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Abstract


With the increasing emphasis on food safety and health, it has become particularly important to develop rapid, sensitive and low-cost detection methods for foodborne pathogens. Lateral flow assay (LFA) has shown great potential in the field of point-of-care testing (POCT) due to its rapidity, portability and low cost. However, traditional gold nanoparticles (AuNPs)-labeled LFAs face challenges such as insufficient signal strength when detecting nucleic acids. In this study, LFA labeled with polystyrene microspheres was constructed targeting the specific nuc gene of Staphylococcus aureus for the detection of double-stranded PCR products. Unlike traditional AuNPs that pair antibodies through physical adsorption, polystyrene microspheres adopt a covalent coupling strategy, significantly enhancing probe stability and signal strength. Under the optimized conditions, the detection limit was calculated to be 7.28 × 102 CFU/mL, which was approximately 10 times higher than that of the AuNP-based strip. This method demonstrated excellent specificity, reproducibility (RSD < 5%) and stability. In the practical application of artificially contaminated milk samples, the detection performance of polystyrene microsphere-based strips was better than that of AuNP-based strips. This study provides an efficient and easy-to-operate solution for the visual detection of foodborne pathogens.
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1. Introduction


As global food production, processing, and consumption continue to expand, foodborne diseases have emerged as a major public health concern worldwide, foodborne illnesses and fatalities caused by pathogenic bacteria remains high every year [1,2]. Staphylococcus aureus, a significant foodborne pathogen, produces enterotoxins that can cause severe gastrointestinal disturbances, including nausea, vomiting, diarrhea, and even death [3]. Contamination of food by Staphylococcus aureus is commonly associated with dairy products, meats, and eggs, posing a serious threat to food safety [4]. Although €traditional culturing methods are widely employed, they are often time-consuming, labor-intensive, and impractical for rapid on-site detection [5,6]. Therefore, the development of rapid, sensitive, and user-friendly pathogen detection methods is of utmost importance. Current detection techniques for foodborne pathogens predominantly include immunological assays, molecular biology methods and biosensors [7,8,9]. Immunological methods such as enzyme-linked immunosorbent assay (ELISA) and traditional antigen/toxin detection techniques are widely used but are hindered by their complexity, long processing times, and low sensitivity [10]. Molecular methods such as real-time/quantitative PCR and digital PCR offer high sensitivity and specificity but typically require specialized and expensive laboratory equipment [11,12,13]. Although portable conventional PCR and isothermal amplification can also achieve the amplification of target sequences, they often require subsequent detection steps such as electrophoresis [14,15].



As a convenient, cost-effective, and user-friendly detection platform, lateral flow biosensor has gained increasing attention [16,17,18]. LFA combines paper-based capillary action, immune (or nucleic acid) recognition, and visual signal output, allowing results to be read by the naked eye without the need for complex instrumentation [19,20]. This makes it highly suitable for on-site testing and food safety monitoring in resource-limited environments [21,22,23,24]. One of the core components of LFA is the “label” or “reporter” system, which determines the visualization, sensitivity, and stability of the detection signal [25]. Traditional LFAs often use AuNPs as the labeling material. AuNPs are favored for their distinct color, excellent biocompatibility, and independence from complex equipment, making them widely used for the rapid detection of pathogens and toxins [26,27,28].



However, AuNP-based labeling also has certain limitations [29]. For instance, the attachment of antibodies primarily relies on physical adsorption, which may be influenced by environmental conditions (such as pH, salt concentration, etc.), potentially affecting the stability and consistency of the complex [30]. Moreover, when the target for detection is PCR amplification products (nucleic acids) rather than proteins/antigens, the requirements for labeling stability, binding efficiency, and signal strength become even more stringent. Some studies have also pointed out that the detection limits and sensitivity of traditional LFA may still fall short in certain applications [31,32]. To address these issues, recent research has focused on improving LFA design or switching labeling materials to enhance performance [33,34,35]. In recent years, researchers have increasingly turned their attention to alternative types of nanoparticles/microparticles for labeling, such as fluorescent nanoparticles, up-conversion nanoparticles (UPNs), quantum dots (QDs), magnetic nanoparticles, and colored polystyrene microspheres [20,36,37,38,39].



