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Abstract

:

The sensitivity of fluorescent lateral flow immunoassay (LFIA) test strips is compromised by the low fluorescence intensity of the signaling molecules. In this study, we synthesized novel phosphorus-doped carbon-dot-based dendritic mesoporous silica nanoparticles (DMSNs-BCDs) with a quantum yield as high as 93.7% to break this bottleneck. Meanwhile, the in situ growth method increased the loading capacity of carbon dots on dendritic mesoporous silica, effectively enhancing the fluorescence intensity of the composite nanospheres. Applied DMSNs-BCDs in LFIA can not only semi-quantitatively detect a single component in a short time frame (procalcitonin (PCT), within 15 min) but also detect the dual components with a low limit of detection (LOD) (carbohydrate antigen 199 (CA199) LOD: 1 U/mL; alpha-fetoprotein (AFP) LOD: 0.01 ng/mL). And the LOD of PCT detection (0.01 ng/mL) is lower by 1.7 orders of magnitude compared to conventional colloidal gold strips. For CA199, the LOD is reduced by a factor of four compared to LFIA using gold nanoparticles as substrates, and for AFP, the LOD is lowered by two orders of magnitude compared to colloidal gold LFIA. Furthermore, the coefficients of variation (CV) for intra-assay and inter-assay measurements are both less than 11%.
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1. Introduction


The early and accurate detection of biomarkers is crucial for the diagnosis and monitoring of various diseases, including bacterial inflammatory diseases and tumors [1,2,3]. However, traditional detection methods such as enzyme-linked immunosorbent assay (ELISA) [4] often require longer detection times and higher costs, the electrochemical method [5,6,7,8] may lack portability, and chemiluminescence immunoassay [9,10,11] has a short luminescence process and poor stability. Lateral flow immunoassay (LFIA), as a widely used point-of-care testing (POCT) diagnostic tool, offers the advantages of rapidity, portability, low cost, and good stability [12,13,14,15]. Traditional LFIA uses gold nanoparticles to label Ab2, but due to significant batch-to-batch variations in colloidal gold products, the physical adsorption method used results in the easy detachment of antigens/antibodies from the gold particle surface, leading to marker instability and consequently lower detection sensitivity [16,17,18,19]. Therefore, it is imperative to develop novel materials to enhance detection sensitivity.



At present, the utilization of high-quantum-yield fluorescent nanomaterials as luminous signal substances has shown promising potential in fluorescence-based LFIA [20]. These nanomaterials have unique optical properties such as high brightness, photostability, and tunable emission wavelengths [21]. Carbon-dot-based fluorescent nanomaterials, known for their biocompatibility and high brightness, have garnered significant attention as suitable fluorescent markers for LFIA [22,23,24,25]. Carbon dots (CDs) are small carbon nanoparticles that are smaller than 10 nm and exhibit strong fluorescence [26,27]. Heteroatom doping can introduce new energy levels and improve the electronic structure of carbon dots, which contributes to enhancing their fluorescence performance. This makes them a better choice as a fluorescent label or probe for sensitive detection in biomedical and biochemical applications [28,29,30,31]. Gong et al. used hydro-heat treatment to carbonize adenosine-5′-triphosphate to obtain phosphorus and nitrogen-doped highly fluorescent carbon dots (PN-CDs), which can be used as sensitive sensors for the rapid imaging of reactive oxygen species (ROS) and reactive nitrogen species (RNS) signals with high selectivity and contrast [30]. Huang et al. synthesized fluorescent nitrogen and phosphorus double-doped CDs (N, P-CDs), using sucrose as a carbon source and 1,2-ethylenediamine (EDA) and phosphoric acid as dopants, and applied N, P-CD-based fluorescent probes to hemoglobin with a detection limit of 0.29 nM [32].



However, due to the complex surface functional groups of carbon dots, a carrier is required for their immobilization to facilitate their application in LFIA. Dendritic mesoporous silica nanoparticles (DMSNs) have gained considerable application prospects in the biomedical domain owing to their expansive radial pore structure and superior accessible surface area in comparison to compact silica nanoparticles [33]. Utilizing DMSNs as carriers not only promotes the stable luminescence of CDs but also amplifies the signal. Previous studies have demonstrated the compatibility of DMSNs with LFIA [12,34]. Gao et al. integrated quantum dots (QDs) into DMSNs for signal amplification in labeling materials, enabling the sensitive detection of C-reactive protein (CRP) with a detection limit of 5 pg/mL [35]. Huang et al. assembled hydrophobic quantum dots (QDs) with DMSNs, forming a pitaya-shaped fluorescent mesoporous silica colloid, which provides highly sensitive, specific, and robust immunoassays for CRP in clinical samples [36].



