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Abstract

:

Silver particles have been widely used in SERS detection as an enhancement substrate. The large-scale synthesis of Ag particles with controllable size and shape is still a challenge. We demonstrate a high-throughput method for the preparation of monodisperse submicron silver particles using S-shaped microfluidic chips. Submicron silver particles were prepared by a simplified reduction method. By adjusting the concentration of the reducing agent ascorbic acid and the stabilizer PVP, the particle size and morphology could be controlled, obtaining a size distribution of 1–1.2 μm for flower-like silver particles and a size distribution of 0.5–0.7 μm for quasi-spherical silver particles. This microfluidic system can be used to fabricate submicron silver particles on a large scale, continuously and stably, with a production efficiency of around 1.73 mg/min. The synthesized submicron silver particles could realize ultra-sensitive SERS detection, and the lowest concentration of rhodamine 6G (R6G) that could be detected was 10−9 M.
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1. Introduction


Silver nanoparticles (AgNPs) have been widely used in the fields of medicine [1], energy [2], electronics [3], materials [4], and catalysis [5], due to their excellent electrical conductivity, thermal conductivity, antibacterial properties, and catalytic properties [6,7,8,9,10,11,12]. They are also used in biomarking, water treatment, drug delivery, cancer treatment, as antibacterial agents, and in surface coating [13,14,15,16,17,18]. Silver nanoparticles also demonstrated an excellent surface plasmon resonance (SPR) effect [19], which has sparked interest in their use as sensors, biological labels, and substrates for surface-enhanced Raman scattering (SERS). Silver nanoparticles after surface roughening exhibit high SERS activity and are widely used as efficient SERS substrates [20]. The efficiency of the SERS signal depends heavily on the geometrical characteristics and the surface roughness of the metallic nanostructure [21]. Small variations in either geometrical characteristics or surface roughness of the metal nanostructure provoke huge fluctuations in SERS intensity. Those SERS intensity variations cause large uncertainties in analytical calibration, large variability between measurements, and unreliable determinations. The transition of SERS to analytical applications requires good reproducibility and repeatability; however, the low reproducibility has hindered the widespread use of SERS in analytical chemistry. Therefore, controlling the particle morphology and size distribution is crucial to expanding SERS assay applications.



In the past decades, many synthetic methods have been proposed to fabricate AgNPs [22,23]. The preparation methods of metal nanoparticles can be divided into two main categories [24]: (1) physical methods, such as evaporation/condensation [25] or laser ablation [26], which require the use of professional instruments and high energy to increase the reaction temperature and thus usually generate high costs and require a long reaction time [27]; (2) chemical methods [18,28,29], during which the metal ions in the solution are reduced. The silver ions in AgNO3 or AgClO4 salts are reduced by the reducing agent, and then these reduced silver atoms agglomerate to form metallic silver nuclei, which gradually form nanoparticles. The chemical reduction method has the advantage of saving time and money [30]. However, both of these two synthesis methods have certain disadvantages, especially for rapid reactions, since, due to the inability to control heat and mass transport rapidly, it is difficult to achieve a precise shape control of the nanoparticles, which limits the progress of nanotechnology and the resulting economic benefits [31,32,33,34]. As the application of nanoparticles becomes more and more widespread and systematic, it is urgent to achieve a high yield in the near future.



