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Abstract

:

Lateral flow immunoassay (LFIA) technology serves a significant role as a simple and rapid biosensor in the detection of influenza viruses. The focus of this study is the development of a rapid and convenient screening method for influenza B virus (IBV) proteins using a fluorescence lateral flow biosensor based on Ag-doped ZnIn2S4 quantum dots (Ag: ZIS QDs) as signal reporters. These Ag: ZIS QDs-emitting orange fluorescence are loaded onto dendritic mesoporous silica nanoparticles (DMSNs) and are further coated with a layer of silica shell to form a core–shell structured composite nanomaterial (SiO2 @ Ag: ZIS QDs @ DMSNs). The orange fluorescence effectively eliminates the interference of blue background fluorescence, significantly enhancing the detection sensitivity. This technology demonstrates outstanding performance in the immediate detection of IBV, with a minimum detection limit of 1 ng/mL, compared to the traditional colloidal gold strip with a detection limit of 6 ng/mL. Furthermore, both intra-assay and inter-assay coefficients of variation (CV) are less than 9%. This method holds promise for wide application in early diagnosis, epidemiological investigation, and epidemic surveillance of IBV.
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1. Introduction


Influenza B Virus (IBV) is a significant respiratory pathogen capable of inducing respiratory infection, ranging from mild symptoms to severe pneumonia. The global incidence of IBV cases remains consistently high throughout the year [1,2,3]. Hence, the rapid and precise detection of IBV is paramount for influenza prevention, early diagnosis, and timely treatment, as immediate virus detection can substantially mitigate transmission at the source [4,5]. Presently, the primary methods for detecting infectious disease pathogens involve nucleic acid and antigen testing [6]. Polymerase chain reaction (PCR), the most commonly utilized nucleic acid testing method, provides high sensitivity and specificity [7]. However, its implementation demands specialized personnel, dedicated equipment, and laboratory facilities, making it time-consuming and challenging to achieve rapid and real-time virus detection [8]. Antigen testing is an immunological analysis method grounded in the antigen–antibody reaction. Conventional antigen analysis techniques, such as enzyme-linked immunosorbent assay (ELISA) [9], entail intricate procedures, strict operational control, and relatively lower detection accuracy. Surface-enhanced Raman spectroscopy (SERS) [10] involves a lengthier detection period and substantial testing costs. In contrast, lateral flow immunoassay (LFIA) emerges as a simple, swift, sensitive, and cost-effective method, positioning it as one of the most widely employed point-of-care testing (POCT) sensors [11]. In IBV detection, LFIA exhibits the potential to furnish rapid and accurate outcomes by targeting the virus’s protein antigen [12]. The judicious selection of markers is pivotal in augmenting sensitivity in this context.



In recent years, colloidal gold test strips have become the predominant LFIA in the market, yielding visually discernible results [13,14,15,16]. However, significant batch-to-batch variations in colloidal gold products have led to a compromise in sensitivity. The physical adsorption method, often used in conjunction, frequently detaches antibodies from the gold particle surface, introducing instability to the labeled markers [17]. Quantum Dots (QDs) have emerged as innovative fluorescent labels in the biomedical field, presenting advantages such as narrow fluorescence emission peaks, extended lifetimes, and high fluorescence quantum yields, rendering them ideal biomarkers [18,19,20]. Integrating QDs with LFIA and utilizing them as labeled antibodies amplifies sensitivity and stability in detection and enables the simultaneous identification of multiple markers, facilitating multifactorial analysis [21,22,23,24,25]. However, in practical applications, quantum dots often encounter luminescence quenching effects induced by aggregation [26]. The construction of composite materials through integrating quantum dots with other functional materials, such as silica and polystyrene nanoparticles, enhances biocompatibility and fluorescence stability [27,28,29,30,31]. This strategy mitigates the quenching of QDs fluorescence while concurrently amplifying the signal, significantly enhancing detection sensitivity and specificity. Li et al. successfully established a highly sensitive immunoassay, termed quantum dot-linked immunosorbent assay (QLISA), for the detection of C-reactive protein (CRP) by surface-conjugating CdSe/ZnS core/shell QDs onto silica microspheres, achieving a low detection limit (LOD) of 0.32 ng/mL [28]. Additionally, Li et al. facilely loaded quantum dots onto the surface of polystyrene (PS) nanoparticles using polyelectrolytes and applied them in suspension chip detection for the H5N1 virus, demonstrating a sensitivity lower than 25 PFU/mL [30]. In comparison to dense silica and polystyrene spheres, dendritic mesoporous silica nanoparticles (DMSNs) possess expanded radial pore structures and an ultra-large specific surface area. Utilizing DMSNs as carriers not only enables the attachment of more quantum dots, ensuring stable luminescence, but also amplifies the signal [32,33].