Among these alternatives, polystyrene microspheres have emerged as highly promising LFA labeling materials due to their easy synthesis, flexible surface functionalization, diverse color options, low cost, and ease of storage [40,41,42]. By covalently coupling antibodies onto the surface of polystyrene microspheres through chemical methods such as carboxyl-EDC/NHS activation, more stable, uniform, and interference-resistant complexes can be achieved compared to simple physical adsorption, thereby improving signal stability and assay sensitivity [43,44,45]. In recent years, dyed latex microspheres have been widely adopted as colorimetric labels in LFAs for diverse targets, including viral biomarkers, toxins, and metal ions, benefiting from their high dye-loading capacity and visual contrast on nitrocellulose membranes [40,42,43]. In addition to colorimetric readout, polystyrene microspheres can also serve as carriers for fluorescent or lanthanide chelates, enabling further signal amplification and quantitative detection when combined with portable readers, which supports the development of more sensitive point-of-care platforms [46]. Lateral flow assays have also been developed specifically for Staphylococcus aureus detection using various recognition and reporting strategies. These include nucleic acid-based LFA platforms for rapid detection of Staphylococcus aureus using fluorescence probes [47] and immunochromatographic LFAs targeting Staphylococcus aureus surface antigens [48], highlighting the feasibility of LFA-based detection for this important foodborne pathogen. In this work, we further extend the application of polystyrene microsphere labeling to a PCR-LFA platform for enhanced visual detection of Staphylococcus aureus PCR products.



In this study, lateral flow strips labeled with polystyrene microspheres were designed and constructed, while traditional AuNP-labeled LFA as control. The performance of the two labeling systems was compared under the same PCR target, identical chromatographic structure, and the same detection conditions, evaluating parameters such as detection limit, specificity, reproducibility, stability, and applicability to food samples. The results indicate that the polystyrene microsphere-labeled LFA not only offers superior sensitivity compared to the AuNP-based strips but also shows enhanced advantages in terms of practicality, providing a low-cost, highly sensitive, and field-operable solution for food safety testing.




2. Experimental Section


2.1. Optimization of PCR Amplification System


The PCR reaction mixture had a total volume of 50 μL, containing 25 μL of 2× PCR Master Mix. This mix included 0.1 U/μL Taq DNA polymerase, 0.2 mM dNTPs, MgCl2, and a buffer solution, providing the necessary components for the PCR reaction. The concentrations of the forward and reverse primers were optimized in subsequent experiments. This reaction system served as the foundation for standard PCR protocols, and the component concentrations were further adjusted as needed to achieve optimal amplification results. The amplification process employed 1× TAE buffer and 4S Green Plus DNA dye for electrophoretic analysis on a 3% agarose gel, with a negative control (using water in place of the DNA template) to validate the amplification.



In order to optimize the PCR amplification efficiency, several critical reaction parameters were tested using gradient settings. Magnesium ion concentrations were varied at 2.5, 3, 3.5, and 4 mmol/L to enhance both sensitivity and specificity of the amplification reaction. Primer concentrations were set at 0.5, 1, 1.5, and 2 μM to optimize reaction specificity and minimize the formation of primer dimers. A gradient of annealing temperatures ranging from 50 °C to 60 °C, with nine different temperature settings, was employed to ensure optimal primer-template binding. All optimized conditions were validated through electrophoresis, assessing the intensity and specificity of the amplified bands to ensure the final PCR conditions were optimal.




