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Abstract

:

Pathogen detection is still a challenging issue for public health, especially in food products. A selective preconcentration step is also necessary if the target pathogen concentration is very low or if the sample volume is limited in the analysis. Plate counting (24–48 h) methods should be replaced by novel biosensor systems as an alternative reliable pathogen detection technique. The usage of a capillary-driven microfluidic chip is an alternative method for pathogen detection, with the combination of surface-enhanced Raman scattering (SERS) measurements. Here, we constructed microchambers with capillary microchannels to provide nanoparticle–pathogen transportation from one chamber to the other. Escherichia coli (E. coli) was selected as a model pathogen and specific antibody-modified magnetic nanoparticles (MNPs) as a capture probe in a complex milk matrix. MNPs that captured E. coli were transferred in a capillary-driven microfluidic chip consisting of four chambers, and 4-aminothiophenol (4-ATP)-labelled gold nanorods (Au NRs) were used as the Raman probe in the capillary-driven microfluidic chip. The MNPs provided immunomagnetic (IMS) separation and preconcentration of analytes from the sample matrix and then, 4-ATP-labelled Au NRs provided an SERS response by forming sandwich immunoassay structures in the last chamber of the capillary-driven microfluidic chip. The developed SERS-based method could detect 101–107 cfu/mL of E. coli with the total analysis time of less than 60 min. Selectivity of the developed method was also tested by using Salmonella enteritidis (S. enteritidis) and Staphylococcus aureus (S. aureus) as analytes, and very weak signals were observed.
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1. Introduction


Food contamination is a very important issue for public health, especially in milk and milk products [1,2,3,4]. Fast, simple and reliable alternative techniques are needed to solve this crucial problem. Plate counting (24–48 h) methods should be replaced by novel biosensor systems as an alternative reliable pathogen detection technique, demonstrated by the use of nanoparticles in last few years [5,6,7]. In these developed biosensor systems, different analytical techniques are used, such as surface enhanced Raman scattering (SERS) [8,9,10,11,12,13,14,15], fluorescence [16,17,18,19], enzyme-linked immunosorbent assay (ELISA) [20,21,22], surface plasmon resonance (SPR) [23,24], electrochemical methods [25,26,27] and colorimetric methods [28,29]. SERS is a very good alternative analytical technique due to its high sensitivity, which can even detect a single bacterium. The SERS technique made the detection of many molecules with weak Raman signals possible. This sensitivity enhancement made Raman spectroscopy a commonly used detection technique. The enhancement phenomenon lies in the application of nanostructured metal, such as silver or gold. Since these metal nanoparticles have enriched optical properties, target molecules can be detected in lower detection limits. In addition, nanoparticles have been preferred for labeling in detection techniques and have enabled multiplex analysis to be carried out. Nanoparticles are also promising in the design of sensor devices, such as SERS substrates, which are ultimate tools for sensitive pathogen detection [30,31,32].



A selective preconcentration step is a very important issue if the analyte concentration is very low or the sample volume is limited for the analysis. In order to solve this issue, magnetic nanoparticles (MNPs) are commonly used because of their magnetic property and they are easily modified to a specific analyte. For example, the removal of 88% Escherichia coli (E. coli) from the sample has been achieved by using magnetic glyco nanoparticles, as shown in the literature [33]. Similarly, antibodies have been used to functionalize specific MNPs to target bacteria in order to preconcentrate E. coli from milk samples by Cheng et al. [34]. In addition, the biocompatible and low toxic properties of MNPs have increased the potential of applications in living organisms.



The usage of microfluidic chips has some important advantages, such as less sample consumption, reduction in the number of analytical steps and the reusable property of the microchip, which makes the studies more economical and effective. Most of the microfluidic chips are continuous flow types, in which the sample and other chemicals are mixed through the channels in the chip. However, pump and port connections must be used in this type of chip, which brings some disadvantages, such as reduced reliability due to the use of off-chip components. Although a few continuous flow type-based microfluidic devices have already demonstrated high sensitivities in the determination of biologically relevant organisms, these approaches require a long analysis time and do not include in-field analysis strategies of target pathogens [35,36]. A circular dielectrophoretic microfluidic device was also utilized for pathogen analysis from human blood in less than 1 min [37]. Krafft et. al. used a low-cost disposable PDMS device for the concentration of bacteria from drinking tap water, which combines filtration with the electrodriven flow [38]. However, these techniques require sophisticated technologies or external apparatuses that are hardly compatible with a portable device. Pipette-operated capillary-driven chips are effective means to eliminate these disadvantages without compromising the advantages of miniaturized systems [39,40].



Optical-based systems involve enzymatic biosensors, immunosensors, biosensors for bacteria cells, proteins, and antibodies using opto/electronic transduction of the biological process that occurs at the sensing surface. The biological element can recognize a specific analyte, activity or concentration in solution. The detection can be a binding process and immobilization steps of antibodies on sensor surfaces and nonspecific protein binding, for instance, the binding method consists of an antibody, nucleic acid, receptor protein or cell receptor, and a synthetic receptor. Nanomaterial-based biosensors can offer novel techniques that may perhaps meet the current demand for early and rapid diagnosis. In this study, rapid and sensitive enumeration of E. coli is achieved in milk samples by using the SERS technique in a capillary-driven microfluidic chip. E. coli was preconcentrated by using antibody-modified MNPs. The sandwich immunoassay structures were formed in the chip by interaction with MNP-E. coli conjugates with modified gold nanorods (Au NRs), which were also used as SERS labels. The SERS quantification of E. coli in a capillary-driven microfluidic chip with the combination of immunomagnetic separation (IMS) in milk samples, to the best our knowledge, has been reported for the first time in this study. In the first part, nanoparticles were synthesized, modified, and optimized to have higher sensitivity. A calibration graph is constructed by using different concentrations of E. coli (101–107 cfu/mL). Selectivity of the developed biosensor system specific to E. coli was proven in the presence of Salmonella enteritidis (S. enteritidis) and Staphylococcus aureus (S. aureus). The developed immunoassay procedure is successfully applied to spiked milk samples as a real sample.




