant difference between SERS platform and ELISA detection results, which confirmed that the SERS platform could be used for early clinical screening of cervical cancer.
[image: Figure 6]FIGURE 6 | (A) Mean SERS spectra of clinical samples. (B) I1170/I1185 histogram of clinical samples, (C) comparison histogram of SOD concentration in clinical samples detected by ELISA and SERS.
TABLE 2 | Serum and ELISA immunoassay results from clinical serum samples.
[image: Table 2]CONCLUSION
In this work, Au-AgNBs were orderly arranged on the substrate by the method of oil-water interface self-assembly and a SERS platform capable of quantitative detection of SOD was successfully constructed by the changes of Raman signal molecular characteristic peaks. The experimental results showed that the prepared SERS platform had good performance in homogeneity, reproducibility, selectivity and stability. When the concentration was from 10 U mL−1–160 U mL−1, the platform could quantitatively detect SOD in human serum and the LOQ was 10 U mL−1. The clinical application research of its detection ability was carried out. The SERS platform was used to detect clinical serum samples of healthy people, LSIL, HSIL and cervical cancer patients. In the clinical detection of SOD, turbidimetry and electron spin resonance (ESR) spectroscopy took a long time and the cost was expensive. At the same time, they had low sensitivity and needed to buy special large instruments. On the contrary, the SERS platform had shorter detection time, the entire test could be completed in 20 min and it also had higher sensitivity, simple operation and low price. The detection results of SERS were consistent with ELISA, indicating that it has broad application prospects in early diagnosis of cervical cancer.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Ethics Committee of Medical College of Yangzhou University. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
Conception and design: JX and G-YC. Administrative support: DL. Provision of study materials or patients: YY and LC. Collection and assembly of data: JX, G-YC, YY, and LC. Data analysis and interpretation: JX, DL, and G-YC. Manuscript writing: JX and G-YC. Final approval of manuscript: All authors.
FUNDING
This work was supported by the National Natural Science Foundation of China (No. 82072088); the Social Development Foundation of Taizhou (TS202225).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1111866/full#supplementary-material
REFERENCES
 Aggarwal, P. (2014). Cervical cancer: Can it be prevented?World J. Clin. Oncol. 5, 775–780. doi:10.5306/wjco.v5.i4.775
 Arbyn, M., Weiderpass, E., Bruni, L., de Sanjose, S., Saraiya, M., Ferlay, J., et al. (2022). Estimates of incidence and mortality of cervical cancer in 2018: A worldwide analysis. Lancet Glob. Health 10, E191–E203. doi:10.1016/s2214-109x(19)30482-6
 Braham, R., Robert, A. A., Musallam, M. A., Alanazi, A., Bin Swedan, N., and Dawish, M. A. (2017). Reproductive disturbances among Saudi adolescent girls and young women with type 1 diabetes mellitus. World J. Diabetes 8, 475–483. doi:10.4239/wjd.v8.i11.475
 Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A. (2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 68, 394–424. doi:10.3322/caac.21492
 Cheng, M., Zhang, F., Zhu, A., Zhang, X., Wang, Y., Zhao, X., et al. (2020). Bridging the neighbor plasma coupling on curved surface array for early hepatocellular carcinoma detection. Sens. Actuat B-Chem. 309, 127759. doi:10.1016/j.snb.2020.127759
 Clarke, M. A., Cheung, L. C., Castle, P. E., Schiffman, M., Tokugawa, D., Poitras, N., et al. (2019). Five-year risk of cervical precancer following p16/ki-67 dual-stain triage of HPV-positive women. JAMA Oncol. 5, 181–186. doi:10.1001/jamaoncol.2018.4270