2.2. Conjugate Preparation and Labeling


2.2.1. Conjugation of AuNPs with FITC Antibody


AuNPs were synthesized using the classical trisodium citrate reduction (Turkevich–Frens) method to obtain stable and monodisperse nanoparticles (~20 nm) and were used as a conventional reference label in this study [49]. After preparation, the AuNPs were conjugated with a specific antibody. The procedure began by preparing a pH 8.0 coupling buffer by adjusting ultrapure water with 1.0 M K2CO3. The 20 nm AuNP colloid was concentrated by centrifugation at 12,000× g for 10 min (5-fold concentration), the supernatant was discarded, and the pellet was resuspended in 200 μL of the pH 8.0 H2O. Then, 10 μL of rabbit anti-FITC antibody (1 mg/mL) was added to the solution, and the mixture was incubated on a shaker at room temperature for 1 h. Following this, 2 μL of 10% BSA solution was added to block non-specific binding, and the reaction was allowed to proceed for 30 min. The mixture was then centrifuged at 12,000 rpm for 12 min at 4 °C, and the supernatant was discarded. The resulting precipitate was washed with 200 μL PBS buffer containing 1% BSA, and this washing step was repeated twice. Finally, the precipitate was resuspended in 200 μL Eluent Buffer containing 0.076 g Na3PO4·12H2O, 0.5 g BSA, 1 g sucrose, 22.7 μL Tween-20, and 10 mL ddH2O, and stored at 4 °C for later use.




2.2.2. Conjugation of Polystyrene Microspheres with FITC Antibody


In this study, carboxylated blue polystyrene latex microspheres (nominal diameter: 100 nm; stock concentration: 10 mg/mL) were activated through chemical methods and conjugated with a specific antibody. First, the polystyrene microspheres were pre-treated by centrifuging a 1 mL microsphere suspension (2 mg/mL) at 10,000 rpm for 8 min, discarding the supernatant, and washing the pellet with 1 mL of 0.01 mol/L PBS buffer at 8000 rpm.



This washing step was repeated twice. Next, a solution containing 9.6 mg EDC, 5.43 mg NHS, and 1 mL MES was prepared, and the microsphere pellet was fully dissolved in the solution. The mixture was incubated on a shaker at room temperature for 15 min, followed by centrifugation at 8000 rpm for 6 min. The supernatant was discarded, and the pellet was washed again with 1 mL of 0.01 M PBS buffer. Subsequently, 10 μL of 1 mg/mL rabbit anti-FITC antibody was added to the microsphere suspension, which was then thoroughly mixed and sonicated. The reaction continued on a shaker for 3 h, after which the microspheres were centrifuged, and the unbound antibody was removed by washing twice with 1 mL of 0.01 mol/L PBS. The final pellet was resuspended in 1 mL Eluent Buffer and stored at 4 °C for later use. This process enables the stable conjugation of the FITC antibody to the polystyrene microspheres, which is essential for the subsequent detection of PCR products using lateral flow assays.





2.3. Construction and Optimization of Lateral Flow Assay


2.3.1. Construction and Optimization of AuNP-Based LFA


The core components of the LFA strips include the sample pad, conjugate pad, NC membrane, and absorbent pad. Each part was optimized in terms of material and size to meet the specific detection requirements. Detection lines (T line) and control lines (C line) were formed on the NC membrane by a dispenser (setup 0.5 μL/cm). The C line was coupled with goat anti-rabbit IgG (1 mg/mL), and the T line was coupled with streptavidin (SA, 1 mg/mL). After coating, the strips were left to dry at room temperature overnight. To prepare the sample pads, a buffer solution consisting of 1.168 mL Triton X-100, 3.94 g Trizma, 37.5 μL 2 M NaCl, and 500 mL ddH2O was used to soak the sample pads for at least 1 h. The pads were then dried in an oven at 37 °C and stored at 4 °C. Afterward, the NC membrane, conjugate pad, sample pad, absorbent pad, and PVC backing were assembled and cut into strips approximately 4 mm wide. The strips were sealed in plastic bags and stored at 4 °C for further use.



To enhance the detection performance of the PCR-LFA strips, key construction parameters were systematically optimized. First, the final concentration of FITC antibody coupled with AuNPs was optimized, and the DNA was extracted and amplified by PCR. The strips were used to detect the PCR products, and the band intensity was compared under different coupling conditions. Next, the concentration of streptavidin (SA) on the T line was optimized to determine the optimal coating condition for improved detection performance. Finally, the buffer concentration was optimized by testing different PBS concentrations for sample application.