2. Experimental Section


2.1. Chemicals


Iron (III) chloride (FeCl3), iron (II) sulfate heptahaydrate (FeSO4·7H2O), hydrogen tetrachloroaurate (HAuCl4), silver nitrate (AgNO3), hexadecyltrimethylammonium bromide (CTAB), 11-mercaptoundecanoic acid (11-MUA), 4-ATP, ethanolamine, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), ethylenediaminetetraacetic acid (EDTA), hydroxylamine hydrochloride, perchloric acid (HClO4), and sodium borohydride (NaBH4), sodium hydroxide (NaOH), 2-morpholinoethanesulphonic acid monohydrate (MES), and absolute ethanol were obtained from Merck (Darmstadt, Germany). Hydroxysulfosuccinimide sodium salt (NHS) was obtained from Pierce Biotechnology (Bonn, Germany). NaCl, Na2HPO4, and KH2PO4 were purchased from J.T. Baker (Deventer, The Netherlands), used as phosphate-buffered saline (PBS). N- Biotin-conjugated rabbit anti-E. coli polyclonal antibodies were received from Abcam plc. (Cambridge, UK). Immunopure avidin was received from Pierce Biotechnology (Rockford, IL, USA). In order to prepare the desired concentrations of solutions, the Millipore milliQ water purification system was used to obtain deionized water (18 MΩ cm).




2.2. Microorganisms


E. coli (ATCC 35218) and S. enteritidis (ATCC BAA 1045) were obtained from Hacettepe University Food Research Center Culture Collection, Ankara, Türkiye. S. aureus was obtained from Refik Saydam National Type Culture Collection, Ankara, Türkiye. Tryptic soy broth (TSB; Merck, Germany) was used to grow bacteria cultures at 37 °C for 18 h. The obtained cells were collected by centrifugation at 4000 rpm for 10 min. The bacteria samples were washed three times with sterile PBS (0.67 M at pH 7.4) and then the turbidity of cells was adjusted to 0.5 McFarland standard. All bacterial suspensions were adjusted using the McFarland standard, and the numbers of bacteria in the samples were also confirmed by conventional plating methods. The enumeration of E. coli was conducted by spreading the proper dilutions of bacteria on eosin methylene blue agar (EMBA). Bacterial counts were calculated after the incubation at 37 °C for 18–24 h.




2.3. Instrumentation


A Spectronics, Genesis model single beam UV–Vis spectrophotometer was used to obtain optical absorption spectra by using quartz cuvettes (1 cm light path). SERS spectra were obtained using the DeltaNu Examiner Raman microscope (Deltanu Inc., Laramie, WY, USA) with a 785-nm laser source and CCD detector. A JEOL JEM 1400 (JEOL Ltd., Tokyo, Japan) was used to obtain transmission electron microscope (TEM) images at 80 kV.




2.4. Synthesis of Au NRs


First, 4-ATP-modified Au NRs were employed as Raman labels for the quantification of E. coli. Briefly, the seed solution was prepared by adding HAuClO4 and 0.01 M NaBH4 solutions to 0.1 M CTAB solution, respectively. Then, 0.01 M HAuClO4, 0.01 M AgNO3, 0.1 M ascorbic acid and seed solutions were added to 0.1 M CTAB solution, respectively. After waiting 2 h for Au NR formation, they were precipitated by centrifugation, washed with ethanol and kept in ethanol for further modification processes.




2.5. Synthesis of Fe3O4@Au MNPs


The synthesis and characterization of spherical Fe3O4@Au MNPs (9 ± 1 nm) were described previously in our previous study [41]. Briefly, a two-step process was carried out to construct a core-shell structured Au–Fe3O4 hybrid particle, which exhibited the optical properties of Au metal and the magnetic properties of Fe3O4. Firstly, pre-prepared Fe3O4 nanoparticles were homogeneously dispersed in an EDTA solution. Afterwards, in the presence of the mixture of surfactant solution CTAB and gold chloride salt, the hydroxylamine solution was used to reduce Au3+ into Au° and gold was reactively deposited onto the EDTA-immobilized Fe3O4 particles. In order to stabilize and obtain a smoother and homogenous gold layer, gold precursor ions were directly reduced by hydroxylamine. Fe3O4 and Fe3O4@Au nanoparticles were fully characterized with UV–Vis spectrum and TEM images [41].




2.6. Surface Modification Processes of Au NRs and MNPs


Initially, Au NRs were modified with 4-ATP molecules. For this purpose, the required amounts of solid 4-ATP molecules were added to ethanolic Au NR solution to obtain the 20 mM final concentration and kept overnight to form covalent bonds between the Au surface and thiol groups. After washing with MES buffer three times to remove excess 4-ATP molecules, avidin solution was added in the presence of EDC/NHS and the solution was shaken for 30 min before the centrifugation of the solution was performed to remove excess EDC/NHS molecules. Biotin-conjugated rabbit anti-E. coli polyclonal antibodies were added and shaken for 30 min after washing the solution with MES buffer three times. The final solution was redispersed in PBS buffer (pH 7.4) after the washing procedure was repeated at least twice.



In the modification process of the MNPs, 11-MUA, which was prepared in the ethanol, was added to Fe3O4@Au MNPs and kept at room temperature overnight to modify Fe3O4@Au MNPs with 11-MUA. The excess 11-MUA molecules were discarded from the working solution by applying the washing procedure at least three times with the help of a magnet. In order to activate carboxylic acid groups of 11-MUA, EDC/NHS was added into the solution. Subsequently, avidin solution was added after the washing procedure was applied at least twice. Ethanolamine solution was added to avoid a non-specific interaction. Then, biotin-conjugated anti-E. coli antibodies were added into the MNP solution and shaken for 30 min after the washing procedure. The washing procedure was repeated again at least twice, before the final solution was redispersed in PBS buffer (pH 7.4). This biotinylated antibody recognizes all ‘O’ and ‘K’ antigenic serotypes of E. coli.




2.7. Preparation of Samples for TEM Measurements


A few microliters of MNP/NR solution was dropped onto the formvar-carbon-coated TEM grids and dried at room temperature. Then, measurements were taken by JEOL JEM 1400 TEM at 80 kV. For the preparation of MNP/NR/E. coli conjugates, the analyte was dropped on formvar-carbon-coated copper TEM grids, negatively stained with 2% uranyl acetate, and dried at room temperature. Finally, the sandwich immunoassay structures were examined by TEM.