Due to uniform flow, uniform mixing, easy control, high efficiency, continuous operation, and low cost, the preparation technology of microfluidic particles has developed rapidly [35,36,37,38]. The microfluidic reactor is an excellent tool for synthesizing a variety of nanoparticles and can allow the precise control of the particle size, particle size distribution, and batch-to-batch reproducibility [39,40,41]. The microfluidic chip strengthens the mass transfer and heat transfer rate in a micron-level restricted environment, which can accurately control the particle morphology. It can reduce the particle size of the nanoparticles while ensuring their uniformity, providing more advantages compared with traditional methods [42]. Microfluidic chips have unique fluid properties in a micro-scale environment, which can provide excellent mixing efficiency and a feasible route for the synthesis of noble metal nanoparticles. Microfluidic synthesis can produce micro- or nano-sized particles with narrow size distribution and consistent morphology by a proper flow rate and appropriate mixing [43,44,45,46]. The automated microfluidic synthesis system driven by a continuous liquid phase pump can be used as a specific synthesis environment for the high-throughput synthesis of various nanostructures of semiconductor or metal materials, such as nanospheres, nanorods, and even nanosheets [47,48]. In addition, benefiting from the closed nature of the microfluidic chip itself, the reaction solution in the chip can effectively avoid the interference of the external environment, which can greatly improve the repeatability of the experimental results [49,50,51,52]. For example, Xu et al. [53] used a microfluidic droplet flow to enhance the mass transfer performance of liquid–liquid systems and prepared Ag nanoparticles by reducing metal salt aqueous solutions. The effects of different experimental conditions on the diameter, shape, particle size distribution, and elemental composition of silver particles were investigated, and the smallest diameter of the synthesized nanoparticles was less than 5 nm. Magdalene et al. [54] improved the mixing efficiency by using a Y-shaped serpentine micromixer and studied the method of green synthesis of silver nanoparticles using extracts of traditional medicinal plants. The synthesized silver nanoparticles had a small size (~80 nm) and a strong antibacterial effect. This microfluidic preparation effectively reduces the necessary sample amount of important medicinal plants and the time required for the synthesis of the nanoparticles and provides space for the development of green lab-on-a-chip devices. Liu et al. [55] proposed a new synthesis method to prepare AgNPs, which uses a piezoelectric-actuated three-phase flow-pulsating mixing microfluidic chip. Compared with other synthesis methods, the synthesis of AgNPs by this microfluidic chip is fast, simple, and controllable. The average particle size of the synthesized spherical silver nanoparticles was about 29 nm, with high yield, uniform morphology, and good dispersibility.



In this work, we used silver nitrate (AgNO3) as a precursor, PVP as a stabilizer, and ascorbic acid as the reducing agent to prepare submicron silver particles with high throughput on an S-type microfluidic chip. This method is simple to operate, inexpensive, and fast. This method allows the preparation of silver particles with different particle sizes and morphologies. As a green and environmentally friendly material, ascorbic acid does not produce heavy metals or organic pollution. The concentration of PVP and ascorbic acid are important parameters to control the morphology and size distribution of the particles. By adjusting these two parameters, silver particles with two different structures were successfully prepared. Scanning electron microscopy and transmission electron microscopy were used to characterize the morphology and size of the particles. The SERS detection results showed that the SERS substrate made from the synthesized submicron silver particles has excellent SERS activity, and the SERS signal of R6G could still be detected at a concentration of only 10−9 M.




2. Methodology and Characterizations


2.1. Materials


The materials for the chip fabrication in this paper consisted of the SU8-3025 negative photoresist (MicroChem, Newton, MA, USA), Sylgard 184 polydimethylsiloxane (PDMS, Dow Corning, Midland, MI, USA), and microscopic slides (Feizhou Corp, Yancheng, China). Silver nitrate (AgNO3, >99%) and ascorbic acid (C6H8O6, >99%) were purchased from Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). Polyvinylpyrrolidone (PVP, MF: C6H9NO), rhodamine 6G (R6G, >99%), and nitrofurantoin (C8H6N4O5, >99%) were obtained from Macklin reagent Inc. (Shanghai, China).




2.2. Instruments


The microchip was fabricated using a UV lithography machine (URE-2000/25, Institute of Optics and Electronics, Chinese Academy of Sciences). The PDMS chip was irreversibly bonded to a glass slide using oxygen plasma treatment (PDC-32G-2, HARRICK). The solutions were infused into the microfluidic chip using syringe pumps (Pump 11 Elite, Harvard Apparatus). The structure of the silver particles was characterized by a scanning electron microscope (SEM, HITACHI SU8010, resolution: 1.0 nm). The composition of the particles was analyzed by energy-dispersive spectroscopy (EDS, Apollo XL, EDAX, energy resolution: 129 eV). The transmission electron microscopy (TEM) images were obtained using FE-TEM (Tecnai TF30 ST). The optical absorption spectra were measured using a UV–Vis spectrophotometer (TU-1901, PERSEE). The SERS spectra of the probe molecules were measured with a confocal microscope/Raman spectrometer system (Horiba, LabRAM HR).