2.3.2. Construction and Optimization of Polystyrene Microsphere-Based LFA


The construction of PCR product detection strips based on polystyrene microspheres follows the same procedure as that of colloidal gold-based strips. To improve the performance of PCR-LFA strips, we systematically optimized key parameters, including the concentration of polystyrene microspheres, FITC antibody coupling, T line streptavidin (SA) concentration, and buffer composition. The microsphere concentration was optimized by testing different amounts of microspheres during activation and conjugation, followed by DNA extraction and PCR amplification. The FITC antibody coupling condition was optimized by evaluating different final antibody concentrations for coupling with the polystyrene microspheres. In addition, the SA concentration on the T line and the running buffer formulation were further optimized to improve signal intensity and reduce background interference. These optimization steps ensured that the strips provided highly specific and sensitive detection signals, thereby improving the detection efficiency of PCR products.





2.4. Analytical Performance


To assess the performance of the two PCR product detection strips, both the colloidal gold-based and polystyrene microsphere-based strips were tested for specificity, sensitivity, reproducibility, and stability based on the optimized construction conditions.



For the specificity testing, the ability of the strips to recognize target DNA was evaluated using non-target bacterial strains, including Shigella flexneri, Shigella sonnei, Escherichia coli, Salmonella, and Pseudomonas putida, as negative controls. DNA was extracted from Staphylococcus aureus and other control strains and amplified under optimal PCR conditions. Conjugates were applied to the conjugate pad, and 100 μL of sample buffer containing PCR products was added to the sample pad of the test strip. After incubation for 10 min, the sample pad was washed with buffer. The appearance of visible blue (or red) bands at both the test line (T line) and control line (C line) was observed visually. The intensity and appearance of the bands were compared to assess the specificity of primer binding to the target DNA. Quantitative analysis of the T line signal intensity was performed using a strip reader to provide a more precise measurement.



The sensitivity of the PCR-LFA method was evaluated by adjusting the concentration of PCR products to determine the lowest detectable concentration. A series of dilutions of Staphylococcus aureus bacterial suspension, starting from 5.6 × 106 CFU/mL, were prepared by serially diluting to concentrations ranging from 5.6 × 106 to 5.6 × 101 CFU/mL, with a blank sample included. DNA was extracted from the different bacterial suspensions, followed by PCR amplification under optimized conditions and detection using the lateral flow assay strips. The color intensity at both the T line and C line was visually examined, and the results were used to assess the sensitivity of the detection method. This approach ensured the high efficiency and reliability of the PCR product detection system.



Reproducibility was assessed by testing Staphylococcus aureus DNA at concentrations ranging from 5.6 × 106 to 5.6 × 103 CFU/mL. Each concentration was tested in six parallel experiments. The peak area signal values were recorded using a strip reader.



The stability of the lateral flow assay strips was evaluated by testing Staphylococcus aureus DNA at concentrations of 5.6 × 106 and 5.6 × 104 CFU/mL, along with a blank control, over a six-month period. Tests were performed every two months, and color intensity changes were compared alongside signal values measured by a strip reader.



All experiments were conducted using consistent operational procedures, buffer systems, and result interpretation criteria to minimize the risk of false positives or false negatives due to procedural differences. To ensure data accuracy and reproducibility, each concentration was tested in triplicate using strips from the same batch. The resulting data were then used to establish the detection limit (LOD), linear range, and specificity of the method.




