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Abstract

:

The fabrication of a coffee ring was studied in this work to improve its sensitivity in detecting trace analytes based on surface-enhanced Raman scattering (SERS). Gold nanoparticles were synthesized with diameters of ~40 nm through the sodium citrate reduction method, and rhodamine 6G (R6G) was employed as a probe to evaluate the performance of the fabricated coffee rings. The results showed that the coffee ring formed from the water-washed gold nanoparticles presented more orderly and regular morphology as well as better SERS properties than the unwashed ones. Furthermore, both the concentration and the amount of gold nanoparticles were found to affect its SERS performance. Using the optimized coffee ring as a SERS substrate, trace R6G with a concentration of 5 × 10−8 M was detected. This sensing platform could realize aflatoxin B1 (AFB1) detection down to 5 × 10−7 M and was demonstrated to function well in real-sample testing.






Keywords:


coffee ring effect; surface-enhanced Raman scattering (SERS); aflatoxin B1 detection












1. Introduction


Surface-enhanced Raman spectroscopy (SERS) has become a powerful sensing technique due to its high sensitivity, nondestructive features and rapid detection [1,2,3]. It has been widely used in many fields including biomedicine, environmental science, food safety and others [4,5,6,7,8]. SERS mainly derives from the local surface plasmon resonance (LSPR) characteristics of precious metal nanoparticles, which can significantly enhance Raman signals by several orders of magnitude [9,10]. Gold and silver nanoparticles are the most widely used noble metal SERS substrate materials, and they can present a strong enhancement effect from “SERS active-nanogaps” through aggregation. “Coffee ring” refers to a phenomenon that when a drop of coffee dries on a solid surface, its suspended particulate matter deposits along the original perimeter, leaving a ring-like stain. This phenomenon was first investigated by Deegan et al. [11] and was observed with many colloidal suspensions. The “coffee ring” effect refers to the evaporation of a dried colloidal sessile drop, including gold or silver nanoparticles (it can be other nanoparticles), on a solid surface, forming a dense ring array at the boundary where many “hot spots” are fabricated through the aggregation of the metal nanoparticles [11,12]. In the process of coffee ring formation, the three-phase contact angle between the atmosphere, the droplet and the solid substrate is fixed. Due to the evaporation of the solvent, the nanoparticles are forced to flow from the inside of the droplet to outside, resulting in significant capillary flow. However, the optimization of various conditions to obtain better effects of the coffee ring on SERS enhancement has been less widely investigated.



The “coffee ring” effect has received considerable attention thanks to its important applications in the field of sensing. Xu and coworkers [13] introduced the gold coffee ring effect to detect six kinds of polycyclic aromatic hydrocarbons with a limit of detection (LOD) of 10−6 M via SERS. Wang [14] et al. realized the sensitive detection of malachite green and arsenate to 0.1 ng/L and 0.03 mg/L, respectively, based on the silver coffee effect. Wu [15] and coworkers used SA-AgNPs as the SERS substrate and further employed the coffee ring effect to detect the illegal adulteration of the chemicals Gordenafil and Rosiglitazone maleate in health care products to ug/mL. Gao [16] developed a blood serum analysis approach to screen different types of cancers through coffee-ring-effect-assisted SERS technology. Pan [17] et al. prepared a β-CD-coated Ag NP (AgNP@β-CD) to form a coffee ring for the SERS detection of aromatic compounds OPD with an LOD of 10−10 M. Though the “coffee ring” effect has been used in many applications for trace target detection, no one has reported its use in aflatoxin detection.