2.3. Microfluidic Devices


Fabrication of the microfluidic chip. The microfluidic chip included two parts: a PDMS microchannel and a glass substrate. The specific production method was as follows, and the specific production process is shown in Supplementary Information Figure S1.



To fabricate parts of the PDMS microchannel, a photomask was first designed and fabricated, and then a SU-8 master mold was fabricated on a silicon wafer using standard photolithography. In this step, the silicon wafers were coated twice at 1000 rpm with the SU8-3025 negative photoresist to obtain a large microchannel depth, and the wafers were soft-baked on the hot plate at 65 °C for 1 h after the first coating and before the second coating, to increase the adhesion of the two layers during the second coating. The time of UV lithography was 19 s, and the exposure energy was 15 mW/cm2. Then, the degassed PDMS prepolymer, in which the ratio between the precursor and the cross-linking catalyst was 10:1, was cast on the master mold and placed on the hot plate for curing at 95 °C for 1 h. After completing the previous steps, the cured PDMS microchannel chips were peeled from the master molds and cut to an appropriate size. The inlet and outlet of the microchannel were created using a puncher on the PDMS chips. Last, the PDMS chips and the glass were bonded and placed in an oven at 65 °C for 2 h to enhance the bonding, after they were treated with oxygen plasma for 3 min. Through the test of the chip section by a Step profiler, we determined that the depth of the microchannel was 120 μm, and the width was 300 μm.




2.4. Manufacturing Submicron Silver Particles by Microfluidics


Submicron silver particles were synthesized in a microfluidic chip by the chemical reduction method. Figure 1i shows a schematic diagram of the experimental setup. The overall design structure of the microfluidic chip is shown in Figure 2a. The size of the microfluidic chip was 28 × 10 mm2. The reactor consisted of three S-shaped channels and two circular chambers, which were designed to optimize the mixing efficiency of the three-phase solution and prevent the backflow. The microfluidic chip had three inlets and one outlet. The inlet was connected to a syringe pump through three polyethylene tubes, and the outlet was connected to a test tube through a polyethylene tube. In the experiments, the flow rate of all solutions was 1 mL/min. The precursor AgNO3 and the dispersant PVP were pumped into inlet A and inlet B, respectively. The two-phase solutions were fully mixed after passing through the S-shaped channel. The reducing agent ascorbic acid was pumped from inlet C and came in contact with the mixed solution of phases A and B in the main channel. The velocity flow fields of the three solutions in the designed microchannel are shown in Figure 2b. With the contact of the three-phase solution, the silver ions in the mixed solution of the phases A and B were reduced by ascorbic acid to silver atoms and grew into silver particles.



Synthesis of flower-like silver particles via a microfluidic chip. AgNO3, PVP, and ascorbic acid were dissolved in deionized ultrapure water. The concentration of AgNO3 was always 0.02 M, the concentration of PVP was 0.2% (wt%), and the concentration of ascorbic acid was 0.01 M. The three-phase solutions were passed into the microfluidic chip at a flow rate of 1 mL/min.



Synthesis of quasi-spherical silver particles via a microfluidic chip. AgNO3, PVP, and ascorbic acid were dissolved in deionized ultrapure water. The concentration of AgNO3 was kept unchanged at 0.02 M, the concentration of PVP was increased to 1% (wt%), and the concentration of ascorbic acid was adjusted to 0.1 M. Similarly, the three-phase solutions were passed into the microfluidic chip at a flow rate of 1 mL/min.



Synthesis of quasi-spherical silver particles via conventional equipment. We stirred 10 mL of AgNO3 solution (0.02 M) and 10 mL of PVP solution (1%) in a magnetic stirrer at room temperature. Then, 10 mL of ascorbic acid solution (0.1 M) was quickly added into the above mixed solution and stirred for 15 min.




2.5. SERS Measurement


The preparation of the silver particles as a SERS substrate and SERS detection are shown in Figure 1ii. As indicated, 20 μL of silver particles solution was dropped on a 5 × 5 mm2 silicon wafer, and then the silicon wafer was transferred to a vacuum oven and dried at 45 °C for 6 h.