Herein, we synthesized novel, phosphorus-doped, carbon-dot-based DMSNs (DMSNs-BCDs) using an in situ growth method and utilized it to develop LFIA (DMSNs-BCDs-LFIA) for the single-component detection of PCT and the dual-component detection of CA199 and AFP (Figure 1). Phosphorus doping, the in situ growth of carbon dots, and the large specific surface area of DMSNs result in a high quantum yield (~93.7%) of DMSNs-BCDs [37]. Moreover, compared to performing two separate tests, the dual-component co-detection of CA199 and AFP saved time and resources, facilitating the diagnosis of gastrointestinal tumors and enabling a more comprehensive assessment of patients’ health status. And it can simultaneously identify pancreatic cancer via elevated CA199 levels and liver cancer via increased AFP levels, thereby facilitating early disease diagnosis [26,38]. The results indicated that the DMSNs-BCDs-based LFIA can rapidly, sensitively, and quantitatively detect PCT, AFP, and CA199, holding great promise for the immediate detection of various markers [39,40].




2. Materials and Methods


2.1. Reagents


Triethanolamine, cetyltrimethyl ammonium bromide (CTAB), sodium salicylate, tetraethyl silicate (TEOS), ethanol, concentrated hydrochloric acid (HCl), ammonia, β-(aminoethyl)-γ-aminopropyltrimethoxysilane (AEAPTMS), γ-aminopropyltriethoxysilane (APTES) citric acid (CA), sodium dihydrogen phosphate (MSP), absolute ethanol, N,N-Dimethylformamide (DMF), Tween-20, Polyvinyl Pyrrolidone (PVP), NaCl, and succinic anhydride were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) was purchased from Energy Chemical Co., Ltd. (Tangshan, China). Bovine serum albumin (BSA) was purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The procalcitonin antigen (PCT) and its matched labeled antibody and coated antibody were provided by Nanjing Okai Biotechnology Co., Ltd. (Nanjing, China). The AFP, CA199, and its matched labeled antibody and coated antibody were provided by the Jiangsu Provincial Center for Disease Control and Prevention. Goat anti-mouse immunoglobulin G (IgG), sample pad, nitrocellulose (NC) membrane, absorbent pad, and polyvinyl chloride (PVC) substrate were purchased from Shanghai Jieyi Biotechnology Co., Ltd. (Shanghai, China).




2.2. Synthesis of DMSNs-BCDs


DMSNs were prepared according to previous reports [41]. Then, 10 mg of DMSNs was dispersed in 10 mL of ethanol and mixed with 36 μL of AEAPTMS. After homogenization, 0.2 mL of ammonia was added. The mixture was stirred for 12 h, after which the precipitates were separated and washed to obtain AEAPTMS-grafted silica nanospheres (DMSNs-AEAPTMS). The DMSNs-AEAPTMS were dispersed in 7 mL of DMF, which was followed by the addition of 1 mL of CA (4 mg/mL) and 1 mL of MSP (5 mg/mL). The mixture was well mixed and transferred to a Teflon-lined autoclave. The reaction was carried out in an oven at 220 °C for 45 min. After natural cooling, the product was centrifuged and washed with ethanol three times. Next, 10 mg of DMSNs-BCDs were dispersed in 10 mL of ethanol, which was followed by the addition of 40 μL of APTES and 200 μL of ammonia. The mixture was stirred for 6 h, centrifuged, washed, and dispersed in 10 mL of DMF. Subsequently, 100 mg of succinic anhydride was added, and the mixture was stirred for 4 h. The product (DMSNs-BCDs-NH2) was obtained by centrifugation and washing to yield carboxyl-terminated DMSNs-BCDs (DMSNs-BCDs-COOH).




2.3. Measurement of Fluorescence Quantum Yield


Fluorescence quantum yield was determined using the reference method with the aid of an RF-6000 fluorescence spectrophotometer. A 0.05 mol/L H2SO4 solution of quinine sulfite is a quantum yield reference material that has a quantum yield of 0.54 under excitation at a wavelength of 360 nm. The specific process is as follows: measure the fluorescence emission spectrum of the dilute solution of the sample to be measured and the dilute solution of the reference fluorescent substance under the excitation of 360 nm and integrate the area of the emission spectrum peak. At the same time, measure the absorbance at 360 nm, and then the fluorescence quantum yield of the sample to be measured can be calculated according to the following formula.


  Φ u = Φ s F u A s / F s A u  



(1)







In the formula, Φu and Φs represent the fluorescence quantum yields of the test substance and the reference substance, respectively; Fu and Fs represent the fluorescence integral area of the test substance and the reference substance, respectively; and Au and As represent the absorbance of the test substance and the reference substance, respectively [42].