Herein, we utilized orange fluorescent QDs loaded onto DMSNs (SiO2 @ Ag: ZIS QDs @ DMSNs) as the signal reporting entity. Harnessing the simplicity of a lateral flow detection platform, we designed a straightforward one-step fluorescent lateral flow biosensor to screen IBV proteins rapidly. The detection limit achieved was 1 ng/mL, representing a six-fold reduction compared to previously reported colloidal gold test strips [4]. This technology exhibits broad potential applications for the early diagnosis of IBV, epidemiological investigations, and pandemic monitoring. Moreover, the technology platform based on SiO2 @ Ag: ZIS QDs @ DMSNs demonstrates remarkable sensitivity, and can be readily applied to the routine diagnostic testing of acute infectious diseases (such as procalcitonin, HIV, syphilis, hepatitis, etc.) and common tumor markers (AFP, CA199, CEA, etc.). This is expected to make significant advancements in healthcare and epidemiology.




2. Materials and Methods


2.1. Reagents


Indium (III) nitrate, cetyltrimethyl ammonium bromide (CTAB), sodium salicylate, ammonia, triethanolamine, sulfur powder, NaCl, Tween-20, γ-aminopropyltriethoxysilane (APTES), thioacetamide (TAA), succinic anhydride, Na2HPO4, NaH2PO4, tetraethyl orthosilicate (TEOS), concentrated hydrochloric acid (HCl), silver nitrate, polyvinyl pyrrolidone (PVP), L-cysteine, zinc acetate, N, N-Dimethylformamide (DMF), absolute ethanol, and NaOH were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were used as received without purification. Bovine serum albumin (BSA) was sourced from Sangon Biotech Co., Ltd. (Shanghai, China). The absorbent pad, nitrocellulose (NC) membrane, sample pad, goat anti-mouse IgG antibody, Zika NS1 recombinant protein, HCG antigen, and polyvinyl chloride (PVC) substrate were acquired from Shanghai Jieyi Biotechnology Co., Ltd. (Shanghai, China). Prepare phosphate-buffered saline (PBS, 0.01 M, pH 7.4) using Na2HPO4 and NaH2PO4. Alpha-fetoprotein (AFP) antigen was purchased from Shanghai Linc-Bio Science Co., Ltd. (Shanghai, China). The Jiangsu Provincial Center for Disease Control and Prevention provides recombinant nucleoprotein of IBV and its matching labeled antibody and coated antibody. Chemical Co., Ltd. (Shanghai, China) supplied 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC).




2.2. Preparation of Ag-Doped ZnIn2S4 Quantum Dots (Ag: ZIS QDs)


The synthesis of Ag: ZIS QDs was carried out through a hydrothermal process [34]. A precursor solution was prepared by dissolving 226.3 mg of zinc acetate and 870.1 mg of indium (III) acetate in 70 mL of deionized water. Subsequently, 565.8 mg of silver nitrate was introduced into this solution to initiate the formation of Ag: ZIS QDs. Then, a solution containing 26.3 mg of L-cysteine was added with vigorous stirring, followed by the adjustment of the pH to 8.5 using a 1.0 M NaOH solution. Immediately after, an excess amount of TAA (1.05 g) was quickly mixed into the solution. The resulting mixture was sealed in a polytetrafluoroethylene-lined hydrothermal autoclave and heated to 110 °C for a duration of 4 h. After cooling back to room temperature, the Ag: ZIS QDs were separated by centrifugation at 10,000 rpm for 30 min. Subsequently, they were washed three times by centrifugation with a solution composed of water and ethanol in a 30:70 volume ratio. Finally, the purified QDs were dispersed in 50 mL of deionized water.