SERS measurement. R6G with a concentration gradient of 10−9 M−10−4 M and a nitrofurantoin antibiotic solution of 10−8 M−10−3 M were prepared for SERS detection. About 30 μL of the sample solution was dropped onto the prepared SERS substrate, and then the substrate was evaporated naturally by placing it at room temperature for about 5 h. The Raman spectra were obtained using an excitation wavelength of 633 nm and a range of 550-1800 cm−1. Five different points were selected on each SERS substrate. The Raman mapping was obtained by integrating the intensity of the Raman band at 613 cm−1 with a measurement range of 50 × 50 μm2 and a step size of 2 μm.





3. Results and Discussion


3.1. Reduction Reaction in Microchips


When the three-phase solution was pumped into the microchip at a flow rate of 1 mL/min, according to the Reynolds number Re = ρvd/μ, Re was less than the critical value Re (about 2300–2800), and the mixed solution presented a laminar flow in the microchannel [56]. As shown in Figure 2b, the flow velocity of the fluid was maximum in the center of the channel and minimum near its walls. On the contact surface of the laminar flow, the reduction reaction occurred in the three-phase solution, particles were generated, and a small number of particles accumulated on the wall. Figure 2c–f shows that as the reaction continued, the color of the contact surface on the laminar flow contact surface of the through channel gradually darkened due to the gradual accumulation of particles, but this accumulation never spread to the wall surface of the channel. When the three-phase mixed solution left the straight channel and entered the S-shaped channel, the fluid velocity on both sides of its near wall changed due to the difference in curvature at the bend, the fluid flow velocity on the outer wall side became smaller, and the flow velocity on the inner wall side became larger; this phenomenon was reversed at the next bend. After several S-shaped bends, the laminar flow state of the fluid was disturbed, the mixing efficiency was improved, and the reduction reaction gradually spread throughout the channel. The design of an S-shaped channel not only improved the mixing efficiency but also increased the reaction time per unit area and improved the overall synthesis efficiency. While the S-shaped channel exhibited an excellent mixing efficiency, it also presented another problem, that is, a large number of particles accumulated on the surface of the channel. This phenomenon created a large particle waste, and we are still researching this phenomenon, hoping to find a good way to solve the problem of particles building up on the walls.




3.2. Characterization of Submicron Silver Particles


A sample of the silver particles was obtained by centrifugation and washed with ethanol several times to remove the excess surfactant. The morphology of the synthesized particles was investigated by SEM, and typical particle images are shown in Figure 3a,b. These particles had spherical profiles but highly rough surfaces consisting of many irregular and randomly arranged protrusions. The SEM images showed that we successfully synthesized flower-like silver particles with a highly rough surface and a diameter of about 2000 nm. Their crystal structure and phase composition were characterized by an X-ray diffractometer (XRD). Figure 3e shows a typical X-ray diffraction pattern of the as-synthesized silver particles. Three diffraction peaks were observed, which corresponded to the diffraction peaks of the (111), (200), and (220) planes. The elemental composition of the particles was analyzed by EDS. Figure S2a–c shows typical EDS spectra of individual flower-like particles. A strong main emission peak of silver is observed in Figure S2c, thus emphasizing that the synthesized particles were composed of Ag elements. In addition, since the characterization of the particles was performed on silicon wafers, a small Si signal also appeared. No further impurities were observed in the EDS spectrum.



When the concentration of a solution changes, the morphology of the particles also changes. In the experiment, changes in particle morphology were observed by changing the concentration of ascorbic acid and PVP. Under the conditions of keeping the concentration of AgNO3 unchanged and using a concentration of ascorbic acid of 0.1 M and a concentration of PVP of 1%, quasi-spherical silver particles with a size of 600 nm were obtained. Likewise, the micro-morphology of the particles was obtained by SEM, and XRD and EDS were used to verify the elemental composition of the particles. Figure 3c,d shows the SEM images of the synthesized large-scale quasi-spherical silver particles and their detailed morphology. Figure S2d–f shows the EDS spectrum of the quasi-spherical silver particles, which proved that the particles were composed of silver element. It can be seen from the SEM images that the surface of the quasi-spherical silver particles was smooth, and the particle size was greatly reduced compared with that of the flower-like silver particles. We measured the size of 100 particles randomly selected and found that the average particle size of the quasi-spherical silver particles was about 598 nm, and the relative standard deviation (RSD) of the particle size was 14.2%.