2.4. Preparation of Sample (DMSNs-BCDs Label Antibody)


To prepare the sample, 250 μL of DMSNs-BCDs-COOH (1 mg/mL), 20 μL of EDC aqueous solution (10 mg/mL), and 10 μL of anti-PCT-Ab2 (R151h2, 5 mg/mL) were sequentially mixed and gently shaken for 2 h at room temperature. The conjugates were centrifuged and dispersed in 250 μL of 0.01 M PBS solution and stored at 4 °C. The sample pads were treated with a mixed solution (containing 0.05% Tween-20, 0.1% PVP, 0.5% BSA, and 2% NaCl) and then dried at room temperature. The test line and control line on the nitrocellulose (NC) membrane were coated with the corresponding capture antibodies (R150e6, 2 mg/mL) and goat anti-mouse IgG antibodies (2 mg/mL), respectively. Subsequently, the absorbent pad, NC membrane, and pre-treated sample pad were affixed onto a PVC backing card, cut into strips of 4 mm width, and then stored in the dark at 4 °C. Next, 5 μL of DMSNs-BCDs-labeled antibody solution was mixed with 35 μL of PCT standard solution at different concentrations and then applied to the sample pad.



Measures of 250 μL of DMSNs-BCDs-COOH (1 mg/mL), 20 μL of EDC aqueous solution (10 mg/mL), and 10 μL of anti-AFP (Ab2, 7.5 mg/mL) were sequentially mixed and gently shaken for 2 h at room temperature. Likewise, 250 μL of DMSNs-BCDs-COOH (1 mg/mL), 20 μL of EDC aqueous solution (10 mg/mL), and 10 μL of anti-CA199 (Ab2, 6.5 mg/mL) were sequentially mixed and gently shaken for 2 h at room temperature. The sample pads were processed following the same procedure as described above. Anti-AFP (Ab1, 2 mg/mL), anti-CA199 (Ab1, 2 mg/mL), and goat anti-mouse IgG antibody (2 mg/mL) were dispensed onto the T1, T2, and C lines on the NC membrane using a pen and then allowed to dry at room temperature. Subsequent procedures were performed following the same protocol as mentioned above. Measures of 5 μL of DMSNs-BCDs-Ab2(AFP/CA199) were mixed with 30 μL of AFP-Ag solution and 30 μL of CA199-Ag solution at different concentrations, respectively. The two mixtures were then combined and applied to the sample pads.




2.5. Detection of DMSNs-BCDs-Based LFIA


The prepared samples were applied onto the sample pad of the LFIA, and the results were read after a 15 min incubation period. Fluorescence images of the test strips were captured using a Huawei phone under a 365 nm ultraviolet lamp, and ImageJ software (ImageJ 1.53t) was utilized for analyzing the fluorescence intensity of both the control and test lines. Three replicate measurements were carried out for each concentration [43].





3. Results and Discussion


3.1. Synthesis and Characterization of DMSNs-BCDs


The chemical synthesis route of the DMSNs-BCDs is shown in Figure 1a. CA and MSP were used as precursors, DMSNs-AEAPTMS as the carrier, and DMF as the solvent. BCDs can be easily grown in situ within DMSNs spheres using the hydrothermal method. These two steps are characterized by simplicity and high yield, leading to the synthesis of DMSNs-BCDs with strong fluorescence, which is advantageous for their application in LFIA test strips. To confirm the structure and elemental composition of the DMSNs and DMSNs-BCDs, transmission electron microscopy (TEM) was employed to analyze the micro-morphology; it can be observed from Figure 2a,b that there is minimal impact on the visual appearance and pore structure before and after load. TEM images demonstrate that DMSNs-BCDs exhibit good dispersion with particle sizes ranging from 230 to 260 nm. Figure 2c displays the TEM image of the supernatant obtained after centrifugation following the hydrothermal reaction, revealing the well-defined lattice patterns of carbon dots. The calculated lattice spacing of the carbon dots is 0.195 nm, providing further evidence for the successful synthesis of BCDs [44]. BCD precursors are in excess, resulting in the excessive synthesis of carbon dots. However, the quantity of BCDs loaded onto the DMSNs is limited. As a result, residual carbon dots are present in the supernatant. The EDS elemental mapping indicates that DMSNs-BCDs are composed of Si, O, C, and P elements (Figure S1), demonstrating the successful doping of phosphorus.