 Fu, Z., Qiao, L., Li, P., Xuan, Z., Gao, G., Li, C., et al. (2021). Magnetically controllable flowerlike., polyhedral Ag-Cu-Co3O4 for surface-enhanced Raman scattering. ACS Appl. Mater Inter 13, 57814–57821. doi:10.1021/acsami.1c18074
 Gomez-Grana, S., Goris, B., Altantzis, T., Fernandez-Lopez, C., Carbo-Argibay, E., Guerrero-Martinez, A., et al. (2013). Au@Ag nanoparticles: Halides stabilize {100} facets. J. Phys. Chem. Lett. 4, 2209–2216. doi:10.1021/jz401269w
 Huang, J., Vongehr, S., Tang, S., Lu, H., Shen, J., and Meng, X. (2009). Ag dendrite-based Au/Ag bimetallic nanostructures with strongly enhanced catalytic activity. Langmuir 25, 11890–11896. doi:10.1021/la9015383
 Jang, L. S., and Keng, H. K. (2008). Modified fabrication process of protein chips using a short-chain self-assembled monolayer. Biomed. Microdevices 10, 203–211. doi:10.1007/s10544-007-9126-7
 Jiang, Y., Sun, D. W., Pu, H., and Wei, Q. (2018). Surface enhanced Raman spectroscopy (SERS): A novel reliable technique for rapid detection of common harmful chemical residues. Trends Food Sci. Technol. 75, 10–22. doi:10.1016/j.tifs.2018.02.020
 Khawsak, P., Kanjanavas, P., Kiatsomchai, P., and Chansiri, K. (2012). Expression and characterization of Cu/Zn superoxide dismutase from Wuchereria bancrofti. Parasitol. Res. 110, 629–636. doi:10.1007/s00436-011-2532-z
 Langer, J., de Aberasturi, D. J., Aizpurua, J., Alvarez-Puebla, R. A., Auguie, B., Baumberg, J. J., et al. (2020). Present and future of surface-enhanced Raman scattering. Acs Nano 14, 28–117. doi:10.1021/acsnano.9b04224
 Lee, D., Lee, S., Seong, G. H., Choo, J., Lee, E. K., Gweon, D. G., et al. (2006). Quantitative analysis of methyl parathion pesticides in a polydimethylsiloxane microfluidic channel using confocal surface-enhanced Raman spectroscopy. Appl. Spectrosc. 60, 373–377. doi:10.1366/000370206776593762
 Li, H., Wu, X., and Cheng, X. (2016). Advances in diagnosis and treatment of metastatic cervical cancer. J. Gynecol. Oncol. 27, e43–e20. doi:10.3802/jgo.2016.27.e43
 Li, J., Kang, L. N., and Qiao, Y. L. (2011). Review of the cervical cancer disease burden in mainland China. Asian Pac J. Cancer Prev. 12, 1149–1153. PMID:21875257
 Li, J., Zhang, G., Wang, J., Maksymov, I. S., Greentree, A. D., Hu, J., et al. (2018). Facile one-pot synthesis of nanodot-decorated gold-silver alloy nanoboxes for single-particle surface-enhanced Raman scattering activity. ACS Appl. Mater Inter 10, 32526–32535. doi:10.1021/acsami.8b10112
 Liu, Y., Wu, L., Tong, R., Yang, F., Yin, L., Li, M., et al. (2019). PD-1/PD-L1 inhibitors in cervical cancer. Front. Pharmacol. 10, 65. doi:10.3389/fphar.2019.00065
 Luu, T. L. A., Cao, X. T., Nguyen, V. T., Pham, N. L., Nguyen, H. L., and Nguyen, C. T. (2020). Simple controlling ecofriendly synthesis of silver nanoparticles at room temperature using lemon juice extract and commercial rice vinegar. J. Nanotechnol. 2020, 1–9. doi:10.1155/2020/3539701
 Mahmoud, M. A., Chamanzar, M., Adibi, A., and El-Sayed, M. A. (2012). Effect of the dielectric constant of the surrounding medium and the substrate on the surface plasmon resonance spectrum and sensitivity factors of highly symmetric systems: Silver nanocubes. J. Am. Chem. Soc. 134, 6434–6442. doi:10.1021/ja300901e
 Mahmoud, M. A., and El-Sayed, M. A. (2010). Gold nanoframes: Very high surface plasmon fields and excellent near-infrared sensors. J. Am. Chem. Soc. 132, 12704–12710. doi:10.1021/ja104532z
 Manju, V., Sailaja, J. K., and Nalini, N. (2002). Circulating lipid peroxidation and antioxidant status in cervical cancer patients: A case-control study. Clin. Biochem. 35, 621–625. doi:10.1016/s0009-9120(02)00376-4
 Manoharan, S., Kolanjiappan, K., and Kayalvizhi, M. (2004). Enhanced lipid peroxidation and impaired enzymic antioxidant activities in the erythrocytes of patients with cervical carcinoma. Cell Mol. Biol. Lett. 9, 699–707. PMID:15647792