Mycotoxins are toxic and carcinogenic secondary metabolites produced by various molds. They cause serious harm to human health by contaminating various foods and animal feeds [18,19]. In recent years, aflatoxins (AFBs) have often been found in agricultural products. A series of economic losses, as well as the potential risks to food and feed, mean that mycotoxins pollution has attracted global attention [20]. Among several types of aflatoxins, aflatoxin B1 (AFB1) is most toxic and has been classified as a Class I carcinogen by the International Agency for Research on Cancer (IARC) [21]. AFB1 is especially harmful to the human liver. The clinical manifestations of a small amount of AFB1 exposure include loss of appetite, nausea and vomiting. Exposure to a large amount of AFB1 can cause liver cirrhosis, necrosis and cancer. In the past few decades, a lot of research has been carried out on the development of analytical methods for the qualitative/quantitative detection of chemical contaminants in food, including aflatoxins. The main detection methods of AFB1 are usually electrochemistry (EC), high-performance liquid chromatography (HPLC), liquid chromatography combined with mass spectrometry (LC-MS), enzyme-linked immunosorbent assay (ELISA), cyclic voltammetry (CV), aptasensors, etc., with the detection limits of microgram per kilogram (μg/kg), nano to pico-molar, or even at the ppb level [22,23,24,25,26,27]. These methods are effective in AFB1 detection but with limitations, such as cumbersome sample processing, toxic treatment reagents, expensive equipment, complicated operations and lengthy analysis times [28,29]. Therefore, the development of approaches for AFB1 detection with high sensitivity and simplicity is highly desirable.



This work reported the optimization of conditions for the fabrication of coffee rings with high sensitivity and reproducibility. Using an as-prepared coffee ring as the SERS substrate, the detection limit for R6G was 5 × 10−8 M. This sensing platform could realize AFB1 detection down to 5 × 10−7 M, further suggesting its sensitivity for the determination of trace analytes of interest.




2. Materials and Methods


2.1. Materials


Tetrachloroauric acid trihydrate, Alfa Aesar (China) Chemical Co., Ltd.; Trisodium Citrate, 99.0%, Alfa Aesar (Shanghai, China) Chemical Co., Ltd.; Aflatoxin (AFB1), Beijing Yinuokai Technology Co., Ltd. (Beijing, China); Rhodamine 6G (R6G, Aladdin Reagent Company (Shanghai, China)).




2.2. Instruments and Measurements


Scanning electron microscopy (SEM) characterization was undertaken using a Hitachi S-4800 at 30 kV. A UV-3600 plus ultraviolet-visible spectrophotometer, Shimadzu Corporation, Japan, was used. The DXR Smart Raman spectrometer (Thermo Fisher Scientific, Waltham, MS, USA) had an excitation wavelength of 780 nm, maximum excitation power of 80 mw and integration time of 15 s. The laser Raman spectrometer (Renishaw, UK) had an excitation wavelength of 785 nm, maximum excitation of power 1 mw, 5 mw and 10 mw and integration time of 10 s, equipped with a microscope Raman detection platform (50× objective lens).




2.3. Preparation of Gold Nanoparticles


The gold nanoparticles were synthesized using a reported method [30]. In brief, 150 mL of 2.2 mmol/L sodium citrate solution was added into a 250 mL three-necked flask which was put into an oil bath pan. The solution was heated to 100 °C and boiled vigorously with stirring for 15 min. Then, 1 mL of HAuCl4 (25 mmol/L) was added, and the color changed from yellow to blue gray and finally to pink within 10 min. The reaction was cooled down to 90 °C before adding 1 mL of sodium citrate (60 mmol/L). Then, 2 min later, 1 mL of HAuCl4 (25 mmol/L) was added, and 30 min later, the 2 mL solution was taken out as the first generation of nanoparticles. This process was repeated until the 14th generation of nanoparticles was obtained, which were used in this work.




2.4. Wafer Hydrophobic Treatment


The silicon wafers were first ultrasonically cleaned in ethanol and acetone for 10 min and thoroughly cleaned with piranha solution at 95 °C for 40 min (H2SO4:H2O2 = 3:1, v/v; the solution should be handled with great care). After being rinsed with the triple-distilled water and dried under gaseous N2 flow, the cleaned silicon wafers were immersed in a 10% hydrogen fluoride solution for 10 min to remove the oxide layer on the wafer. The silicon wafers were then rinsed with triple-distilled water, dried with gaseous N2 flow and kept for further use.