2.3. Preparation of SiO2 @ Ag:ZIS QDs @ DMSNs


The preparation of DMSNs and their surface modification was carried out using the previously reported method [35]. Specifically, 10 mg of prepared DMSNs was dispersed in 10 mL of ethanol. To this, 200 μL of ammonia solution and 40 μL of APTES were added to react with surface silanol groups, resulting in the DMSNs surface modification with -NH2 groups. The mixture was stirred at room temperature for 12 h. The resulting product was collected by centrifugation and washed three times with ethanol. Finally, the obtained amine-functionalized DMSNs were dispersed in 10 mL of deionized water. The aforementioned DMSNs were then dispersed in different volumes of Ag: ZIS QDs water solution and a 10 mg solution of EDC. The solution was stirred for 6 h, followed by centrifugation at 10,000 rpm for 5 min to remove unbound quantum dots. The Ag: ZIS QDs @ DMSNs nanospheres were washed twice with deionized water through centrifugation and dispersed in 10 mL of deionized water. Subsequently, the Ag: ZIS QDs @ DMSNs nanospheres were dispersed in 4 mL of ethanol, and 10 μL of TEOS was added, followed by stirring for 24 h. The SiO2 @ Ag: ZIS QDs @ DMSNs nanospheres were collected by centrifugation, washed three times with ethanol, and dispersed in 10 mL of ethanol.




2.4. Preparation of SiO2 @ Ag:ZIS QDs @ DMSNs-IVB Antibody


The procedure involved reacting a 10 mL ethanol solution of SiO2 @ Ag: ZIS QDs @ DMSNs (1 mg/mL) with 200 μL of ammonia solution and 40 μL of APTES. The mixture was stirred at room temperature for 6 h, followed by centrifugation at 8000 rpm for 5 min and washing with anhydrous ethanol twice to obtain SiO2 @ Ag: ZIS QDs @ DMSNs-NH2. The resulting product was then dispersed in 10 mL of DMF. Subsequently, 100 mg of succinic anhydride was added, and the mixture was stirred at room temperature for 4 h. After centrifugation and washing, carboxyl-terminated SiO2 @ Ag: ZIS QDs @ DMSNs were obtained. Following this, 0.25 mL of SiO2 @ Ag: ZIS QDs @DMSNs-COOH (1 mg/mL), 20 μL of EDC water solution (10 mg/mL), and IBV labeled antibody (IBV-Ab2, 10.4 mg/mL) were sequentially mixed thoroughly. The mixture was gently shaken at room temperature for 2 h. The resulting product was centrifuged and dispersed in 0.25 mL of 0.01 M PBS solution, stored at 4 °C.




2.5. Detection of SiO2 @ Ag:ZIS QDs @ DMSNs-LFIA


The sample pad was treated with a mixed solution containing 0.1% Tween-20, 1% BSA, and 4% NaCl, followed by air-drying at room temperature. Using a line pen, IBV capture antibody (IBV-Ab1, 2 mg/mL) and goat anti-mouse IgG antibody (2 mg/mL) were, respectively, applied to the test and control line on the NC membrane, followed by air-drying at room temperature. Subsequently, the absorbent pad, NC membrane, and pre-treated sample pad were adhered to a PVC backing card, cut into 4 mm wide strips, and stored at 4 °C in the dark. The Antigen-IBV standard solution was diluted to different concentrations with 0.01 M PBS solution. Then, 10 μL SiO2 @ Ag: ZIS QDs @ DMSNs-antibody (IBV-Ab2) was mixed with 30 μL of the Antigen-IBV standard solution of different concentrations, and the mixture was dropped onto the sample pad. After a 10 min incubation period, fluorescent images of the test paper were captured using a Huawei smartphone under a 365 nm UV lamp. The fluorescence intensity of the control and test lines was analyzed using ImageJ software (ImageJ 1.53t).