The composition of the DMSNs-BCDs was studied using X-ray diffraction (XRD), Fourier transform infrared (FT-IR) technology, UV-visible absorption, and fluorescence spectra. The XRD diagram is shown in Figure 3a. The DMSNs and DMSNs-BCDs show a wide peak centered at 22°, indicating that CDs grow on the surface of DMSNs without fixed carbon. The functional groups of DMSNs-BCDs were studied in depth using Fourier transform infrared spectroscopy (FT-IR) (Figure 3b). The characteristics of DMSNs are basically the same as reported in the literature [36]. For DMSNs-BCDs, these include O-H (3450 cm−1), C-H2 (2918, 2850 cm−1), C-O (1657 cm−1), C-C (1564 cm−1), C-H (1383 cm−1), and Si-CH2 (806 cm−1). Additionally, the strong and wide absorption band at 900–1300 cm−1 belongs to C-C, Si-O, and C-O/C-N. The enhanced absorption peak intensity at 3450 cm−1 for DMSNs-AEAPTMS indicates the presence of N-H, which further confirms the reaction mechanism illustrated in Figure 1a. The entire reaction mechanism can be described as follows: The surfaces of the DMSNs contain a large amount of -OH, while AEAPTMS is an alkylating agent with an alkoxy group at one end and an amino group at the other. During the grafting of AEAPTMS onto the DMSNs, ammonia promotes the hydrolysis of the alkylating agent, forming Si-O-Si bonds. The amino group at the tail end of AEAPTMS can directly bond with CA, and MSP is doped in the form of a phosphorus source during the bonding process. As shown in Figure 3c, the absorption peak of DMSNs-BCDs occurs at approximately 360 nm. This further proves the successful in situ synthesis of carbon dots. As shown in Figure 3d, the emission wavelength of DMSNs-BCDs is 460 nm under the optimal excitation wavelength of 360 nm. DMSNs themselves are non-fluorescent; it is the successful synthesis of carbon dots that imparts fluorescence. At the optimal excitation wavelength of 360 nm, the emission wavelength of DMSN-BCDs is 460 nm. This is corroborated by the 3D fluorescence spectrum, further affirming the significance of DMSNs as carriers. The horizontal axis represents emission wavelength, while the vertical axis represents excitation wavelength (Figure S2).



Due to the successful preparation of DMSNs-BCDs, which is the first-ever composite fluorescent nanosphere, it is necessary to explore the concentration and type of precursors, reaction temperature, reaction time, acid and alkali resistance, and storage time of the material in order to obtain high-quality DMSNs-BCDs. The DMSNs-AEAPTMS were subjected to hydrothermal reactions with aqueous solutions of CA and a solution containing CA and MSP, as shown in Figure S3. The group containing both CA and MSP exhibited the highest fluorescence intensity. Furthermore, the DMSNs-AEAPTMS were dispersed in a mixture containing 7 mL of DMF and 2 mL of various aqueous solutions containing varying amounts of CA and MSP, at mass ratios of CA to MSP of 4:2.5, 4:5, 4:6, 3.5:5, and 6:5. This resulted in the preparation of DMSNs-BCDs. The reaction was carried out in a high-pressure reactor at 220 °C for 45 min. As shown in Figure S4, the comparison of fluorescence intensity revealed that the highest fluorescence intensity was achieved when the mass ratio of CA to MSP in the aqueous solution was 4:5. The incorporation of phosphorus as a dopant is crucial for enhancing the fluorescence of BCDs. The doping of phosphorus introduces new energy levels, which interact with the energy level structure of carbon dots, promoting electron transitions and thereby enhancing fluorescence emission. Phosphorus doping can reduce the non-radiative recombination process, increase the fluorescence quantum yield, and enable carbon dots to emit light more effectively. It can also improve the fluorescence stability of carbon dots, reduce the decay rate of the fluorescence signal, and thus prolong the duration of the fluorescence signal [32,45,46,47,48]. This is one of the reasons for the high fluorescence quantum yield of DMSNs-BCDs. Subsequently, we conducted further experiments at different temperatures and with different durations, including 220 °C (0.5 h, 45 min, 1 h), 200 °C (0.5 h, 1 h), and 180 °C (0.5 h, 1 h, 2 h, 8 h, 10 h), as shown in Figure S5. The experimental results indicated that the highest fluorescence intensity and emission peak at 460 nm were achieved when the reaction temperature was set at 220 °C and the reaction time lasted for 45 minutes. For the safety of the experiment, the temperature was not increased. To further explore the acid-base resistance of the DMSNs-BCDs material, we evaluated the stability of its signal intensity at different pH values (ranging from 1 to 13). As depicted in Figure S6, DMSNs-BCDs demonstrated good stability in acidic and alkaline solutions. In addition, the signal intensity stability of DMSNs-BCDs under long-term storage conditions was evaluated. The results showed that the fluorescence intensity of DMSNs-BCDs is almost unaffected by time, meeting the requirements of LFIA (Figure S7).



The aforementioned characteristic results indicate the successful preparation of DMSNs-BCDs. These possess advantages such as simple synthesis, good dispersibility, high quantum yield, and fluorescence stability, meeting the requirements for LFIA.