The surface property of the silicon wafer was tested and compared by dropping a droplet of Au NP colloid onto the surface after and without hydrophobic treatment.




2.5. Preparation of Coffee Ring


The synthesized gold nanoparticles were washed with triple-distilled water before being centrifuged at 7000 rpm/min twice. Then, the gold nanoparticles were concentrated by 2×, 4×, 6×, 8×, 10×, 20×, 40×, 60× and 80×(different concentration times) and mixed with R6G solution in a ratio of 1:1, respectively. The 4 × concentrated Au NP colloid was selected and mixed with R6G solution. Then, the 1 μL, 2 μL, 3 μL, 4 μL and 5 μL mixtures were dropped onto the silicon wafer to form the coffee ring for SERS detection. Since AFB1 is hard to dissolve in water, AFB1 was firstly dissolved in acetonitrile at a high concentration and then diluted with triple-distilled water for the preparation of different-concentration solutions. Then, the AFB1 solution with a special concentration was mixed with 4 times the concentrated gold nanoparticle colloid before dropping the 1 μL mixture onto the silicon wafer to form the coffee ring for SERS detection. It took around 20 min for the coffee ring to dry on silicon. SERS spectra were recorded and collected on a DXR Smart Raman spectrometer (Thermo Fisher Scientific, Waltham, MS, USA; 780 nm; 80 mW; 10 μm diameter focal spot laser excitation; 15 s integration time; room temperature).




2.6. Preparation of Food Samples


Corn, peanut flour and sesame samples were crushed into powder and dispersed in water (20 mg/g) followed by centrifuging. AFB1 was firstly dissolved in acetonitrile with a high concentration before it was further diluted with triple-distilled water for the preparation of AFB1 solutions with different concentrations. AFB1 solutions with concentrations of 3 × 10−5 M and 3 × 10−6 M for corn, 2 × 10−5 M and 4 × 10−6 M for peanut and 4 × 10−5 M for sesame were added into the sample supernatant followed by sonication. Then, 10 μL of this sample solution was added into 20 μL of the 4-times-concentration Au NP colloid before mixing them thoroughly. The 1 μL mixture was dropped onto the silicon wafer to form the coffee ring for SERS detection.





3. Results and Discussion


The morphology of the gold nanoparticles characterized via scanning electron microscope (SEM) and the UV-3600 ultraviolet spectrometer is shown in Figure 1a,b. The synthesized gold nanoparticles were uniform in size and were mostly distributed at around 40 nm in diameter, which agreed well with the previously reported work [30]. The concentration of gold nanoparticles was approximately ~3 × 1012 NPs/mL according to the literature [30]. It is noteworthy that the shape of the gold nanoparticles was not theoretically spherical, but with different crystal planes, as seen in the SEM image (Figure 1a). These crystal planes closely faced each other and were arranged in parallel or vertical, as indicated by the circles in Figure 1a, which could largely increase the number of “hot spots” and consequently contribute more to the Raman signal enhancement. As expected, the corresponding extinction spectra of gold nanoparticles resulted in a UV absorption peak at 524 nm, as presented in Figure 1b, which presents an intrinsic UV peak location of gold. Figure 1c schematically shows the process of optimizing the coffee ring effect and detecting the analyte of interest. Noticeably, washing, concentrating and controlling the volume of gold colloids are the key points in fabricating a coffee ring as an excellent SERS substrate.