3. Results and Discussion


3.1. Characterization of SiO2 @ Ag:ZIS QDs @ DMSNs


Figure 1 illustrates the complete process of preparing Ag: ZIS QDs @ DMSNs nanocomposite materials. Preliminary analysis of the microstructure of the products at each stage was conducted using Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM). Figure 2a and Figure S1a present the TEM images of DMSNs, showing particle sizes ranging from 220 to 250 nm with large pore sizes, indicating the excellent loading capacity of DMSNs. Figure 2b and Figure S1b depict the TEM images of Ag: ZIS QDs @ DMSNs nanocomposite materials, clearly revealing the firm attachment of Ag: ZIS QDs to DMSNs, demonstrating the successful preparation of the composite material. The TEM images in Figure 2c and Figure S1c clearly illustrate the successful encapsulation of SiO2 on the surface of Ag: ZIS QDs @ DMSNs, preventing the detachment of Ag: ZIS QDs and resulting in a decrease in the fluorescence intensity of the composite material, while simultaneously enhancing its stability in acidic and alkaline environments. EDS elemental mapping indicates that Ag: ZIS QDs @ DMSNs are composed of Si, O, Ag, Zn, In, and S elements (Figure 2d–i and Figure S1d), confirming the successful loading of QDs. Elemental mapping shows the distribution of Zn (green), In (purple), S (orange), and Ag (yellow) elements around the Si (blue) and O (red) atomic cores.



The high-resolution transmission electron microscopy (HRTEM) image of Ag-ZIS quantum dots is depicted in Figure 3a, clearly revealing their uniform size distribution within the range of 5–10 nm and indicating the absence of aggregation. Additionally, Figure 3b shows an obvious lattice fringe, with an arrow pointing to a lattice spacing of 0.325 nm, precisely aligned with the (102) crystal lattice plane of hexagonal ZnIn2S4 [36].



We conducted a comprehensive analysis of the composition of SiO2 @ Ag: ZIS QDs @ DMSNs using X-ray diffraction (XRD), Fourier-transform infrared (FT-IR) spectroscopy, ultraviolet-visible absorption (UV-vis), and fluorescence spectroscopy. Figure 4a presents the XRD spectra of DMSNs and SiO2 @ Ag: ZIS QDs @ DMSNs. The diffraction broad peak observed at 22° for DMSNs aligns with the diffraction peak of the SiO2 standard card (ICDD JCPDS card No. 39-1425), confirming the successful preparation of DMSNs. The XRD pattern of SiO2 @ Ag: ZIS QDs @DMSNs exhibits characteristic peaks corresponding to the (101) crystal plane of SiO2 and the (008), (112), and (203) crystal planes of hexagonal ZnIn2S4, matching with the diffraction peaks of the ZnIn2S4 standard card (ICDD JCPDS card No. 72-0773), further confirming the successful loading of Ag: ZIS QDs [36]. Figure 4b presents the FT-IR spectra, showing the stretching characteristic peak of Si-O-Si at 1088 cm−1 and peaks at 955 and 794 cm−1 corresponding to the Si-O-H feature peaks. For SiO2 @ Ag: ZIS QDs @ DMSNs, features such as O-H (3430 cm−1), -CH2 (2918, 2850 cm−1), C-O (1657 cm−1), C-C (1564 cm−1), and C-H (1383 cm−1) are observed, while the Si-CH2 (806 cm−1) characteristic peak disappears. This may be attributed to the forming of SiO2 film on the surface of Ag: ZIS QDs @ DMSNs, causing the disappearance of the Si-CH2. Additionally, the robust and broad absorption band in the 900–1300 cm−1 range is attributed to C-C, Si-O, and C-O/C-N. The broadening of the peaks in this range is due to the formation of hydrogen bonds between SiO2 @ Ag: ZIS QDs @ DMSNs molecules. The UV-Vis absorption spectra in Figure 4c show an absorption peak at approximately 290 nm for SiO2 @ Ag: ZIS QDs @ DMSNs with concentrations of 0.1 mg/mL, further confirming the successful loading of QDs. Figure 4d shows the fluorescence spectrum of SiO2 @ Ag: ZIS QDs @ DMSNs, exhibiting an emission wavelength of 600 nm under the optimal excitation wavelength of 300 nm. DMSNs themselves are non-fluorescent, and the successful loading of QDs imparts fluorescence to the composite material, making it suitable for applications in the field of immunochromatographic analysis. The zeta potential is an independent method to evaluate the stability of nanoparticles (Figure 4e). The zeta potential of DMSNs indicates a negative surface charge of −21.89 mV. The presence of quantum dots on the silica spheres causes a change in the zeta potential to −19.37 mV, suggesting relative instability of Ag: ZIS QDs @ DMSNs. This could be due to hindered loading efficiency, likely caused by spatial hindrance. Carboxylation reactions of hydrophilic quantum dots with residual amino groups on the surface of DMSNs reduce the zeta potential of Ag: ZIS QDs @ DMSNs. The zeta potential of SiO2 @ Ag: ZIS QDs @ DMSNs is −21.18 mV, almost identical to that of the silica spheres, indicating successful encapsulation with an outer silica layer. The zeta potential of amine-functionalized SiO2 @ Ag: ZIS QDs @ DMSNs is 14.11 mV, while carboxyl-functionalized SiO2 @ Ag: ZIS QDs @ DMSNs has a zeta potential of −37.09 mV, demonstrating that hydrophilic layer encapsulation significantly improves the stability of SiO2 @ Ag: ZIS QDs @ DMSNs in water.