3.2. Performance of DMSNs-BCDs-LFIA for PCT, CA199, and AFP Detection


Based on the excellent fluorescence characteristics, stability, and dispersibility of DMSNs-BCDs, we utilized them as fluorescent signal molecules for the detection of PCT, CA199, and AFP as target analytes in an LFIA format. As depicted in Figure 1b,c, following the successful conjugation of detection antibodies onto the surface of DMSNs-BCDs, the test strip was further modified for the specific detection of PCT and tumor biomarkers. The NC membrane was functionalized with capture antibodies and IgG. Subsequently, the sample was applied to the sample pad, allowing it to migrate along the test strip through capillary action. In the presence of the target analytes (PCT/CA199/AFP), the DMSNs-BCDs-antibody conjugates were selectively captured at the test line via sandwich immune reactions, resulting in a positive fluorescence signal. Conversely, the lack of DMSNs-BCDs fluorescence at the test line indicating the absence of the target antigens in the sample, yielded a negative result. In both scenarios (presence and absence of the antigen), the DMSNs-BCDs–antibody conjugates bound to the control line through IgG binding. The visualization of the test strip was conducted using a 365 nm ultraviolet lamp. The quantitative concentration of the analyte in the sample was further determined by calculating the ratio between the fluorescence intensity of the test line and the control line (T/C).



PCT antigen standard solutions at different concentrations (0, 0.01, 0.023, 0.46, 1, 4.6 ng/mL) were used to analyze the sensitivity of the DMSNs-BCDs-LFIA. The test strip results were imaged using a Huawei mobile phone, as shown in Figure 4a. All control lines on the test strips displayed fluorescent signals, indicating that the test results were valid. The results showed that the LOD for PCT was approximately 0.01 ng/mL. The DMSNs-BCDs-LFIA fully leveraged the high fluorescence intensity of BCDs to successfully lower the detection limit. The signal intensities of the test and control lines were quantified using ImageJ software. Throughout the preparation process, the potential results for DMSNs, DMSNs-AEAPTMS, DMSNs-BCDs, DMSNs-BCDs-NH2, and DMSNs-BCDs-COOH are shown in Figure 5a. Compared to DMSNs, the potential of DMSNs-AEAPTMS changed from negative (ζ potential = −13.93 mV) to positive (ζ potential = 7.14 mV), which may be due to the grafting of AEAPTMS onto DMSNs with hydroxyl-covered surfaces. After the in situ growth of CDs, the surfaces of DMSNs-BCDs contain O-H and C=O, which exhibit electronegativity (ζ potential = −15.34 mV). Subsequently, it was aminated and became positively charged (ζ potential = 16.16 mV). Afterwards, the amine groups were carboxylated with succinic anhydride, and the composite sphere surface was filled with carboxyl groups, exhibiting electronegativity (ζ potential = −24.92 mV). The results indicate that the reactions proceeded smoothly at each stage. The relationship between brightness of the test line and the concentration of PCT analyzed by ImageJ software is y = 0.0631x − 0.121 (R2 = 0.989), as shown in Figure 5b.



CA199 and AFP antigen standard solutions at different concentrations (CA199: 0, 0.01, 0.1, 1, 10, 100, and 1000 U/mL; AFP: 0, 0.01, 0.1, 10, 100, and 1000 ng/mL) were used to analyze the sensitivity of DMSNs-BCDs-LFIA. As shown in Figure 4b, all control lines on the test strips displayed fluorescent signals, indicating that the test results were valid. The results showed that the LOD for CA199 was approximately 1 U/mL and for AFP was approximately 0.01 ng/mL. The signal strength of the test and control lines was obtained using ImageJ software. As shown in Figure 5c,d, a linear relationship was observed between the T-line intensity value/C-line intensity value for CA199 and AFP and the antigen concentration, where y = 0.420x − 1.551 (R2 = 0.989) and y = 0.375x − 1.331 (R2 = 0.980), respectively.