2.8. Capillary-Driven Microfluidic Chip


The microfluidic chip shown in Figure 1 was designed to comprise four successive chambers with their own inlet and outlet ports, so that different solutions can be loaded independently to each chamber using a pipette, in the order starting from the leftmost one in Figure 1. Then, 1 mm-deep chambers were connected to each other via 400 µm-wide and 200 µm-deep microchannels. The acute opening and the intersection of the microchannels and the chambers generate a capillary pinning barrier, so that the liquid loaded in a previous chamber does not overflow into the successive chamber. The details of the working principles of the microfluidic chip have been described in our previous works [42,43].



The chambers, inlet and outlet ports, and connecting microchannels were fabricated with polymethylmethacrylate (PMMA) by machining using a benchtop CNC milling machine (Proxxon MF70 CNC-Ready, PROXXON GmbH, Föhren, Germany). The features were closed by sealing them with a second unmachined PMMA substrate by thermo-compressive bonding. The bonding process was carried out at 70 °C under 0.5 MPa of compression by using a hot press (MSE LP M4SH10 Hot Press, MSE Teknoloji Co. Ltd., Kocaeli, Turkey). After 10 min., bonding was achieved, the plates were cooled down and the load was removed to release the chip. To facilitate bonding at relatively low temperatures, the substrates were treated under chloroform vapor for 3 min. prior to bonding.




2.9. General Procedure for the Developed Biosensor System


Modified MNPs were added to E. coli solutions, which had different concentrations (1 × 101–1 × 107 cfu mL−1) in the PBS solution. The bacteria were conjugated with MNPs and then they were separated using a magnet. In order to remove unbound bacteria, the washing procedure was applied three times with PBS buffer. The MNP-E. coli conjugates were placed into the first chamber of the microfluidic chip. The second chamber was filled with E. coli antibody-modified Au NRs. The third chamber was filled with PBS solution to apply the washing procedure to the chip. The SERS measurements were taken at the last chamber of the chip. The movement of the formed conjugates from one chamber to the other was provided by using a magnet.



For the quantification studies, different concentrations of E. coli solutions interacted with modified MNPs. Then, the same above-mentioned measurement procedure was applied to obtain SERS measurements.




2.10. SERS Measurements for E. coli Detection


Different amounts of Au NRs and MNPs were studied to obtain more sensitive results. The experimental conditions were optimized for the Au NR amount for Raman labeling and MNP amount for IMS. The SERS signal intensity increased with the amounts of Au NRs and MNPs, as expected. However, after a certain amount, the microchannels between chambers became stacked, due to the aggregation of the formed sandwich immunoassay structures. This prevents the transportation of the formed sandwich complexes to the measurement chamber. The fabricated chips were initially tested to verify the operation of the capillary valves. During the magnetic particle tests, it was observed that there were traces of magnetic particles stuck on the channel and chamber surfaces. In order to solve this problem, hydrophilicity of the chips was improved by exposing them to air plasma for 1 min after the bonding process. After each use, the microchips were cleaned in water by sonication for 10 min. Then, ethanol was passed through the microchambers with a pipette and dried at 40 °C for 12 h. A microchip can be used more than ten times.



The SERS measurements of each concentration of E. coli were recorded. The calibration curve was constructed by using the average of five parallel readings of SERS signal intensity versus logarithmic E. coli concentrations. To prove the linearity of this curve, the coefficient of determination was calculated. The theoretical limit of detection was calculated as 7 cfu/mL, using the equation SLOD = Sbl + 3 × sbl, where Sbl is the mean of 10 cfu/mL E. coli measurements and sbl is the standard deviation of 10 cfu/mL E. coli measurements. The minimum detectable signal (SLOD), calculated from the equation, was converted to population density by using a calibration curve constructed with a series of standards. The specificity of the developed method was tested by using different bacteria instead of our analyte, namely S. enteritidis and S. aureus. The SERS signal intensities for each bacterium were compared with the blank measurement and E. coli measurements that have the same concentration.



Experiments were also carried out with skim milk to demonstrate the applicability of the developed sensor system for the detection of E. coli in real samples. Prior to analysis, the absence of E. coli in the skim milk samples was confirmed by cultural methods. Then, different concentrations of E. coli (1.2 × 102 and 1.2 × 103 cfu/mL) were added to skim milk. These spiked samples were analyzed with the developed chip system and the numbers of E. coli in the samples were determined. The recovery rate was calculated for each concentration as the ratio of the amount detected by the biosensor system to the concentration that initially spiked. Three repetitions were performed for each experiment. The average of all readings (in total 15 for each concentration) was used.





3. Results and Discussions


The sandwich assay was employed to enhance the lowest detection limit of SERS by improving detection sensitivity. This type of sensor was successfully utilized to detect complex matrices. In the sandwich assay, each analyte molecule “sandwich type” between the primary bio-recognition element became immobilized on the sensor’s surface and then was injected into the secondary biorecognition element. The biotin–avidin interaction has been widely employed as a marker of molecular recognition for the immobilization of biomolecules on the sensor’s surface. Furthermore, by modifying avidin or streptavidin, biotin-modified antibodies can be easily immobilized, and capture target analytes detected in the avidin-biotin detection system.



MNPs also serve a critical role in the biosensor’s function and quality, and owing to the presence of the magnetic field, the sample concentration is increased as well as the sample purity [44]. Fe3O4 nanoparticles engage in target surface immobilization because of their oxidative stability, compatibility in aqueous environments, and their nontoxicity and suitable groups at the superficial surface. Additionally, unlike conventional purification procedures, the immobilized biomolecules on MNPs may be collected or dispersed in solution using an external magnetic field, allowing for fast sample preparation. In this study, E. coli-specific antibodies were immobilized on the MNPs’ surfaces to capture E. coli from the sample matrix. Then, E. coli-specific antibody-modified Au NRs interacted with the MNP-E. coli structures for SERS labeling. The avidin–biotin interaction was used to bind antibodies to the nanoparticle surface. After E. coli was captured by the modified MNPs with 30 min of shaking time, the modified Au NRs were attached to the E. coli surface in the microfluidic chip. SERS measurements were recorded in the last chamber after the washing step in the chip. It is important to mention that usage of a microfluidic chip, except for the isolation of E. coli from solution, allows us to benefit from the advantages of miniaturized systems compared to the conventional batch technique.