3.2. Optimization of the Preparation of Ag: ZIS QDs @ DMSNs


Due to the novelty of the Ag: ZIS QDs @ DMSNs composite material being the first successful preparation of Ag: ZIS QDs combined with DMSNs, it is necessary to explore the impact of the amount of Ag: ZIS QDs on the fluorescence intensity and investigate the optimal ratio of Ag: ZIS QDs to DMSNs. Different volumes (30, 50, 60, 70, 80 μL) of Ag: ZIS QDs aqueous solution add 10 mg of DMSNs, and the fluorescence intensity of the resulting composite materials is shown in Figure S2. The results indicate that the fluorescence intensity of Ag: ZIS QDs @ DMSNs is maximized when adding 50 μL of Ag: ZIS QDs aqueous solution. The fluorescence intensity decreases when the amount of Ag: ZIS QDs is below or above 50 μL. When the addition amount of quantum dots exceeds 50 μL, adhesion is likely to occur between composite nanospheres, leading to the aggregation of nanospheres and thus their inability to be applied in LFIA. Therefore, centrifugation and screening are performed after adhesion occurs, resulting in a decrease in fluorescence intensity. Therefore, the group with the most vigorous fluorescence intensity was selected as the signaling material to achieve susceptible and rapid detection of IBV. As shown in Figure S2, SiO2 @ Ag: ZIS QDs @ DMSNs exhibits bright orange fluorescence under 365 nm ultraviolet light, demonstrating excellent water solubility and providing a stable foundation for subsequent detection. The orange fluorescence helps eliminate interference caused by the blue fluorescence background. Thus, from the perspective of fluorescence color, using SiO2 @ Ag: ZIS QDs @ DMSNs as a signaling material significantly enhances detection sensitivity. To further explore the stability of SiO2 @ Ag: ZIS QDs @ DMSNs composite material, we assessed its signal intensity stability at different pH values (ranging from 2 to 12). As shown in Figures S3 and S4, SiO2 @ Ag: ZIS QDs @ DMSNs exhibits good stability in acidic and alkaline solutions, whereas Ag: ZIS QDs @ DMSNs shows poor acid-alkali resistance. This significant improvement in pH stability is attributed to the unique surface characteristics of the silica shell. Additionally, we evaluated the signal intensity stability of SiO2 @ Ag: ZIS QDs @ DMSNs under long-term storage conditions. The results indicate that the fluorescence intensity of SiO2 @ Ag: ZIS QDs @ DMSNs is hardly affected by time, meeting the requirements of LFIA (Figure S5).