3.3. Stability and Specificity Detection of DMSNs-BCDs-LFIA


The capability to assess intra-assay and inter-assay coefficient of variation (CV) and to accurately identify target analytes are essential characteristics of DMSNs-BCDs-LFIA. The precision of DMSNs-BCDs-LFIA was evaluated using a standard solution containing 0.05 ng/mL of PCT antigen. Additionally, the precision of DMSNs-BCDs-LFIA was assessed using standard solutions of CA199 antigen at concentrations of 0.05 U/mL and 0.1 U/mL, as well as AFP antigen standard solutions at concentrations of 0.05 ng/mL and 0.1 ng/mL. The mean (M) and standard deviation (SD) were calculated, and the CV was determined as follows [49]:


  C V = ( S D / M )   %  



(2)







Intra-assay and inter-assay measurements were conducted in quintuplicate. As presented in Table S1, both the intra-assay and inter-assay coefficients of variation (CVs) were found to be below 11%, indicating that the DMSNs-BCDs-LFIA exhibits highly satisfactory accuracy. Moreover, the specificity of DMSNs-BCDs-LFIA was validated by assessing three biomarkers namely, PA, Zika, and HCG at a concentration of 1 μg/mL. As illustrated in Figure 6a, with the exception of PCT, no blue fluorescence was observed on the test line for the other three biomarkers, thus demonstrating the excellent selectivity of DMSNs-BCDs-LFIA. Additionally, Table S3 provides a comparative analysis of the analytical performance of various methods for PCT detection.



As depicted in Table S2, the intra-assay and inter-assay CVs for CA199 were found to be less than 10%, while the intra-assay and inter-assay CVs for AFP were less than 11%, indicating the excellent accuracy of DMSNs-BCDs-LFIA. Moreover, the specificity of DMSNs-BCDs-LFIA was validated by assessing three biomarkers namely, PA, Zika, and HCG at a concentration of 1 μg/mL. As demonstrated in Figure 6b, except for CA199 and AFP, no blue fluorescence was observed on the test line for the other three biomarkers, highlighting the robust selectivity of DMSNs-BCDs-LFIA. Furthermore, Table S4 presents a comparative analysis of the analytical performance of diverse methods for CA199 and AFP detection. DMSNs-BCDs-LFIA offers the advantages of rapidity and convenience. When compared to fluorescence sensing methods, DMSNs-BCDs-LFIA exhibits a wider linear range and lower LOD, thus showcasing superior analytical performance.





4. Conclusions


In summary, we have overcome the challenges involved in the connection between signal molecules and carriers and have successfully developed a rapidly responsive, selective, and effective LFIA utilizing high-quantum-yield, fluorescent nanomaterials (DMSNs-BCDs). The issue of low sensitivity in LFIA due to the low fluorescence intensity of signal molecules has been addressed and resolved. By leveraging the ultra-high-brightness nanomaterials in LFIA, we achieved the rapid and specific detection of PCT as well as CA199/AFP within 15 min and sharply decreased the LOD compared with conventional colloidal gold strips. This highly fluorescent nanomaterial is expected to be applied in the preparation of novel label materials to further improve the performance of LFIA. Furthermore, DMSNs-BCDs-LFIA is portable, cost-effective, and holds significant implications for practical sample analysis and clinical diagnostics.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/s24010019/s1, Figure S1: EDS spectrum DMSNs-BCDs; Figure S2: Photos of the DMSNs-BCDs solids under daylight and UV light; Figure S3: Effect of the type of precursor on the fluorescence performance of DMSNs-BCDs; Figure S4: The effect of CA and MSP concentration on the fluorescence properties of DMSNs-BCDs; Figure S5: The effect of reaction time and temperature on the fluorescence performance of DMSNs-BCDs; Figure S6: Photos of DMSNs-BCDs aqueous solutions at different pH values under a 365 nm fluorescent lamp; Figure S7: Fluorescence signal intensity of DMSNs-BCDs under long-term storage; Tables S1 and S2: The results of the coefficient of variation (CV) of DMSNs-BCDs-LFIA (PCT, CA199, and AFP); Tables S3 and S4: Summary of PCT, CA199, and AFP detection with some different detection methods.





Author Contributions


Conceptualization, S.-N.D.; methodology, J.-X.H. and S.-N.D.; validation, J.-X.H.; investigation, J.-X.H.; resources, J.-X.H.; data curation, J.-X.H.; writing—original draft preparation, J.-X.H.; writing—review and editing, J.-X.H. and S.-N.D.; visualization, J.-X.H.; supervision, S.-N.D.; project administration, S.-N.D.; funding acquisition, S.-N.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (22174015) and the National Key Research and Development Program of China (2017YFA0700404).