3.1. General Properties of the Chip and General Procedure for Sandwich Complex Formation


The main aim of the study was to develop a simple sensor device for the detection of pathogens in the milk matrix by combining the capillary driven microfluidic chip and the SERS measurements using MNPs conjugated with antibodies. For this purpose, in the present study, the avidin-biotin modification of the MNPs and Au NRs’ surface was performed. After the surface modifications, the target pathogen E. coli was selectively captured by using antibody-modified MNPs in the first chamber. Then, the target E. coli was labelled with SERS probe Au NRs in the second chamber of the capillary-driven microfluidic chip. Subsequently, the pathogen–nanoparticle complex is moved to the third chamber by applying a simple magnet for washing with buffer solution in the chip and the target pathogen detection was performed using SERS measurements at the last chamber of the capillary-driven microfluidic chip. In this way, the analytical validation parameters of the method were determined using the proposed sensor platform. The operation of the chip was solely based on the meniscus pinning effect at the intersection of the channels that connected the chambers and the successive chambers. The meniscus pinning phenomenon requires the wettability, which is characterized by the contact angle between the working liquid and the structural solid material, of the material to be stable and predictable during the operation. However, a very well-known disadvantage of PDMS is that it does not have stable surface wettability [45,46]. Therefore, instead of PDMS, we preferred to use PMMA, whose wettability is predictable, with a contact angle of water on PMMA of about 70 degrees, and is controllable [47].



Besides the wettability issues, PMMA also simplifies the fabrication process, as it might be possible to manufacture the chip in a single run of a CNC milling machine. If PDMS was selected instead, the fabrication would require manufacturing of a mold, which would include stepped features as the depth of the chambers and channels are different on our chip. In typical PDMS molding processes, this could be obtained by two successive lithography operations, which would be costly in comparison to milling.



The developed capillary-driven microfluidic chip can be an alternative method to the expensive batch type techniques that necessitate the consumption of excess amounts of sample and materials. Figure 1 displays the overall strategy of the SERS-based detection of E. coli.




3.2. Characterizations of Au NRs and MNPs


The UV–Vis spectrum of Au NRs is shown in Figure 2A, which indicates absorption peaks at 520 nm and 740 nm. The aspect ratio of gold nanoparticles is measured manually based on the TEM images. The TEM image of the Au NRs indicates that the length of the major axis of gold nanorod particles is 45 ± 3 nm and the length of the minor axis is 15 ± 3 nm (corresponding aspect ratio of 3), as shown in Figure 2B, and homogeneous distribution of the Au NRs was also observed. Detailed characterization of Fe3O4@Au MNPs with TEM images, X-ray diffraction, magnetic field dependence of MNPs, AFM and UV–Vis spectroscopy results was presented in our previous study [41].



In order to confirm the binding of E. coli to MNPs and Au NRs in the chip system, TEM measurements were conducted. After the washing steps, MNP–antibody–E. coli conjugates were pipetted into the first chamber of the chip. Sandwich complexes were transformed to the second chamber, in order to label E. coli with Au NRs, which were specific to E. coli, by the interaction between the antibody-modified Au NRs and E. coli surface. Figure 3 indicates the TEM images of E. coli interactions with antibody-modified MNPs and Au NRs. The TEM images demonstrated the immobilization of the MNPs on bacteria at high amplifications and both nanoparticles covered some part of the target E. coli membrane. Magnetic gold nanoparticles, synthesized by using the current system, showed strong magnetism, and after interaction between MNP and E. coli, the effective separation of the MNP–antibody–E. coli conjugates was achieved using only a magnet. We demonstrated that IMS percentages varied in a range of 52.1–21.9% and were dependent on the initial bacteria counts [41]. Generally, antibody-modified particles have been used in IMS and resulted in low immobilization efficiency. However, in the present study, we applied oriented antibody–antigen interactions and the obtained results demonstrated high immobilization efficiency after specific interaction.




3.3. Optimization of Analytical Parameters and Real Sample Application


When the amounts of Au NRs and MNPs were increased to a certain amount, the SERS signal intensities also increased, as expected. However, the microchannels were clogged after a certain amount of nanoparticles due to the formation of larger aggregates. This prevents the movement of formed sandwich complexes, with the help of a magnet, to the measurement chamber. SERS measurements were performed by interactions of optimum amounts of modified Au NRs and MNPs with different concentrations of E. coli solutions. Since 4-ATP has a strong affinity to gold nanoparticles, this molecule can be adsorbed on the surface via Au-S bonds. As revealed from the SERS spectra, two strong peaks at 1080 and 1590 cm−1 can be observed, while the peaks at 1080 and 1590 cm−1 can be assigned to the a1 modes of 4-ATP molecules on the metal surface [48]. Figure 4A,B show the increasing SERS signal intensities with the increasing amounts of modified MNPs and Au NRs. Each data point is the average of three parallel measurements. Optimum amounts were determined as 2.0 × 1012 particles/mL for AuNRs and 5.0 × 1012 particles/mL for MNPs, respectively.




3.4. Analytical Performance of the Method


Under the optimized conditions, SERS intensity increases with E. coli population density. SERS measurements were recorded by interacting optimum amounts of antibody-modified MNPs and Au NRs with differently concentrated E. coli solutions, ranging from 101 to 107 cfu/mL, and the obtained spectra are shown in Figure 5. It is important to mention that the blank measurement has a small signal intensity, and the SERS response can be obtained for E. coli by subtracting the blank signal intensity from the other signals. Figure 6 shows the calibration curve constructed by using the SERS intensity. A linear relationship between E. coli population density and SERS intensity was observed in the range of 101–107 cfu/mL, with a high R2 value of 0.9929. The correlation equation was y = 480x − 437, where y is the SERS intensity and x is the population density of E. coli. As shown in Figure 5 and Figure 6, the SERS signal intensity increases with the increase in E. coli population densities. The observed sensitivity of the developed method for the detection of bacteria can be attributed to the use of stagnant fluid that results in high integration time in the microfluidic chip system.