3.3. Rapid and Sensitive Detection of IBV Using LFIA Test Strips Based on SiO2 @ Ag: ZIS QDs @ DMSNs


The detection principle is based on a direct detection format using the sandwich immunoassay, where the target antigen is captured between the capture antibody on the detector and the test system. The process begins with binding the fluorescent signal moiety to the target IBV protein. An immune complex is formed after the conjugate interacts with the target antigen. This immune complex flows through the NC membrane due to capillary force, and it is captured at the T line position and composed of captured mAbB molecules. The formation of the sandwich complex causes particle aggregation at the T line, enabling the observation of the fluorescent detection signal. Excess and unbound conjugates then migrate past the C line, where goat anti-mouse IgG antibodies capture them to validate the accuracy of the device’s operation. This three-layered sandwich immunoassay provides a direct and efficient method for detecting the target protein in the context of IBV, enhancing the sensitivity and specificity of the diagnostic system [37].



Based on the excellent fluorescent properties, stability, and dispersibility of SiO2 @ Ag: ZIS QDs @ DMSNs, we employed them as fluorescent signal molecules, coupled with IBV-Ab2, for the specific detection of IBV antigen in LFIA format. As shown in Figure 5a, in the presence of the target analyte (IBV), the sandwich immune reaction selectively captures the SiO2 @ Ag: ZIS QDs @ DMSNs antibody conjugate on the test line, generating a positive fluorescent signal. Conversely, the absence of SiO2 @ Ag: ZIS QDs @ DMSNs fluorescence on the test line indicates the absence of the target antigen in the sample, resulting in a negative result. In both cases (presence and absence of antigen), the goat anti-mouse IgG antibody that is immobilized on the control line binds to the anti-IVB-Ab2 that is conjugated to the SiO2 @ Ag: ZIS QDs @ DMSNs. The test strips were visualized using a 365 nm UV lamp. The quantitative concentration of the analyte in the sample was further determined by calculating the ratio of the fluorescence intensity of the test line to the control line (T/C).



Different concentrations (0, 1, 5, 10, 20, 40 ng/mL) of IBV antigen standard solutions were analyzed using SiO2 @ Ag: ZIS QDs @ DMSNs-LFIA to assess sensitivity. The results of the test paper were analyzed using a Huawei smartphone, as shown in Figure 5b. All control lines on the test strips exhibited fluorescent signals, indicating the validity of the test results. The results demonstrated an LOD of approximately 1 ng/mL for IBV. SiO2 @ Ag: ZIS QDs @ DMSNs-LFIA fully utilized the high orange fluorescence intensity of Ag: ZIS QDs, effectively lowering the detection limit. The signal intensity of the T and C lines was quantified using ImageJ software. The relationship between the brightness of the T line analyzed by ImageJ software and IBV concentration was represented by y = 0.104x − 0.131 (R2 = 0.981), as shown in Figure 5c.



In addition, we conducted a thorough investigation on the stability of SiO2 @ Ag: ZIS QDs @ DMSNs-LFIA. By placing the labeled antibody conjugate for different durations and then applying it to the test strip for testing, we found that its biological activity did not decrease significantly. As shown in Figure S6, even after a period of storage, the labeled antibody conjugate can still maintain good fluorescence signals and detection performance. This result fully demonstrates that the SiO2 @ Ag: ZIS QDs @ DMSNs-LFIA test strip has excellent stability and can maintain stable detection performance under different conditions.