Figure 2 shows the edge morphology of the coffee rings formed from both unwashed and washed gold nanoparticles, which were characterized by SEM and a Raman spectrometer (maximum excitation power of 5 mw), respectively. It could be clearly seen that the Au NPs in the as-synthesized gold colloid without washing were unevenly distributed on the edge of the coffee ring (Figure 2a). This phenomenon was possibly caused by the presence of citrate sodium in solution. Citrate sodium is normally used as a stabilizer for gold nanoparticles in solution since the negatively charged carboxylic acid ions extend outwards and could create electrostatic repulsion, which prevents gold nanoparticles from aggregating effectively. The edge of the coffee ring formed from the washed Au NPs looked neater and more regular compared with the unwashed one, as presented in Figure 2b. This indicates the gold nanoparticles could aggregate easily after removing the citrate sodium. A photograph is provided in the inset of Figure 2b, showing the wettability of the silicon surface before and after hydrophobic treating with hydrofluoric acid. After one droplet of the washed gold colloid was deposited on the silicon surface, the untreated one (right) made water spread at the periphery of the silicon surface, while the treated one (left) enabled the droplet shape to be maintained to a certain extent, indicating the surface after treatment (right) was hydrophobic. To compare the performance of the coffee rings from washed and unwashed gold colloid, a typical dye molecule, rhodamine 6G (R6G), which is considered a classic Raman reporter (with high cross-section), was introduced to be a probe in this system. The Raman curve of the R6G powder was collected and is shown in Figure 2c. The Raman vibration of the 612 cm−1 peak corresponds to the bending of the C-C-C ring plane, while 774 cm−1 corresponds to the out-of-plane bending vibration of C-H and 1181 cm−1 to the bending vibration of both C-H and N-H chemical bonds. The peak at 1305 cm−1 is attributed to the stretching vibration of C = C. Additionally, 1364 cm−1, 1509 cm−1 and 1649 cm−1 correspond to the C-C vibration. Noteworthy is that the Raman signals of R6G in the coffee ring formed from the washed Au NPs are pronouncedly higher than those from the unwashed one, as shown in Figure 2c. In particular, the peak shape of R6G is sharper in the coffee ring formed from the washed gold nanoparticles. This indicates that besides the neat and even ring morphology, the performance of the coffee ring formed from the washed Au NPs is better than that of the unwashed ones. This can be explained from the way citrate sodium stabilizes gold nanoparticles. As is known, two adjacent carboxylic acid roots of citrate sodium adsorb on the surface of gold nanoparticles through coordination, and the other carboxylic acid ions extend outwards, so that the surface of each gold nanoparticle is negatively charged. Owing to that, the gold nanoparticles can stably disperse in aqueous solution through electrostatic repulsion. Therefore, a large amount of citrate sodium in the gold colloid could possibly hinder the effectively aggregation of gold nanoparticles; here, this resulted in the unregular pattern of the ring edge (Figure 2a) and the reduced coffee ring effect on SERS enhancement.



The previous studies show that the distribution density of Au NPs is an important factor to the coffee ring effect [31,32]. According to the mechanism of coffee ring formation, the edge of the gold colloid droplet will be pinned to the solid surface, and the liquid evaporating from the droplet edge will be replenished by the liquid from the interior, which causes a capillary flow that carries dispersed particles to the drop periphery through the evaporation process. When the concentration of Au NPs becomes low, there are not enough gold nanoparticles in the droplet, so the uneven edge morphology of the ring will lead to a lower number of hot spots and thus weaken the Raman intensity of the targets. On the contrary, when the concentration is too high, the effective hot spots at the edge will reduce and thus weaken the Raman signal due to the stacking and aggregation of Au NPs in the vertical direction. Therefore, the performance of coffee rings prepared from Au NP colloids with different concentrations was investigated in this work.



Figure 3 shows the SEM images of the coffee rings formed from water-washed Au NP colloids with 1×, 10×, 20×, 40×, 60× and 80× concentration times. The morphologies of the whole coffee rings and their local high-resolution images are shown in Figure 3a–f1. The diameter of the coffee rings formed from different concentrated times of Au NPs colloid kept identical and was determined to be around 3 mm.