Furthermore, the method was tested by utilizing the same procedure for different types of bacteria to be sure about the specificity of the developed method to E. coli. Here, we decided to utilize a middle concentration value and 104 cfu/mL population density of each bacteria species should be selected to perform experiments. The selectivity of the method for E. coli was evaluated with 1 × 104 cfu/mL of S. aureus and S. enteritidis. Firstly, MNP conjugated to the E. coli selective antibody interacted with those bacteria in a separate vial. Secondly, the same experiment was repeated in the presence of 1 × 104 cfu/mL E. coli. SERS signals obtained from 1 × 104 cfu/mL of S. enteritidis and S. aureus were compared with blank signals and spiked samples were compared with the 1 × 104 cfu/mL E. coli standard signal. Three parallel microchips were used for each experiment. As shown in Figure 7, the SERS signal remained unchanged, which was the same for the blank signal, for S. enteritidis and S. aureus and the SERS signal intensities of S. enteritidis and S. aureus solutions (1 × 104 cfu/mL), both fortified with 1 × 104 cfu/mL E. coli, were the same as the standard that contained only 1 × 104 cfu/mL E. coli. The obtained SERS signal intensities for S. enteritidis and S. aureus were quite similar to the blank signal intensity value, which is shown in Figure 7. These SERS results demonstrated the high selectivity of the proposed method in the capillary-driven microfluidic chip for the E. coli assay.



The applicability of the developed method to real samples was also proved by the recovery experiments with E. coli spiked milk samples, since no detectable E. coli was found in the original samples. Two different concentrations of E. coli were added to the milk samples and analyzed with the developed system. Since the formed sandwich complexes were washed in PBS buffer before the measurement chamber, the effect of milk on the SERS spectra is ignored, due to the high intensity of the 4-ATP spectrum. The results calculated by using the calibration curve equation were compared with the known initial bacteria counts. A good agreement with 113–120% recovery values are shown in Table 1. In other words, the quantification of E. coli in milk samples can be reliably obtained by using the developed method.



In our previous studies, we generated quantum dot nanoparticles (QDs) as labels and fluorescence measurements were described in order to evaluate the applicability of the method using tap water and lake water samples [17,19]. The main limitation in the fluorescence-based immunoassay is the time-consuming modification steps of QDs. In the present study, we applied SERS measurements and conjugation of Au NRs to the MNP- E. coli and the washing step was performed in the passive chip and the time necessary for washing away the excess gold nanorods decreased to 1–2 min. Furthermore, the detection limit was low using the SERS measurements compared to the bacteria detection methods and sandwich-type studies based on the use of microchips in the literature. The capillary-driven microfluidic chip can be used as a disposable device and presents excellent robustness. It has, thus, high potential in the rapid analysis of bacterial samples, particularly if combined with portable Raman instruments. Table 2 shows a comparison between the developed immunoassay system and other studies in the literature in terms of total analysis time, the LOD values and dynamic ranges.





4. Conclusions


The rapid detection of pathogenic bacteria has important significance for food safety production, which enables manufacturers to make rapid adjustments according to the detection results. While conventional microbial culture testing has long been the most common method for enumerating bacteria, it has some limitations, such as multi-day incubation periods and inability to detect viable but not culturable bacteria. Although MNPs are effective at detecting bacteria, researchers find it difficult to detect low quantities of target bacteria in real samples; therefore, MNPs must include additional materials for surface modification. In addition to the excellent LOD value and short analysis time advantages of the proposed immunoassay system, selective analysis is also possible due to usage of E. coli-specific antibodies. Furthermore, consumption of sample volumes, chemicals and nanoparticles is minimized due to the usage of microfluidic measurement platforms.







Author Contributions


Ü.D., Experimental work, Writing—original draft. F.S., Experimental work. E.Y., Experimental work, Writing—original draft. D.C., Methodology, Writing & Editing. Z.S., Experimental work, Editing. I.H.B. and U.T., Conceptualization, Methodology, Validation, Resources, funding acquisition, Writing & Editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Gazi University grant number Gazi BAP, project number 02/2018-08.




Acknowledgments


We acknowledge the support from Gazi BAP, project number 02/2018-08 and Gazi University, Faculty of Science for the use of Zekiye Suludere Electron Microscopes Center facilities.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, Q.; Yu, S.; Han, J.; Wu, J.; You, L.; Shi, X.; Wang, S. Synergistic antibacterial activity and mechanism of action of nisin/carvacrol combination against Staphylococcus aureus and their application in the infecting pasteurized milk. Food Chem. 2022, 380, 132009. [Google Scholar] [CrossRef]

	



Ruegg, P.L. The bovine milk microbiome—An evolving science. Domest. Anim. Endocrinol. 2022, 79, 106708. [Google Scholar] [CrossRef]

	



Nascimento, E.C.D.; Sabino, M.C.; Corguinha, L.d.R.; Targino, B.N.; Lange, C.C.; Pinto, C.L.D.O.; Pinto, P.D.F.; Vidigal, P.M.P.; Sant’Ana, A.S.; Hungaro, H.M. Lytic bacteriophages UFJF_PfDIW6 and UFJF_PfSW6 prevent Pseudomonas fluorescens growth in vitro and the proteolytic-caused spoilage of raw milk during chilled storage. Food Microbiol. 2022, 101, 103892. [Google Scholar] [CrossRef]

	



Bastam, M.M.; Jalili, M.; Pakzad, I.; Maleki, A.; Ghafourian, S. Pathogenic bacteria in cheese, raw and pasteurised milk. Vet. Med. Sci. 2021, 7, 2445–2449. [Google Scholar] [CrossRef]

	



Ye, S.; Han, T.; Cheng, M.; Dong, L. Wulff-type boronic acid-functionalized quantum dots for rapid and sensitive detection of Gram-negative bacteria. Sens. Actuators B Chem. 2022, 356, 131332. [Google Scholar] [CrossRef]

	



Wang, J.; Tan, L.; Bi, W.; Shen, H.; Li, D.; Yu, Z.; Gan, N. Ultrasensitive microfluidic immunosensor with stir bar enrichment for point-of-care test of Staphylococcus aureus in foods triggered by DNAzyme-assisted click reaction. Food Chem. 2022, 378, 132093. [Google Scholar] [CrossRef]