2.5. Practical Sample Detection


To evaluate the applicability and detection performance of the constructed PCR product detection strip in real samples, spiking recovery experiments were conducted using sterile milk as a model matrix for detecting Staphylococcus aureus. Commercially purchased sterile milk was divided into several 900 μL aliquots. A 10-fold dilution of Staphylococcus aureus culture was prepared, and 100 μL of the diluted bacterial solution was added to the sterile milk, resulting in a final bacterial concentration range of 5.6 × 105 to 5.6 × 101 CFU/mL. The samples were then incubated at 37 °C with shaking for 2 h in an aerobic environment, followed by DNA extraction. The extracted DNA was subjected to PCR amplification, and the PCR products were analyzed using the lateral flow strip. During the detection process, 100 μL of the spiked sample was added to the sample pad of the test strip, and the strip was incubated at room temperature for 15 min. The color changes in the T line and C line were then observed for both qualitative and quantitative analysis. For qualitative analysis, the T line was visually inspected for color development, while for quantitative analysis, the grayscale values of the T/C lines were measured using the strip reader.





3. Results and Discussion


3.1. Principle of PCR Product Detection Using Polystyrene Microspheres


The principle of the polystyrene microsphere-labeled PCR-LFA detection platform constructed in this study is shown in Figure 1. PCR amplification was performed using a dual labeled primer system targeting Staphylococcus aureus-specific nuc genes. The forward primer, labeled with FITC at the 5′ end (5′-FITC-GCATGTAGTGTGATGCAGGTT-3′), and the reverse primer, labeled with biotin at the 5′ end (5′-Biotin-AGCCAAGCCTTGACGAAGACTAAAGC-3′), resulted in a double-stranded DNA (279 bp) with FITC and biotin tags at both ends.



During the detection process, the polystyrene microsphere–FITC antibody complex is pre-dropped onto the conjugate pad. When the sample buffer containing PCR amplification products is added to the sample pad, it migrates towards the absorbing pad under capillary action. The FITC group at one end of the amplified product binds to the conjugate, forming a polystyrene microsphere–FITC antibody–FITC-dsDNA–biotin complex, which continues to migrate with the running buffer. When the complex reaches the T line, the biotin group at the other end of the product is captured by streptavidin fixed on the T line, forming a sandwich structure and aggregating at the T line for color development (blue). The free conjugate that does not bind to the amplification product continues to migrate forward to the C line and is captured by goat anti-rabbit IgG, forming a second blue band. The standard for interpreting positive results is the simultaneous color development of both T line and C line. The negative result indicates only C line color development. If the C line does not show color, it is determined that the detection is invalid. The color depth of the T line is positively correlated with the concentration of PCR products and can be quantitatively analyzed using a strip reader.



The advantage of this double-label sandwich design lies in the following: (1) the covalent coupling strategy of polystyrene microspheres ensures the stability of the probe in complex sample matrices; and (2) there is no need to denature double-stranded DNA, simplifying the operation process.




3.2. Characterization of AuNPs and Polystyrene Microspheres


The TEM characterization results showed that both AuNPs and polystyrene microspheres exhibited good monodispersity. The AuNPs were spherical in shape with an average diameter of ~20 nm (Figure 2a). To provide a conventional and stable benchmark for LFA comparison, ~20 nm AuNPs were used due to their good colloidal stability and reliable migration behavior on nitrocellulose membranes [50,51,52]. Polystyrene microspheres showed uniform size distribution, smooth surfaces, clear contours, and an average diameter of ~100 nm (Figure 2b,c). No obvious morphological defects were observed for either nanoparticle type, indicating good stability and suitability for subsequent experiments.




3.3. Optimization of PCR Reaction Conditions


PCR efficiency and non-specific amplification are key factors that affect PCR results. Amplification efficiency directly impacts detection sensitivity, while non-specific amplification, particularly the formation of primer dimers, can lead to false-positive results. To optimize PCR performance, three critical factors were adjusted: magnesium ion concentration, primer concentration, and annealing temperature. This optimization aims to improve amplification efficiency and reduce non-specific amplification, thereby enhancing the reliability and sensitivity of the PCR reaction.



Magnesium ion concentration plays a critical role in influencing the activity of Taq DNA polymerase and, consequently, the efficiency of PCR amplification. In this study, four magnesium ion concentrations—2.5, 3, 3.5, and 4 mM—were evaluated. Agarose gel electrophoresis results (Figure S1a) revealed a unique target band at 279 bp in all four lanes. The intensity of the band in lane 1 was notably weaker, while lanes 2 (with 3 mM Mg2+) and higher showed comparable band intensities. Thus, a final magnesium concentration of 3 mM was selected as the optimal condition for subsequent PCR reactions.