The modes of surface plasmon resonance excitation in metal particles with different morphology and size are different, so the absorption peaks caused by SPR in the UV–Vis absorption spectra are also different. As shown in Figure 3f, silver particles with two morphologies showed an absorption peak around 420 nm, which was attributed to the surface plasmon resonance. The absorption peak of the flower-like silver particles was slightly red-shifted relative to that of the quasi-spherical silver particles, indicating that the flower-shaped silver particles had a relatively large particle size. The silver particles with the two morphologies showed the same weak acromion near 350 nm, which was the plasmon resonance absorption peak with partial block or sheet metal Ag in the solution.



Figure 3g,h shows the lattice streaks and electron diffraction (SAED) maps of A selected area of the flower-like silver particles. Likewise, Figure 3i,j show the lattice streaks and SAED maps of the quasi-spherical silver particles. Multiple equally spaced lattice fringes could be observed by high-resolution TEM. The lattice spacing (d) of the (111) plane was found to be 0.23 nm, consistent with the JCPDS data (No.04-0783). The SAED pattern showed circular fringes, in agreement with the XRD data (Figure 3e). These results further confirmed the formation of silver particles with a highly crystalline nature, and the stronger XRD peak indicated that the crystallinity of the flower-like particles was higher than that of the quasi-spherical silver particles.




3.3. Factors Affecting the Morphology of the Silver Particles


The process of synthesizing silver particles in a microreactor can be divided into three stages, namely, the reduction stage, the nucleation stage, and the growth stage. During the reaction process, the stabilizer PVP will preferentially adhere to a certain crystal surface of the nanocrystalline nucleus, causing the free energy of the crystal surface to change, reducing the growth rate of these crystal surfaces, and leading to anisotropic growth of the crystal, which results in different structures [57,58,59]. PVP was also used as a stabilizer to prevent the aggregation of the silver particles [60]. Aggregation is due to the high surface energy and thermodynamic instability exhibited on the surface of the particles. Stabilizers or surfactants help to reduce the surface tension of a liquid and make the particles more easily dispersed in it. On the other hand, the use of a reducing agent can also induce modifications of the particle morphology. The concentration of the reducing agent ascorbic acid will affect the concentration of silver atoms in the reduction stage, resulting in a change in the number of silver nuclei in the nucleation stage, which will affect the final morphology.



In the above experiments, silver particles of different morphology were obtained by changing the concentration of PVP and ascorbic acid. The two types of silver particles with different morphologies indicated that the concentration of ascorbic acid and PVP had an important effect on the morphology of the synthesized silver particles. When the concentration of ascorbic acid increased from 0.01 M to 0.1 M, the concentration of the reducing agent in the reaction system increased greatly. A higher concentration of the reducing agent could accelerate the reduction rate and increase the concentration of silver atoms in the reaction system. The increase in silver atom concentration sped up the nucleation rate, making the nucleation rate of the silver particles higher than their growth rate, and the concentration of the silver nuclei increased. The increasing concentration of the silver nuclei led to the formation of a large number of small particles in the solution, which made it easier to synthesize uniform small-size silver particles. On the other hand, the concentration of the stabilizer also affected the particle size. Generally, the larger the ratio of water to the stabilizer, the larger the particle size of the synthesized particles. When the PVP concentration was increased from 0.2% to 1%, the ratio of water to stabilizer decreased, resulting in a large reduction in the particle size. In addition, the high concentration of PVP also increased the coverage of the silver core. In this case, the number of exposed crystal faces was relatively small, which led to a nearly isotropic growth rate of the crystal nuclei. The surface roughness of the silver particles was significantly reduced, and the particles tended to be more spherical.