	



Yan, C.; Sun, Y.; Yao, M.; Jin, X.; Yang, Q.; Wu, W. pH-responsive nanoparticles and automated detection apparatus for dual detection of pathogenic bacteria. Sens. Actuators B Chem. 2022, 354, 131117. [Google Scholar] [CrossRef]

	



Zhu, A.; Ali, S.; Xu, Y.; Ouyang, Q.; Wang, Z.; Chen, Q. SERS-based Au@Ag NPs Solid-phase substrate combined with chemometrics for rapid discrimination of multiple foodborne pathogens. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2022, 270, 120814. [Google Scholar] [CrossRef]

	



Kim, S.; Ansah, I.B.; Park, J.S.; Dang, H.; Choi, N.; Lee, W.-C.; Lee, S.H.; Jung, H.S.; Kim, D.-H.; Yoo, S.M.; et al. Early and direct detection of bacterial signaling molecules through one-pot Au electrodeposition onto paper-based 3D SERS substrates. Sens. Actuators B Chem. 2022, 358, 131504. [Google Scholar] [CrossRef]

	



Rho, E.; Kim, M.; Cho, S.H.; Choi, B.; Park, H.; Jang, H.; Jung, Y.S.; Jo, S. Separation-free bacterial identification in arbitrary media via deep neural network-based SERS analysis. Biosens. Bioelectron. 2022, 202, 113991. [Google Scholar] [CrossRef]

	



Zhu, Y.; Liu, S.; Li, M.; Liu, W.; Wei, Z.; Zhao, L.; Liu, Y.; Xu, L.; Zhao, G.; Ma, Y. Preparation of an AgNPs@Polydimethylsiloxane (PDMS) multi-hole filter membrane chip for the rapid identification of food-borne pathogens by surface-enhanced Raman spectroscopy. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2022, 267, 120456. [Google Scholar] [CrossRef]

	



Jin, L.; Wang, S.; Shao, Q.; Cheng, Y. A rapid and facile analytical approach to detecting Salmonella enteritidis with aptamer-based surface-enhanced Raman spectroscopy. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2022, 267, 120625. [Google Scholar] [CrossRef]

	



Arslan, A.H.; Ciloglu, F.U.; Yilmaz, U.; Simsek, E.; Aydin, O. Discrimination of waterborne pathogens, Cryptosporidium parvum oocysts and bacteria using surface-enhanced Raman spectroscopy coupled with principal component analysis and hierarchical clustering. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2022, 267, 120475. [Google Scholar] [CrossRef]

	



Jia, N.; Xiong, Y.; Wang, Y.; Lu, S.; Zhang, R.; Kang, Y.; Du, Y. A novel surface-enhanced Raman scattering method for detecting fish pathogenic bacteria with Fe3O4@PEI nanocomposite and concentrated Au@Ag. J. Raman Spectrosc. 2022, 53, 211–221. [Google Scholar] [CrossRef]

	



Ilhan, H.; Guven, B.; Dogan, U.; Torul, H.; Evran, S.; Çetin, D.; Suludere, Z.; Saglam, N.; Boyaci, İ.H.; Tamer, U. The coupling of immunomagnetic enrichment of bacteria with paper-based platform. Talanta 2019, 201, 245–252. [Google Scholar] [CrossRef]

	



Fu, L.; Chen, Q.; Jia, L. Carbon dots and gold nanoclusters assisted construction of a ratiometric fluorescent biosensor for detection of Gram-negative bacteria. Food Chem. 2022, 374, 131750. [Google Scholar] [CrossRef]

	



Kasap, E.N.; Doğan, Ü.; Çoğun, F.; Yıldırım, E.; Boyacı, İ.H.; Çetin, D.; Suludere, Z.; Tamer, U.; Ertaş, N. Fast fluorometric enumeration of E. coli using passive chip. J. Microbiol. Methods 2019, 164, 105680. [Google Scholar] [CrossRef]

	



Dogan, Ü.; Kasap, E.; Cetin, D.; Suludere, Z.; Boyaci, I.H.; Türkyilmaz, C.; Ertas, N.; Tamer, U. Rapid detection of bacteria based on homogenous immunoassay using chitosan modified quantum dots. Sens. Actuators B Chem. 2016, 233, 369–378. [Google Scholar] [CrossRef]

	



Dogan, Ü.; Kasap, E.N.; Sucularli, F.; Yildirim, E.; Tamer, U.; Cetin, D.; Suludere, Z.; Boyaci, I.H.; Ertas, N. Multiplex enumeration of Escherichia coli and Salmonella enteritidis in a passive capillary microfluidic chip. Anal. Methods 2020, 12, 3788–3796. [Google Scholar]

	



Sun, Q.; Cheng, J.; Lin, R.; Li, J.; Zhang, Y.; Liang, X.; Su, Y.; Pang, R.; Xue, L.; Zeng, H.; et al. A novel multiplex PCR method for simultaneous identification of hypervirulent Listeria monocytogenes clonal complex 87 and CC88 strains in China. Int. J. Food Microbiol. 2022, 366, 109558. [Google Scholar]

	



Arnaboldi, S.; Benevenia, R.; Bertasi, B.; Galuppini, E.; Mangeri, L.; Tilola, M.; Bassi, D.; Cocconcelli, P.S.; Stroppa, A.; Varisco, G. Validation of a real-time PCR method on pta gene for Clostridium tyrobutyricum quantification in milk. Food Control 2021, 130, 108250. [Google Scholar] [CrossRef]

	



Janik, M.; Brzozowska, E.; Czyszczoń, P.; Celebańska, A.; Koba, M.; Gamian, A.; Bock, W.J.; Śmietana, M. Optical fiber aptasensor for label-free bacteria detection in small volumes. Sens. Actuators B Chem. 2021, 330, 129316. [Google Scholar] [CrossRef]

	



Dursun, A.D.; Borsa, B.A.; Bayramoglu, G.; Arica, M.Y.; Ozalp, V.C. Surface plasmon resonance aptasensor for Brucella detection in milk. Talanta 2022, 239, 123074. [Google Scholar] [CrossRef]

	