The concentration of primers is another key factor that affects PCR specificity and amplification efficiency. Both excessively high and low primer concentrations can lead to suboptimal results. To optimize the primer concentration, four different final concentrations were tested: 0.5, 1, 1.5, and 2 μM. Agarose gel results (Figure S1b) showed that as the primer concentration increased, the target band at 279 bp became progressively more intense, with the clearest band observed at 1 μM. This concentration was selected as optimal for PCR amplification.



The annealing temperature plays a crucial role in the binding efficiency of primers to the DNA template. If the temperature is too low, primer–template binding may be inefficient, while a high temperature can hinder effective binding. To determine the optimal annealing temperature, a gradient of nine temperatures, ranging from 50 °C to 60 °C, was tested. Agarose gel results (Figure S1c) indicated that the most distinct amplification bands were observed at 52 °C (lane 3), with subsequent temperature increases leading to fainter bands and decreased amplification efficiency. No target bands were observed at temperatures of 56.8 °C or higher (lanes 7 and above). Therefore, 52 °C was chosen as the optimal annealing temperature.



Finally, the amount of DNA template is a key factor affecting PCR amplification efficiency. Five different DNA template amounts—0.5, 1, 1.5, 2, and 2.5 μL—were tested. Agarose gel results showed the target band at 279 bp in all lanes, with the most distinct band observed at a template amount of 1.5 μL. Therefore, 1.5 μL was selected as the optimal DNA template volume for the standard PCR reaction.




3.4. Optimization of Polystyrene Microsphere-Based PCR-LFA


To optimize the detection performance, key parameters including the concentration of polystyrene microspheres, FITC antibody conjugation, streptavidin concentration, and running buffer were systematically optimized (Figure 3). Specifically, the microsphere amount was optimized by testing 2, 3, 4 and 5 mg/mL of polystyrene microspheres, and the FITC antibody coupling condition was optimized using final antibody concentrations of 30, 40, 50, and 60 μg/mL. In addition, the SA concentration on the T line was optimized by comparing 0.5, 1.0, and 1.5 mg/mL SA, and the running buffer composition was further optimized using 0.01 M PBS supplemented with 0.1% PVP, 0.5% Tween-20, or 2% BSA.



The results indicated that the optimal conditions were 4 mg/mL of polystyrene microspheres, FITC antibody at 50 μg/mL for conjugation, 1 mg/mL SA for the T line, and running buffer consisting of 0.01 M PBS with 0.1% PVP. These optimized conditions effectively improved the sensitivity, specificity, and stability of the strip, ensuring optimal detection performance. Similarly, the detection conditions of AuNP-labeled PCR-LFA were optimized (Figure S2).




3.5. Analytical Performance of the Polystyrene Microsphere-Based PCR-LFA


To comprehensively evaluate the analytical performance of the two PCR–LFA formats, the specificity and sensitivity of the polystyrene microsphere-labeled strip and the AuNP-labeled strip for the detection of Staphylococcus aureus were comparatively assessed under optimized conditions (Figure 4a). Under the optimized PCR conditions, PCR amplification was performed on Staphylococcus aureus and five other bacterial strains, followed by detection using the optimized PCR-LFS strips. The results showed that only the Staphylococcus aureus samples produced a significant positive signal at the T line (Figure 4d), while no noticeable signals were detected for the other five bacterial strains (Shigella flexneri, Shigella sonnei, Escherichia coli, Salmonella enterica, and Pseudomonas putida). The net grayscale values at the T line showed that the signal of Staphylococcus aureus was significantly stronger than that of the other bacterial strains, indicating the high specificity of this method (Figure 4e). Additionally, the performance of the traditional AuNP-labeled strips (Figure 4b,c) was also assessed on the same group of interfering bacteria for comparison, further supporting the specificity of the proposed assay design.