The Au NP colloids kept identical and were determined to be around 3 mm. Meanwhile, the edge width of the ring presented a clear upward tendency with increased concentration times, from 9.56 to 44.0 μm, as indicated in Figure 3a1–f1. Interestingly, the Au NPs at the edges were observed to start distributing unevenly, and a particle line appeared at the edge when the concentration times was higher than 10. The white line could have resulted from the formation of a Au NP layer with lower density. Figure 3g shows the Raman results of 10−6 M R6G in the coffee ring from the above water-washed Au NP colloids. Clearly, the water-washed Au NP colloids with higher concentration times resulted in the worse performance of the coffee ring on SERS enhancement, which was possibly due to the increased layer width, which would “dilute” the target molecules on the ring and thus decrease its SERS intensity. The ordinate in Figure 3g is the true Raman intensity of 10−6 M R6G in the coffee rings at the peak of 1364 cm−1. It should be noted that the Raman intensity of R6G in Figure 3g and Figure 4b do not correspond to each other since the data were collected from two Raman instruments (see details in the Materials and Methods). Since we mainly focused on the variation tendency of the SERS performance (Raman intensity) of the coffee ring for different concentration times of the washed Au NP colloids, the results from different instruments would not make a difference.



To determine a more appropriate concentration of the water-washed Au NPs and obtain a better coffee ring effect, we tested the water-washed Au NP colloids at 1~10× concentration times very carefully. From the Raman results shown in Figure 4, it could be easily seen that for 4× concentration times of the water-washed Au NPs, the coffee ring presented the best performance. The Raman signals of 10−5 M R6G at the peak of 1364 cm−1 on such a coffee ring reached the strongest intensity under this condition, as shown in Figure 4b. These results suggest that relative to the as-prepared concentration, 4× concentration times of Au NP colloids enables one to fabricate a coffee ring with better Raman enhancement.



In addition to the concentration, the volume of droplets on the hydrophobic silicon wafer also has a certain impact on the number/distribution of hot spots formed at the edge of the coffee ring. For the same concentration of Au NP colloids, forming a complete ring will be difficult if the droplet volume is too small. A too-small droplet can also cause uneven hot spot distribution, which will no doubt affect the uniformity of SERS signals. However, dropping too much will not increase the edge width of the ring, as presented in Figure S2c1–e1, but may induce multi-layer formation of the gold nanoparticles, which will degrade the performance of the coffee ring, as indicated in Figure 3. Figure S2f shows the Raman spectra of 10−5 M R6G within the ring for different droplet volumes of water-washed Au NP colloids with 4× concentration times. The coffee ring formed from a 1 μL droplet Au NP solution presents the highest performance based on the obtained peak intensity of R6G. Since it was difficult to take a droplet less than 1 μL in the practical operation, a water-washed Au NP colloid with 4 times concentration and a 1 μL droplet were selected as the optimum conditions to fabricate a coffee ring in the following experiments with the best performance on SERS enhancement. The signal uniformity and reproducibility of the optimized coffee-ring-based substrates were also evaluated with 10−5 M R6G at the 780 nm excitation wavelengths. The SERS response of R6G were relatively uniform, as shown in Figure 4c and Figure S3. The relative standard deviations (RSDs) for peaks at 774 and 1305 cm−1, for instance, were 14.6% and 17.1%, respectively.



The enhancement factor (EF) of the as-prepared coffee ring was calculated using the following equation: EF = (ISERS/IRS) (CRS/CSERS) (MNRS/MNSERS), where ISERS is the SERS intensities of the intense band for R6G, IRS is the normal Raman signal for the corresponding band of the R6G solution and CRS/CSERS is the concentration ratio of R6G in neat solution and on the coffee ring. MNRS/MNSERS is the molecular number of R6G in neat solution and on the coffee ring. Then, for this case, the EF of R6G for the as-prepared coffee ring is EF = (260/41) × (10−2/10−5) × 2 = 1.2 × 104. The SERS intensity of 10−5M R6G in the coffee ring, 10−2 M R6G solution and the blank are presented in Figure 4d. Since there are many factors which can influence the enhancement of the coffee rings, such as surface roughness, metal type (Au or Ag), nanoparticle sizes, surface modifications of nanoparticles, and so on [13,33], one can fabricate a better “coffee ring” by combining this method with other adjustment strategies for a special system.