Data Availability Statement


Data is contained within the article or Supplementary Material.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fernandes, E.; Sores, J.; Cotton, S.; Peixoto, A.; Ferreira, D.; Freitas, R.; Reis, C.A.; Santos, L.L.; Ferreira, J.A. Esophageal, gastric and colorectal cancers: Looking beyond classical serological biomarkers towards glycoproteomics-assisted precision oncology. Theranostics 2020, 10, 4903–4928. [Google Scholar] [CrossRef]

	



Liu, Z.W.; Yang, D.Y.; Gao, J.L.; Xiang, X.H.; Hu, X.R.; Li, S.Y.; Wu, W.W.; Cai, J.; Tang, C.Y.; Zhang, D.S.; et al. Discovery and validation of miR-452 as an effective biomarker for acute kidney injury in sepsis. Theranostics 2020, 10, 11963–11975. [Google Scholar] [CrossRef]

	



Gan, N.; Xie, L.; Zhang, K.; Cao, Y.; Hu, F.; Li, T. An endonuclease-linked multiplex immunoassay for tumor markers detection based on microfluidic chip electrophoresis for DNA analysis. Sens. Actuators B Chem. 2018, 272, 526–533. [Google Scholar] [CrossRef]

	



Zhou, C.Q.; Fang, Z.C.; Zhao, C.Y.; Mai, X.Y.; Emami, S.; Taha, A.Y.; Sun, G.; Pan, T.R. Sample-to-answer robotic ELISA. Anal. Chem. 2021, 93, 11424–11432. [Google Scholar] [CrossRef]

	



Chen, P.P.; Qiao, X.Y.; Liu, J.H.; Xia, F.Q.; Tian, D.; Zhou, C.L. A dual-signals response electrochemiluminescence immunosensor based on PTC-DEPA/KCC-1 NCs for detection of procalcitonin. Sens. Actuators B Chem. 2018, 267, 525–532. [Google Scholar] [CrossRef]

	



Feng, X.; Gan, N.; Zhou, J.; Li, T.; Cao, Y.; Hu, F.; Yu, H.; Jiang, Q. A novel dual-template molecularly imprinted electrochemiluminescence immunosensor array using Ru(bpy)32+-Silica@Poly-L-lysine-Au composite nanoparticles as labels for near-simultaneous detection of tumor markers. Electrochim. Acta 2014, 139, 127–136. [Google Scholar] [CrossRef]

	



Wang, R.; Feng, J.J.; Liu, W.D.; Jiang, L.Y.; Wang, A.J. A novel label-free electrochemical immunosensor based on the enhanced catalytic currents of oxygen reduction by AuAg hollow nanocrystals for detecting carbohydrate antigen 199. Biosens. Bioelectron. 2017, 96, 152–158. [Google Scholar] [CrossRef]

	



Sun, J.; Tian, D.; Guo, Q.; Zhang, L.; Jiang, W.; Yang, M. A label-free electrochemical immunosensor for the detection of cancer biomarker α-fetoprotein (AFP) based on hydroxyapatite induced redox current. Anal. Methods 2016, 8, 7319–7323. [Google Scholar] [CrossRef]

	



Wang, G.; Wan, Y.; Lin, G.F.; Li, Z.X.; Dong, Z.N.; Liu, T.C. Development of a novel chemiluminescence immunoassay for the detection of procalcitonin. J. Immunol. Methods 2020, 484, 4. [Google Scholar] [CrossRef]

	



Chu, W.R.; Chen, Y.; Liu, W.; Zhao, M.; Li, H.F. Paper-based chemiluminescence immunodevice with temporal controls of reagent transport technique. Sens. Actuators B Chem. 2017, 250, 324–332. [Google Scholar] [CrossRef]

	



Zong, C.; Wu, J.; Wang, C.; Ju, H.X.; Yan, F. Chemiluminescence imaging immunoassay of multiple tumor markers for cancer screening. Anal. Chem. 2012, 84, 2410–2415. [Google Scholar] [CrossRef]

	



Liu, H.; Cao, J.; Ding, S.N. Simultaneous detection of two ovarian cancer biomarkers in human serums with biotin-enriched dendritic mesoporous silica nanoparticles-labeled multiplex lateral flow immunoassay. Sens. Actuators B Chem. 2022, 371, 8. [Google Scholar] [CrossRef]

	



Song, C.M.; Zhi, A.M.; Liu, Q.T.; Yang, J.F.; Jia, G.C.; Shervin, J.; Tang, L.; Hu, X.F.; Deng, R.G.; Xu, C.L.; et al. Rapid and sensitive detection of β-agonists using a portable fluorescence biosensor based on fluorescent nanosilica and a lateral flow test strip. Biosens. Bioelectron. 2013, 50, 62–65. [Google Scholar] [CrossRef]

	



Yan, Z.Q.; Zhou, L.; Zhao, Y.K.; Wang, J.; Huang, L.H.; Hu, K.X.; Liu, H.H.; Wang, H.; Guo, Z.B.; Song, Y.J.; et al. R Rapid quantitative detection of Yersinia pestis by lateral-flow immunoassay and up-converting phosphor technology-based biosensor. Sens. Actuators B Chem. 2006, 119, 656–663. [Google Scholar] [CrossRef]

	