 Mao, X., Qin, X., Li, L., Zhou, J., Zhou, M., Li, X., et al. (2018). A 15-long non-coding RNA signature to improve prognosis prediction of cervical squamous cell carcinoma. Gynecol. Oncol. 149, 181–187. doi:10.1016/j.ygyno.2017.12.011
 Mondal, S., and Subramaniam, C. (2020). Xenobiotic contamination of water by plastics and pesticides revealed through real-time, ultrasensitive, and reliable surface-enhanced Raman scattering. ACS Sustain Chem. Eng. 8, 7639–7648. doi:10.1021/acssuschemeng.0c00902
 Naidu, M. S. K., Suryakar, A. N., Swami, S. C., Katkam, R. V., and Kumbar, K. M. (2007). Oxidative stress and antioxidant status in cervical cancer patients. IJCB 22, 140–144. doi:10.1007/bf02913333
 Qi, Q., Wang, Q., Wang, Z., Gao, W., Gong, X., and Wang, L. (2022). Visnagin inhibits cervical cancer cells proliferation through the induction of apoptosis and modulation of PI3K/AKT/mTOR and MAPK signaling pathway. Arab. J. Chem. 15, 103684. doi:10.1016/j.arabjc.2021.103684
 Siegel, R. L., Miller, K. D., and Jemal, A. (2018). Cancer statistics, 2018. CA Cancer J. Clin. 68, 7–30. doi:10.3322/caac.21442
 Sultangaziyev, A., and Bukasov, R. (2020). Review: Applications of surface-enhanced fluorescence (SEF) spectroscopy in bio-detection and biosensing. Sens. Bio-Sensing Res. 30, 100382. doi:10.1016/j.sbsr.2020.100382
 Tsikouras, P., Zervoudis, S., Manav, B., Tomara, E., Iatrakis, G., Romanidis, C., et al. (2016). Cervical cancer: Screening., diagnosis and staging. J. BUON 21, 320–325. doi:10.1136/bmj.39337.615197.80
 Wang, X., Cheng, X., Yu, X., and Quan, X. (2018). Study on surface-enhanced Raman scattering substrate based on titanium oxide nanorods coated with gold nanoparticles. J. Nanotechnol. 2018, 9602480. doi:10.1155/2018/9602480
 Wang, Z., Xue, J., Bi, C., Xin, H., Wang, Y., and Cao, X. (2019). Quantitative and specific detection of cancer-related microRNAs in living cells using surface-enhanced Raman scattering imaging based on hairpin DNA-functionalized gold nanocages. Analyst 144, 7250–7262. doi:10.1039/c9an01579e
 Xiong, Y. J., Wiley, B., Chen, J. Y., Li, Z. Y., Yin, Y. D., and Xia, Y. N. (2005). Corrosion-based synthesis of single-crystal Pd nanoboxes and nanocages and their surface plasmon properties. Angew. Chem. Int. Ed. 44, 7913–7917. doi:10.1002/anie.200502722
 Yang, Z. W., Meng, L. Y., Lin, J. S., Yang, W. M., Radjenovic, P., Shen, S. X., et al. (2019). 3D hotspots platform for plasmon enhanced Raman and second harmonic generation spectroscopies and quantitative analysis. Adv. Opt. MATER 7, 1901010. doi:10.1002/adom.201901010
 Yun, B. J., and Koh, W. G. (2020). Highly-sensitive SERS-based immunoassay platform prepared on silver nanoparticle-decorated electrospun polymeric fibers. J. Ind. Eng. Chem. 82, 341–348. doi:10.1016/j.jiec.2019.10.032
 Zahra, K., Patel, S., Dey, T., Pandey, U., and Mishra, S. P. (2021). A study of oxidative stress in cervical cancer-an institutional study. B B Rep. 25, 100881. doi:10.1016/j.bbrep.2020.100881
 Zhai, Y., Xuan, T., Wu, Y., Guo, X., Ying, Y., Wen, Y., et al. (2021). Metal-organic-frameworks-enforced surface enhanced Raman scattering chip for elevating detection sensitivity of carbendazim in seawater. Sens. Actuat B-Chem. 326, 128852. doi:10.1016/j.snb.2020.128852
 Zhang, Q., Li, W., Wen, L. P., Chen, J., and Xia, Y. (2010). Facile synthesis of Ag nanocubes of 30 to 70 nm in edge length with CF3COOAg as a precursor. CHEM-EUR J. 16, 10234–10239. doi:10.1002/chem.201000341
 Zorzi, M., Del, M. A., Farruggio, A., de' Bartolomeis, L., Frayle-Salamanca, H., Baboci, L., et al. (2013). Use of a high-risk human papillomavirus DNA test as the primary test in a cervical cancer screening programme: A population-based cohort study. BJOG 120, 1260–1268. doi:10.1111/1471-0528.12272
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Xia, Chen, Li, Chen and Lu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-11-1111866-g005.gif
Intensity (a0)