To investigate the sensing performance of the as-prepared coffee ring under the optimized conditions, SERS spectra of a typical Raman reporter, R6G, with various concentrations were collected. As shown in Figure 5a, with an increasing concentration of R6G, distinct changes in the intensity were observed, including the intensity of the bands at 612 cm−1 (δ(CCC)), 774 cm−1 (δ(CH)) and 1509 cm−1 (ν(CC)). When taking the peak at 1509 cm−1 as a reference, the change in the intensity was found to be quantitatively correlated with the concentration of R6G, as shown in Figure 5b. Taking the limit of detection (LOD) as three times the standard deviation of the blank, the detection limit of the fabricated coffee ring for R6G could reach 5 × 10−8 M, indicating the sensitivity of this system.



An important test for this sensor is its performance in the sensing of target that is hard to detect. To assess this, we assayed AFB1 by using our fabricated coffee ring as the substrate. After spiking AFB1 with different concentrations to the water-washed Au NP colloids and preparing for the ring, Raman spectra were collected, and distinguishable Raman intensity changes were observed, especially at the peak of 1275 cm−1, which corresponds to the bending and stretching vibration of C-H on the epoxy structure of aflatoxin. The peaks at 1551 cm−1 and 1592 cm−1, corresponding to the C–C and C-C-C stretching mode and ring deformation [34], were also observable at the concentration of 10−6 M, as shown in Figure 6a. Noticeably, the intensity change in the peak at 1275 cm−1 was observed to quantitatively correlate with the AFB1 concentrations, as indicated in Figure 6b. The lin–log plot of intensity versus AFB1 concentration was linear over the range of 10−8 M—10−4 M AFB1. The results shown in Figure 6b clearly confirmed that our strategy could function well in AFB1 sensing with an LOD of 5 × 10−7 M.



More important in terms of potential applications of a sensor is testing the sensing capability in real-world situations. To assess this, we assayed an AFB1 concentration in peanut, corn flour and sesame, which are considered as the key objects for AFB1 pollution. The samples were firstly crushed into fine powders, then dispersed in water through vigorous stirring before centrifugation. When AFB1 with certain concentrations (see details in Experimental Section) was spiked into the real samples, the coffee ring was prepared and Raman spectra were collected. Distinct signals were observed, as indicated in Figure 6b. The detected Raman intensity for both peanut and sesame samples (the blue and red dots) spiked with certain AFB1 were very close to the semi-log plot, indicating the sensitivity of this platform. It should be noted that for corn samples, the collected Raman intensity was slightly higher than the semi-log plot, suggesting a little more AFB1 was involved in the corn samples. This could have been caused by the different sample preparation methods. That is, for peanut and sesame samples spiked with AFB1, the liquid supernatant was retained after solution centrifugation. Meanwhile, in the case of corn, the supernatant was taken in the absence of centrifugation. This meant the detected corn sample included some fine corn nanoparticles on which certain AFB1 molecules adsorbed and thus increased the detectable amount of AFB1, as indicated in Figure 6b. It was determined that the recovery of AFB1 for the real samples was in the range of 95–119%. The desirable results demonstrated the feasibility of the optimized coffee ring for the detection of AFB1 in practical applications. The standard deviations of the detected Raman intensity were relatively high for these real samples as well as for the sample at a high concentration (CAFB1 = 10−3 M) on the working plot. This could have been due to the slight solubility and poor dispersion of AFB1 in aqueous solution. So, future work can focus on selecting a more appropriate medium/solvent that is transparent to Raman but can largely improve the solubility and dispersion of AFB1 in solution.