3.4. Comparison of Silver Particles Prepared by the Microfluidic Chip and the Conventional Method


We compared the size distribution obtained in the microreactor with that obtained by conventional synthesis equipment. A reference experiment was performed twice using the synthesis conditions of the quasi-spherical silver particles in a beaker to ensure repeatability. The resulting sample is shown in Figure S3. By comparison, it was found that the particles synthesized by conventional equipment had a fairly wide size distribution. To quantitatively analyze the above synthetic result, we measured the size of 100 particles, randomly chosen in Figure S3a. The size of the particles was determined by measuring the longest length of the particles, and the particle size distribution histogram comparison is shown in Figure S4. The average size of the silver particles was 515 nm, and the decrease in particle size was caused by the uneven distribution of the particle size. Compared with microfluidic synthesis, the RSD of the size of the silver particles synthesized by the conventional device reached 29.1%, showing an increase of 14.9%. The results proved that under similar experimental conditions, the microfluidic synthesis of particles provided advantages, and particles with a more uniform particle sizes could be synthesized.




3.5. SERS Enhancement Effect


Before SERS detection, to ensure that the silver substrate did not interfere with the signal of the substance to be tested, SERS detection was conducted on a blank silver substrate, and the result showed that no interference signal appeared on the silver substrate (Figure S5). The SERS performance of two kinds of silver particles with different structures was evaluated by applying R6G as a probe molecule. The SERS activity of silver structures with different morphologies is shown in Figure 4a,d. As shown in the figures, in the SERS spectrum within the range of 550~1800 cm−1, there were obvious peaks at 613 cm−1, 773 cm−1, 1363 cm−1, 1511 cm−1, and 1650 cm−1, in agreement with previous work (the band assignments of the Raman peaks at different positions are shown in Table S1). The two kinds of silver particles synthesized by the microfluidic chip showed a very high SERS activity, and 10−9 M R6G could be detected. The Raman spectra of the silver structures clearly showed that the Raman intensities of R6G decreased as the concentration decreased (Figure 4a,c). For the sake of observation, the Raman intensities at a concentration from 10−7 M to 10−9 M were multiplied by an appropriate factor. The Raman characteristic peak at 613 cm−1 of R6G belongs to the in-plane bending mode of the carbon ring of xanthene. Taking the characteristic peak at this point as an example, the linear fitting of the intensities as a function of the concentration of R6G for the two different silver structures (Figure 4b,d), respectively, is shown in Equations (1) and (2):


  Y = 31,523.4 + 4443.5 log C  



(1)






  Y = 52,384.8 + 7314.5 log C  



(2)




where Y and C are intensity and concentration, respectively. The correlation coefficients R2 of the flower-like silver particles and submicron silver particles were 0.969 and 0.967, respectively. The linear fitting results supported that the measured data were more accurate. The result showed that both silver structures had a low limit of detection and showed an excellent linear relationship. The enhancement factor (EF) of the prepared submicron silver particles under 633 nm laser is defined as:


  EF =    I S  ×  C R     I R  ×  C S     



(3)




where IS and IR are the SERS intensity and normal Raman intensity of R6G at 613 cm−1, respectively; CS and CR are the corresponding concentrations of R6G for SERS and normal Raman measurements, respectively. For the flower-like silver particles, the EF value was calculated as 3.95 × 105, and for the quasi-spherical silver particles, EF was 6.22 × 105.



In order to study the reproducibility of the two silver structures and ensure the reliability of the data, the R6G probe molecule t a concentration of 10−6 M was dropped onto the substrate, and SERS was measured at more than 12 different locations, as shown in Figure S6a,d. The results showed that the relative standard deviations of SERS intensity at 613 cm−1, 773 cm−1, and 1363 cm−1 were 35%, 31%, and 37%, respectively. For the spherical silver nanostructures, the RSD of R6G were 14%, 11%, and 14%, respectively (Figure S4). The comparison results showed that the measurements of the quasi-spherical silver particles had a better reproducibility than those of the flower-like silver particles. The comparison results showed that the measurements of the quasi-spherical silver particles had a better reproducibility than those of the flower-shaped silver particles. This was because the quasi-spherical silver particles had a relatively regular shape, and the LSPR intensity at each position was relatively consistent, with no significant fluctuation in the SERS enhancement effect, which could produce better a SERS signal repeatability. For the flower-like silver particles, because they had more irregular protrusions, the uneven distribution of hot spots in a region resulted in the irregular fluctuations of the SERS signals. At 613 cm−1, a scale of 50 × 50 microns was selected for the Raman mapping test (Figure S6). Ignoring the error caused by intensity fluctuation and the distribution of the objects to be measured, the overall brightness of the image showed no significant difference, indicating a high uniformity of the entire substrate.