The gradient concentrations of Staphylococcus aureus standard bacterial suspension (ranging from 5.6 × 106 to 5.6 × 101 CFU/mL), along with a blank sample, were tested by adding 1.5 μL of DNA template from each concentration level for PCR amplification, followed by detection using the lateral flow strips. The results indicate that a distinct band was observed at a target concentration of 5.6 × 103 CFU/mL (Figure 5d). Data analysis obtained via the strip reader revealed a clear concentration-dependent response (Figure 5e,f). Based on the calibration curve (Figure 5f), the detection limit (LOD) of the method was calculated using the formula LOD = 3σ/k (σ: the standard deviation of the response value of the blank sample; k: the slope of the calibration curve), yielding a LOD of 7.28 × 102 CFU/mL. This detection limit is superior to that of traditional AuNP-labeled strips (LOD: 6.75 × 103 CFU/mL), suggesting that polystyrene microsphere-labeled test strips exhibit higher sensitivity in bacterial detection. The reason why polystyrene microsphere-labeled strips have higher sensitivity might be due to their larger particle size, which can bind more antibody molecules and make low-concentration targets easier to detect. In addition, the optical properties of latex particles (such as high scattering property) can enhance the color development intensity and increase the detection limit.



Subsequently, the reproducibility and stability of the strips were assessed. To evaluate reproducibility, Staphylococcus aureus DNA at various concentrations (5.6 × 106 to 5.6 × 103 CFU/mL) was tested in six replicate experiments. By comparing the T-peak area signal values from each experiment, the relative standard deviations of signal intensity were 4.2%, 3.6%, 2.7%, and 1.2%, respectively, demonstrating excellent reproducibility of the strips (Figure S3a). For stability testing, the strips were tested every two months using two different concentrations of Staphylococcus aureus DNA (5.6 × 106 CFU/mL, 5.6 × 104 CFU/mL) and blank controls. The results indicated that there was only a slight signal reduction after six months of storage at room temperature (Figure S3b). These findings confirm that the strips exhibit high stability and reproducibility, making them suitable for field applications.




3.6. Application of the Lateral Flow Strips in Real Samples


To further assess the practical applicability of the developed lateral flow strips in complex food matrices, sterilized milk was selected as a representative sample for Staphylococcus aureus detection. No target was detected in the blank samples, demonstrating that the strips exhibit good specificity and compatibility with the background in food matrices. Following this, standard substances were spiked into the blank samples for recovery experiments. First, milk spiked with Staphylococcus aureus at varying concentrations (5.6 × 105–5.6 × 101 CFU/mL) was tested using polystyrene microsphere-labeled strips, and the results were compared with AuNP-labeled strips (Table S1). This qualitative study revealed that no false positives were observed with the polystyrene microsphere-based strips in the spiked samples, and their sensitivity was found to be superior to that of the AuNP-based strips.



The quantitative detection of Staphylococcus aureus in spiked milk samples using the polystyrene microsphere-labeled strips is shown in Table 1. The recovery rates ranged from 96.7% to 104.0%, with standard deviations within an acceptable range. This result indicates that a small amount of matrix components (such as fats, proteins, and vitamins) does not cause significant signal suppression or enhancement, suggesting minimal matrix interference effects and satisfactory quantitative accuracy. These findings collectively demonstrate that the polystyrene microsphere-based strips provide a rapid and reliable method for Staphylococcus aureus detection in complex matrices, supporting both qualitative screening and quantitative evaluation.