4. Conclusions


This work details the optimization of fabricating coffee rings to improve the sensitivity of coffee rings in detecting trace analytes on the basis of SERS technology. The results showed that the presence of sodium citrate in the gold colloid would have certain effect on the performance of the coffee ring. Furthermore, the concentration of gold particles (determined to be 4× concentration times as to the as-synthesized concentration) and the droplet volume (determined to be 1 μL) was explored to optimize the conditions for coffee ring fabrication. To the best of our knowledge, this is the first report on optimizing coffee ring formation. Using the coffee ring with the best properties as a SERS substrate, trace R6G with a concentration of 5 × 10−8 M was detected. This sensing platform can realize aflatoxin B1 (AFB1) detection to a concentration as low as 5 × 10−7 M. The high sensitivity of this platform was also presented in real-sample detection such as corn, peanut and sesame. We expect this sensor can not only be utilized for rapid detection in practical food products, but it will also have great potential to extend to label-free assays for other significant small molecules.
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Figure 1. (a) SEM and (b) UV−vis spectrum of the as-prepared Au NPs. (c) Schematic process cartoon of the optimization of coffee ring effect and analyte detection. 
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Figure 2. SEM images of the coffee ring edges (a,b) and the Raman spectra of 10-4M R6G with the coffee ring (c) formed from both unwashed and washed Au NPs. 
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Figure 3. (a–f1) SEM images of the coffee ring formed from water-washed Au NP colloids with different concentration times. (g) The tendency of Raman intensity of 10−6 M R6G in the coffee ring with different concentration times of water-washed Au NP colloids based on the peak of 1364 cm−1. The Raman data were collected from the DXR Smart Raman spectrometer (Thermo Fisher Scientific, Waltham, MS, USA): excitation wavelength, 780 nm; maximum excitation power, 80 mw; integration time, 15 s. 
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Figure 4. (a) Raman spectra of 10−5 M R6G in the coffee ring with 1×, 2×, 4×, 6×, 8× and 10× concentration water-washed Au NP colloids. (b)The tendency of Raman intensity of 10−5 M R6G in the coffee ring with water-washed Au NP colloids with different concentration times based on the peak of 1364 cm−1. Data in a and b were collected from the Laser Raman spectrometer (Renishaw, UK): excitation wavelength, 785 nm; maximum excitation power, 5 mw; integration time, 10 s. (c) SERS intensity of 10−5 M R6G in the coffee ring measured in air, using laser excitation at 780 nm and 80 mW. (d) SERS intensity of 10−5 M R6G in the coffee ring, 10−2 M R6G solution and blank. Data in c and d were collected from the DXR Smart Raman spectrometer (Thermo Fisher Scientific, Waltham, MS, USA): excitation wavelength, 780 nm; maximum excitation power, 80 mw; integration time, 15 s. 
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Figure 5. (a) Raman spectra of R6G with different concentrations in the optimized coffee ring substrate. The stars indicate the main fingerprint peaks of R6G in the coffee ring. (b) Semilog plot of the peak intensity as a function of R6G concentration for the peak of 1509 cm−1. 






Figure 5. (a) Raman spectra of R6G with different concentrations in the optimized coffee ring substrate. The stars indicate the main fingerprint peaks of R6G in the coffee ring. (b) Semilog plot of the peak intensity as a function of R6G concentration for the peak of 1509 cm−1.



[image: Chemosensors 11 00022 g005]







[image: Chemosensors 11 00022 g006 550] 





Figure 6. (a) Raman spectra of AFB1 with different concentrations in the optimized coffee ring substrate. (b) Semi-log plot of the peak intensity as a function of AFB1 concentration for the peak of 1275 cm−1. The data were collected from the DXR Smart Raman spectrometer: (Thermo Fisher Scientific, Waltham, MS, USA) excitation wavelength, 780 nm; maximum excitation power, 80 mw; integration time 15 s. 
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