Evaluating the intra- and inter-assay CV is fundamental for accurately identifying the target analyte using SiO2 @ Ag: ZIS QDs @ DMSNs-LFIA. The precision of SiO2 @ Ag: ZIS QDs @ DMSNs-LFIA was assessed using a standard solution containing 100 ng/mL IBV antigen. Intra- and inter-batch measurements were performed in quintuplicate. As shown in Table S1, both intra and inter-assay CVs were below 9%, indicating that SiO2 @ Ag: ZIS QDs @ DMSNs-LFIA exhibited highly satisfactory accuracy. Additionally, the specificity of SiO2 @ Ag: ZIS QDs @ DMSNs-LFIA was validated by assessing three biomarkers, Zika virus (ZIKA), alpha-fetoprotein (AFP), and human chorionic gonadotropin (HCG), at a concentration of 1 μg/mL. As depicted in Figure 6, except for IBV, no orange fluorescence was observed on the test line for the other three biomarkers, demonstrating the excellent selectivity of SiO2 @ Ag: ZIS QDs @ DMSNs-LFIA. Furthermore, Table S2 presents a comparative analysis of the analytical performance of diverse methods for IBV detection. SiO2 @ Ag: ZIS QDs @DMSNs-LFIA offers the advantages of rapidity and convenience. When compared to fluorescence sensing methods, SiO2 @ Ag: ZIS QDs @DMSNs-LFIA exhibits a lower LOD than colloidal gold test strip, and is more portable and cost-effective, thus demonstrating excellent application value.





4. Conclusions


In summary, we have developed a SiO2 @ Ag: ZIS QDs @DMSNs-based LFIA that is simple, sensitive, and specific. This innovative material exhibits orange fluorescence, which could effectively mitigate background fluorescence interference commonly encountered in test strips. The developed sensor facilitates rapid detection, is capable of delivering results within a brief period of 10 min, and is characterized by its ease of operation, demanding a minimal sample volume of just 30 μL. Furthermore, the biosensor demonstrates a detection limit for IBV of 1 ng/mL, significantly surpassing conventional colloidal gold strips. The resultant sensor enables rapid detection and is user-friendly, requiring only 30 μL of sample. Furthermore, the biosensor demonstrates a detection limit for IBV of 1 ng/mL, significantly surpassing conventional colloidal gold strips. Our research not only advances influenza detection, but also lays the groundwork for the development of highly sensitive and adaptable diagnostic tools.
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Figure 1. Synthesis process diagram of SiO2 @ Ag: ZIS QDs @ DMSNs. 
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Figure 2. (a) TEM images of DMSNs; (b) TEM image of Ag: ZIS QDs @ DMSNs; (c) TEM image of SiO2 @ Ag: ZIS QDs @ DMSNs; (d–i) EDS mapping images of SiO2 @ Ag: ZIS QDs @ DMSNs. 
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Figure 3. (a) TEM image of Ag: ZIS QDs and the corresponding particle size distribution (inset); (b) the lattice stripe image of Ag: ZIS QDs. 






Figure 3. (a) TEM image of Ag: ZIS QDs and the corresponding particle size distribution (inset); (b) the lattice stripe image of Ag: ZIS QDs.



[image: Chemosensors 12 00068 g003]







[image: Chemosensors 12 00068 g004] 





Figure 4. (a) XRD of DMSNs and SiO2 @ Ag: ZIS QDs @ DMSNs; (b) FT-IR spectra of DMSNs and SiO2 @ Ag: ZIS QDs @ DMSNs; (c) UV-vis absorption spectra of SiO2 @ Ag: ZIS QDs @ DMSNs; (d) fluorescence emission spectra and excitation spectra of SiO2 @ Ag: ZIS QDs @ DMSNs; (e) ζ-potential of DMSNs, DMSNs-NH2, SiO2 @ Ag: ZIS QDs @ DMSNs, SiO2 @ Ag: ZIS QDs @ DMSNs-NH2, and SiO2 @ Ag: ZIS QDs @ DMSNs-COOH. 
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Figure 5. (a) The detection process of IBV using SiO2 @ Ag: ZIS QDs @ DMSNs; (b) the picture of the SiO2 @ Ag: ZIS QDs @ DMSNs-LFIA detecting different concentrations of IBV solutions; (c) linear response of the SiO2 @ Ag: ZIS QDs @ DMSNs-LFIA to IBV detection, with a concentration range of 40 ng/mL−1 ng/mL. 
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Figure 6. Study on the specificity of SiO2 @ Ag: ZIS QDs @ DMSNs-LFIA test strip to different interfering proteins. 
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