Nitrofurantoin is an effective antibiotic against bacterial infections and has been used in the past to combat conditions such as urinary tract infections [61]. However, it has been banned because it may produce toxic metabolites in animals. In order to study the sensitivity of the system for the trace detection of nitrofurantoin using the SERS effect based on silver structures, we used two kinds of silver substrates to detect nitrofurantoin and compared the differences in the Raman spectra (Figure 5a,c). The Raman peak at 1345 cm−1 was attributed to the vibration of ω(H-C-H) VS ring, which was not easily interfered with by other peaks and could be used as the quantitative peak of nitrofurantoin. The peak position was used to linearly fit the peak strength and concentration (Figure 5b,d), using the linear Equations (4) and (5):


  Y = 11,202.7 + 1567.6 log C  



(4)






  Y = 12,655 + 1698.7 log C  



(5)







The coefficients of determination (R2) were 0.986 and 0.985, respectively. The above results showed that both silver structures could be used as effective SERS substrates for the accurate and sensitive SERS detection of actual samples.





4. Conclusions


In a word, we developed a simple and easy microfluidic system to synthesize two kinds of submicron silver particles with different particle sizes and morphologies, which could be used as SERS substrates for practical detection. The results showed that silver particles with uniform particle size can be prepared continuously and stably on a large scale in the microfluidic system. Based on a series of experiments, the possible growth mechanism of different silver particles was also explained. It was found that under the same precursor conditions, the concentration of reductant and stabilizer in the system can affect the number of nuclei and the coating degree of PVP on the nuclei, which has a great influence on the morphology and size of the particles. A SERS test showed that the two kinds of silver particles had high SERS activity, and the SERS signal could still be detected when the concentration of R6G was 10−9 M.



In addition, this work investigated the SERS spectra of nitrofurantoin based on the two kinds of silver particles The results showed that the surface-enhanced Raman scattering signal could still be clearly observed when the concentration of nitrofurantoin was reduced to 10−8 M. The results showed that the synthesized silver particles can be used as an effective SERS substrate for trace detection and monitoring.
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Figure 1. A schematic diagram of the device for fabricating submicron silver particles in a microfluidic chip and the synthesized silver particles that were used for SERS detection. (i) Microreactor part: the three-phase solution was pumped into the microchip for the reaction to occur and generate particles, collected in the test tube; (ii) SERS detection part: the synthesized particles were used as SERS substrates for SERS detection to evaluate their Raman enhancement effect. 
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Figure 2. Synthesis of silver particles in microchannels. (a) Design structure diagram of the microchannel and physical diagram of the chip; (b) a simulation software was used to simulate the flow rate of the solution in the microchannel; the magnified portion is the channel cross-sectional flow rate distribution after the contact of the three-phase solution; (c–f) change of the laminar contact surface with time ((c–f): 0 s, 4 s, 20 s, 60 s): the reduction reaction occurred on the laminar contact surface to generate particles and continued to occur as time increased, causing the accumulation of the particles and producing color changes. 
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Figure 3. Characterization of silver particles synthesized under different synthesis conditions. (a,b) SEM images of the synthesized flower-like silver particles and their detailed morphology; (c,d) SEM images of the synthesized quasi-spherical silver particles and their detailed morphology; (e) typical XRD spectrum of silver particles; (f) UV–Vis absorption spectra of the flower-like silver particles and quasi-spherical silver particles; (g,h) HR-TEM and electron diffraction pattern of a selected area of the flower-like silver particles; (i,j) HR-TEM and electron diffraction pattern of a selected area of the quasi-spherical silver particles. 
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Figure 4. SERS spectra of R6G (A-F:10−4 M–10−9 M) adsorbed on the flower-like silver particles (a) and quasi-spherical silver particles (c) with the average intensity of the SERS signals; at 613 cm−1 as a function of the linear relationship of R6G concentration (b,d). 
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Figure 5. SERS spectrum of nitrofurantoin (A-F:10−3 M–10−8 M) on the flower-like silver particles (a) and quasi-spherical silver particles (c) and linear relationship between the SERS intensities at 1345 cm−1 and the concentration of nitrofurantoin (b,d). 
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