Li, Y.; Wang, X.; Ning, W.; Yang, E.; Li, Y.; Luo, Z.; Duan, Y. Sandwich method-based sensitivity enhancement of Ω-shaped fiber optic LSPR for time-flexible bacterial detection. Biosens. Bioelectron. 2022, 201, 113911. [Google Scholar] [CrossRef]

	



Kumaravel, S.; Jian, S.E.; Huang, S.T.; Huang, C.H.; Hong, W.Z. Convenient and ultrasensitive detection of live Salmonella using ratiometric electrochemical molecular substrates. Anal. Chim. Acta 2022, 1190, 339244. [Google Scholar] [CrossRef]

	



Jiang, H.; Jiang, D.; Liu, X.; Yang, J. A self-driven PET chip-based imprinted electrochemical sensor for the fast detection of Salmonella. Sens. Actuators B Chem. 2021, 349, 130785. [Google Scholar] [CrossRef]

	



Ren, S.; Zhang, X.; Li, Z.; Jian, X.; Zhao, J.; Song, Y.Y. Development of a pulse-induced electrochemical biosensor based on gluconamide for Gram-negative bacteria detection. Microchim. Acta 2021, 188, 399. [Google Scholar] [CrossRef]

	



Xu, J.; Yang, Q.; Wang, P.; Wu, D.; Yang, X.; Chen, W.; Gao, S.; Wang, S. Self-assembled β-galactosidase on T4 phage capsid through affinity binding with enhanced activity and stability for rapid bacteria detection. Sens. Actuators B Chem. 2022, 359, 131569. [Google Scholar] [CrossRef]

	



Gupta, R.; Kumar, A.; Kumar, S.; Pinnaka, A.K.; Singhal, N.K. Naked eye colorimetric detection of Escherichia coli using aptamer conjugated graphene oxide enclosed Gold nanoparticles. Sens. Actuators B Chem. 2021, 329, 129100. [Google Scholar] [CrossRef]

	



Tahir, M.A.; Dina, N.E.; Cheng, H.; Valev, V.K.; Zhang, L. Surface-enhanced Raman spectroscopy for bioanalysis and diagnosis. Nanoscale 2021, 13, 11593–11634. [Google Scholar] [CrossRef]

	



Chen, H.; Das, A.; Bi, L.; Choi, N.; Moon, J.I.; Wu, Y.; Park, S.; Choo, J. Recent advances in surface-enhanced Raman scattering-based microdevices for point-of-care diagnosis of viruses and bacteria. Nanoscale 2020, 12, 21560–21570. [Google Scholar] [CrossRef]

	



Yang, S.Z.; Liu, Q.A.; Liu, Y.L.; Weng, G.J.; Zhu, J.; Li, J.J. Recent progress in the optical detection of pathogenic bacteria based on noble metal nanoparticles. Microchim. Acta 2021, 188, 258. [Google Scholar] [CrossRef]

	



El-Boubbou, K.; Gruden, C.; Huang, X. Magnetic glyco-nanoparticles: A unique tool for rapid pathogen detection, decontamination, and strain differentiation. J. Am. Chem. Soc. 2007, 129, 13392–13393. [Google Scholar] [CrossRef]

	



Cheng, Y.; Liu, Y.; Huang, J.; Li, K.; Zhang, W.; Xian, Y.; Jin, L. Combining biofunctional magnetic nanoparticles and ATP bioluminescence for rapid detection of Escherichia coli. Talanta 2009, 77, 1332–1336. [Google Scholar] [CrossRef]

	



Cho, Y.K.; Kim, S.; Lee, K.; Park, C.; Lee, J.G.; Ko, C. Bacteria concentration using a membrane type insulator-based dielectrophoresis in a plastic chip. Electrophoresis 2009, 30, 3153–3159. [Google Scholar] [CrossRef]

	



Lin, H.Y.; Huang, C.H.; Hsieh, W.H.; Liu, L.H.; Lin, Y.C.; Chu, C.C.; Wang, S.T.; Kuo, I.T.; Chau, L.K.; Yang, C.Y. On-line SERS detection of single bacterium using novel SERS nanoprobes and a microfluidic dielectrophoresis device. Small 2014, 10, 4700–4710. [Google Scholar] [CrossRef]

	



Cheng, I.F.; Chang, H.C.; Chen, T.Y.; Hu, C.; Yang, F.L. Rapid (<5 min) identification of pathogen in human blood by electrokinetic concentration and surface-enhanced Raman spectroscopy. Sci. Rep. 2013, 3, 2365. [Google Scholar]

	



Krafft, B.; Tycova, A.; Urban, R.D.; Dusny, C.; Belder, D. Microfluidic device for concentration and SERS-based detection of bacteria in drinking water. Electrophoresis 2021, 42, 86–94. [Google Scholar] [CrossRef]

	



Phurimsak, C.; Yildirim, E.; Tarn, M.D.; Trietsch, S.J.; Hankemeier, T.; Pamme, N.; Vulto, P. Phaseguide assisted liquid lamination for magnetic particle-based assays. Lab Chip 2014, 14, 2334–2343. [Google Scholar] [CrossRef]

	



Berry, S.M.; MacCoux, L.J.; Beebe, D.J. Streamlining immunoassays with immiscible filtrations assisted by surface tension. Anal. Chem. 2012, 84, 5518–5523. [Google Scholar] [CrossRef]

	



Tamer, U.; Cetin, D.; Suludere, Z.; Boyaci, I.H.; Temiz, H.T.; Yegenoglu, H.; Daniel, P.; Dinçer, I.; Elerman, Y. Gold-coated iron composite nanospheres targeted the detection of Escherichia coli. Int. J. Mol. Sci. 2013, 14, 6223–6240. [Google Scholar] [CrossRef]

	



Gjergjizi, B.; Çoğun, F.; Yıldırım, E.; Eryılmaz, M.; Selbes, Y.; Sağlam, N.; Tamer, U. SERS-based ultrafast and sensitive detection of luteinizing hormone in human serum using a passive microchip. Sens. Actuators B Chem. 2018, 269, 314–321. [Google Scholar] [CrossRef]

	