4. Conclusions and Outlook


This study successfully developed a lateral flow assay labeled with polystyrene microspheres for the visual detection of Staphylococcus aureus PCR products. Compared with the traditional AuNP antibodies through physical adsorption, carboxylated polystyrene microspheres bind to antibodies through covalent coupling, which has higher stability and signal strength. The results indicate that the visual detection limit for Staphylococcus aureus is 5.6 × 103 CFU/mL, which is about 10 times higher than that of AuNP-based strips. After further analysis, the LOD was calculated to reach 7.28 × 102 CFU/mL. The strip exhibits high specificity, excellent reproducibility, and stability. In real-world testing with artificially contaminated milk, this method also demonstrated superior performance compared to the AuNP-based strips. However, the detection effects of more complex food matrices still need to be verified. Future work will further explore multi-detection capabilities and their integration with microfluidic chips and isothermal amplification technologies to build a more complete on-site rapid detection platform.
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Figure 1. Schematic diagram of the polystyrene microsphere-based lateral flow assay for Staphylococcus aureus detection. (a) Preparation of polystyrene microsphere–FITC antibody conjugate; (b) PCR amplification of specific fragments; (c) principle of the polystyrene microsphere-based LFA for Staphylococcus aureus detection; (d) quantitative detection by strip reader. 
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Figure 2. Representative TEM images of AuNPs and polystyrene microspheres. (a) TEM image of citrate-reduced AuNPs; (b,c) TEM images of polystyrene microspheres. 
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Figure 3. Optimization of the polystyrene microsphere-labeled lateral LFA for Staphylococcus aureus detection. Effects of (a) the final concentration of FITC antibody in the microsphere–antibody conjugate; (b) the streptavidin (SA) concentration on the test line (T line); (c) the running buffer composition (1–4: 0.01 M PBS + 2% BSA, 0.01 M PBS + 0.1% PVP, 0.01 M PBS, and 0.01 M PBS + 0.5% Tween-20), and (d) the concentration of polystyrene microspheres added in the microsphere–antibody conjugate. The signal-to-noise ratio (S/N) was used as the evaluation metric to determine the optimal conditions. 
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Figure 4. (a) Schematic diagram of the detection principle of AuNP-labeled LFA and polystyrene microsphere-labeled LFA. (b) Images of AuNP-labeled LFA for different bacteria under natural light. (c) Selectivity analysis of AuNP-labeled LFA for Staphylococcus aureus detection (bacteria: 5.6 × 106 cfu/mL, **** indicates p < 0.001). (d) Images of polystyrene microsphere-labeled LFA for different bacteria under natural light. (e) Selectivity analysis of polystyrene microsphere-labeled LFA for Staphylococcus aureus detection (bacteria: 5.6 × 106 cfu/mL, **** indicates p < 0.001). 
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Figure 5. Sensitivity of AuNP-labeled LFA and polystyrene microsphere-labeled LFA for Staphylococcus aureus detection. (a) Colorimetric images of AuNP-labeled PCR-LFA for the different concentration of Staphylococcus aureus (blank, 5.6 × 101 to 5.6 × 108 CFU/mL). (b) Scatter plots of the gray values at the T line corresponding to different concentrations of bacteria with AuNP-labeled LFA. (c) Linear fitting of the logarithm of the gradient concentration from 5.6 × 103 to 5.6 × 108 (AuNP labeled-LFA). (d) Colorimetric images of polystyrene microsphere-labeled PCR-LFA for the different concentration of Staphylococcus aureus (blank, 5.6 × 101 to 5.6 × 106 CFU/mL). (e) Scatter plots of the gray values at the T line corresponding to different concentrations of bacteria with polystyrene microsphere-labeled LFA. (f) Linear fitting of the logarithm of the gradient concentration from 5.6 × 102 to 5.6 × 106 (polystyrene microsphere-labeled LFA). 
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Table 1. The actual samples assays for Staphylococcus aureus via the polystyrene microsphere-labeled strips (n = 3).
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Sample

	
Staphylococcus aureus Log (cfu/mL)

	
Recovery (%)




	
Measured

	
Spiked

	
Mean ± SD






	
milk

	
ND a

	
6.0

	
5.9 ± 0.2

	
98.3




	
ND

	
5.0

	
5.2 ± 0.2

	
104.0




	
ND

	
4.0

	
4.1 ± 0.3

	
102.5




	
ND

	
3.0

	
2.9 ± 0.1

	
96.7








a ND: abbreviation of no detection.
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