SO U sl






OPS/images/fbioe-11-1111866-g006.gif
Tn/Tuss

Intensity (a.u)

I © e
R
1 o iy
) 3
E o
o s
™ 2w
s EE

Corteal ISILLSIL sty
pomng

Corvenl SIL LSIL Healty
omcer e





OPS/images/fbioe-11-1111866-g003.gif
e it e






OPS/images/fbioe-11-1111866-g004.gif
HTTiid
Intensity ()

Tntensiy (au)






OPS/images/fbioe-11-1111866-t002.jpg
RS sensor (U mL™") (mean) ELISA (U mL") (mean) Relative error [%]

Cervical cancer 2896 27.88 -3.87
HSIL 57.24 59.72 415
LSIL 79.95 82.19 273

Healthy person 1291 1217 608






OPS/images/fbioe-11-1111866-g007.gif
A
BEE-
B

e

el Ed
B EN§

e

B s @soo @ Crene

foear f oms @ waer





OPS/images/fbioe-11-1111866-t001.jpg
Gi

ps Healthy persor LSIL  HSIL  Cervical ¢

Age (mean) | 29 ‘ 38 2 48

‘ Sample 50 ‘ 50 50 50






OPS/xhtml/nav.xhtml
Contents

		Cover

		Rapid and sensitive detection of superoxide dismutase in serum of the cervical cancer by 4-aminothiophenol-functionalized bimetallic Au-Ag nanoboxs array		Introduction

		Materials and methods		Materials

		Collection, treatment, and preservation of clinical serum samples

		Synthesis of Au-AgNBs

		Manufacturing of capture substrate

		Principle of the SERS platform

		Instrumentation





		Results and discussion		Characterization of Au-AgNBs

		Characterization of Au-AgNBs array

		Optimization of parameters

		Characterization of the sensor performance

		Application of detection platform in serum

		Clinical serum samples analysis





		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Bioengineering and Biotechnology

Rapid and sensitive detection of
superoxide dismutase in serum
of the cervical cancer by 4-
aminothiophenol-
functionalized bimetallic Au-Ag
nanoboxs array





OPS/images/fbioe-11-1111866-g001.gif





OPS/images/fbioe-11-1111866-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