Ahi, E.E.; Torul, H.; Zengin, A.; Sucularlı, F.; Yıldırım, E.; Selbes, Y.; Suludere, Z.; Tamer, U. A capillary driven microfluidic chip for SERS based hCG detection. Biosens. Bioelectron. 2022, 195, 113660. [Google Scholar] [CrossRef]

	



İlhan, H.; Panhwar, S.; Boyaci, İ.H.; Tamer, U. Optical Based Transducers for Biosensors. In Biosensors: Fundamentals Emerging Technologies and Applications; CRC Press: Boca Raton, FL, USA, 2022; pp. 155–186. [Google Scholar]

	



Murakami, T.; Kuroda, S.I.; Osawa, Z. Dynamics of polymeric solid surfaces treated with oxygen plasma: Effect of aging media after plasma treatment. J. Colloid Interface Sci. 1998, 202, 37–44. [Google Scholar] [CrossRef]

	



Fritz, J.L.; Owen, M.J. Hydrophobic recovery of plasma-treated polydimethylsiloxane. J. Adhes. 1995, 54, 33–45. [Google Scholar] [CrossRef]

	



Sakamoto, H.; Hatsuda, R.; Miyamura, K.; Sugiyama, S. Plasma separation PMMA device driven by capillary force controlling surface wettability. Micro Nano Lett. 2012, 7, 64–67. [Google Scholar] [CrossRef]

	



Zhang, W.; Rahmani, M.; Niu, W.; Ravaine, S.; Hong, M.; Lu, X. Tuning interior nanogaps of double-shelled Au/Ag nanoboxes for surface-enhanced Raman scattering. Sci. Rep. 2015, 5, 8382. [Google Scholar] [CrossRef]

	



Brosel-Oliu, S.; Ferreira, R.; Uria, N.; Abramova, N.; Gargallo, R.; Munoz-Pascual, F.X.; Bratov, A. Novel impedimetric aptasensor for label-free detection of Escherichia coli O157:H7. Sens. Actuators B Chem. 2018, 255, 2988–2995. [Google Scholar] [CrossRef]

	



Díaz-Amaya, S.; Lin, L.K.; Deering, A.J.; Stanciu, L.A. Aptamer-based SERS biosensor for whole cell analytical detection of E. coli O157:H7. Anal. Chim. Acta 2019, 1081, 146–156. [Google Scholar] [CrossRef]

	



Zeinhom, M.M.A.; Wang, Y.; Song, Y.; Zhu, M.J.; Lin, Y.; Du, D. A portable smart-phone device for rapid and sensitive detection of E. coli O157:H7 in Yoghurt and Egg. Biosens. Bioelectron. 2018, 99, 479–485. [Google Scholar] [CrossRef]

	



Zhou, C.; Zou, H.; Li, M.; Sun, C.; Ren, D.; Li, Y. Fiber optic surface plasmon resonance sensor for detection of E. coli O157:H7 based on antimicrobial peptides and AgNPs-rGO. Biosens. Bioelectron. 2018, 117, 347–353. [Google Scholar] [CrossRef]

	



Yao, L.; Wang, L.; Huang, F.; Cai, G.; Xi, X.; Lin, J. A microfluidic impedance biosensor based on immunomagnetic separation and urease catalysis for continuous-flow detection of E. coli O157:H7. Sens. Actuators B Chem. 2018, 259, 1013–1021. [Google Scholar] [CrossRef]

	



Kaushik, S.; Pandey, A.; Tiwari, U.K.; Sinha, R.K.; İlhan, H.; Panhwar, S.; Boyaci, İ.H.; Tamer, U. A label-free fiber optic biosensor for Salmonella Typhimurium detection. Opt. Fiber Technol. 2018, 46, 95–103. [Google Scholar] [CrossRef]

	



Guven, B.; Basaran-Akgul, N.; Temur, E.; Tamer, U.; Boyacı, I.H. SERS-based sandwich immunoassay using antibody coated magnetic nanoparticles for Escherichia coli enumeration. Analyst 2011, 136, 740–748. [Google Scholar] [CrossRef]

	



Yang, D.; Zhou, H.; Haisch, C.; Niessner, R.; Ying, Y. Reproducible, E. coli detection based on label-free SERS and mapping. Talanta 2016, 146, 457–463. [Google Scholar] [CrossRef]








[image: Biosensors 12 00765 g001 550] 





Figure 1. The schematic illustration of experimental strategy using SERS-based sandwich immunoassay for detection of E. coli. 
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Figure 2. (A) UV–Vis spectrum of Au NRs. (B) TEM images of Au NRs. 
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Figure 3. TEM images of E. coli interactions with modified MNPs (A,B) and MNPs with Au NRs (C,D). 
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Figure 4. (A) SERS spectra obtained for Au NR amount optimization; (B) SERS spectra obtained for MNP amount optimization. 
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Figure 5. Typical SERS spectra obtained from target bacteria as a function of different initial logarithmic concentrations. Different color represents the increase of bacteria concentration. 
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Figure 6. Calibration curve obtained for E. coli. 
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Figure 7. SERS signal intensities measured for blank, S. aureus, S. enteritidis, E. coli, and S. aureus and S. enteritidis spiked with 1 × 104 cfu/mL E. coli, respectively. 
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Table 1. Comparison of the results obtained from the spiked milk samples.
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	Spiked E. coli Concentration (cfu/mL)
	Detected E. coli Concentration (cfu/mL)
	Recovery (%)





	1.2 × 102
	1.4 ± 0.3 × 102
	113



	1.2 × 104
	1.5 ± 0.4 × 104
	120
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Table 2. Comparison of this proposed biosensor with other similar studies in the literature.
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	Total Analysis Time
	LOD (cfu mL−1)
	Dynamic Range (cfu mL−1)
	References





	30 min
	2.9 × 102
	101–105
	[49]



	20 min
	101
	102–106
	[50]



	2 h
	1
	100–106
	[51]



	Less than 1 h
	5 × 102
	103–5 × 107
	[52]



	5 min
	1.2 × 101
	101–105
	[53]



	20 min
	2.5 × 102
	5 × 102–5 × 103
	[54]



	Less than 70 min
	8
	101–104
	[55]



	3 h
	105
	105–107
	[56]



	Less than 1 h
	7
	101–107
	This study
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