Wang, C.W.; Shen, W.Z.; Rong, Z.; Liu, X.X.; Gu, B.; Xiao, R.; Wang, S.Q. Layer-by-layer assembly of magnetic-core dual quantum dot-shell nanocomposites for fluorescence lateral flow detection of bacteria. Nanoscale 2020, 12, 795–807. [Google Scholar] [CrossRef]

	



Parolo, C.; Sena-Torralba, A.; Bergua, J.F.; Calucho, E.; Fuentes-Chust, C.; Hu, L.M.; Rivas, L.; Alvarez-Diduk, R.; Nguyen, E.P.; Cinti, S.; et al. Tutorial: Design and fabrication of nanoparticle-based lateral-flow immunoassays. Nat. Protoc. 2020, 15, 3788–3816. [Google Scholar] [CrossRef]

	



Jiao, X.; Peng, T.; Liang, Z.; Hu, Y.; Meng, B.; Zhao, Y.; Xie, J.; Gong, X.; Jiang, Y.; Fang, X.; et al. Lateral flow immunoassay based on time-resolved fluorescence microspheres for rapid and quantitative screening CA199 in human serum. Int. J. Mol. Sci. 2022, 23, 9991. [Google Scholar] [CrossRef]

	



Lu, L.C.; Yu, J.L.; Liu, X.X.; Yang, X.S.; Zhou, Z.H.; Jin, Q.; Xiao, R.; Wang, C.W. Rapid, quantitative and ultra-sensitive detection of cancer biomarker by a SERRS-based lateral flow immunoassay using bovine serum albumin coated Au nanorods. RSC Adv. 2020, 10, 271–281. [Google Scholar] [CrossRef]

	



Serebrennikova, K.V.; Samsonova, J.V.; Osipov, A.P. A semi-quantitative rapid multi-range gradient lateral flow immunoassay for procalcitonin. Mikrochim. Acta 2019, 186, 8. [Google Scholar] [CrossRef]

	



Zhou, S.; Peng, Y.L.; Hu, J.; Duan, H.; Ma, T.T.; Hou, L.; Li, X.M.; Xiong, Y.H. Quantum dot nanobead-based immunochromatographic assay for the quantitative detection of the procalcitonin antigen in serum samples. Microchem. J. 2020, 159, 7. [Google Scholar] [CrossRef]

	



Ashoka, A.H.; Aparin, I.O.; Reisch, A.; Klymchenko, A.S. Brightness of fluorescent organic nanomaterials. Chem. Soc. Rev. 2023, 52, 4525–4548. [Google Scholar] [CrossRef]

	



Guo, J.; Lu, Y.; Xie, A.Q.; Li, G.; Liang, Z.B.; Wang, C.F.; Yang, X.; Chen, S. Yellow-emissive carbon dots with high solid-state photoluminescence. Adv. Funct. Mater. 2022, 32, 2110393. [Google Scholar] [CrossRef]

	



Li, X.C.; Zhao, S.J.; Li, B.L.; Yang, K.; Lan, M.H.; Zeng, L.T. Advances and perspectives in carbon dot-based fluorescent probes: Mechanism, and application. Coord. Chem. Rev. 2021, 431, 22. [Google Scholar] [CrossRef]

	



Lu, S.; Xiao, G.; Sui, L.; Feng, T.; Yong, X.; Zhu, S.; Li, B.; Liu, Z.; Zou, B.; Jin, M.; et al. Piezochromic carbon dots with two-photon fluorescence. Angew. Chem. Int. Ed. 2017, 56, 6187–6191. [Google Scholar] [CrossRef]

	



Zhang, H.; Li, Q.; Wang, S.; Yu, X.; Wang, B.; Chen, G.; Ren, L.; Li, J.; Jin, M.; Yu, J. Confining carbon dots in amino-functionalized mesoporous silica: N-π* interaction triggered deep-red solid-state fluorescence. Nano Res. 2022, 16, 4170–4177. [Google Scholar] [CrossRef]

	



Kong, Y.; Jing, Y.; Sun, H.; Zhou, S. The diagnostic value of contrast-enhanced ultrasound and enhanced CT combined with tumor markers AFP and CA199 in liver cancer. J. Healthc. Eng. 2022, 2022, 5074571. [Google Scholar] [CrossRef]

	



Wang, B.; Lu, S. The light of carbon dots: From mechanism to applications. Matter 2022, 5, 110–149. [Google Scholar] [CrossRef]

	



Jiang, L.; Ding, H.; Lu, S.; Geng, T.; Xiao, G.; Zou, B.; Bi, H. Photoactivated fluorescence enhancement in F, N-doped carbon dots with piezochromic behavior. Angew. Chem. Int. Ed. 2019, 59, 9986–9991. [Google Scholar] [CrossRef]

	



Li, Y.; Zhao, Y.; Cheng, H.; Hu, Y.; Shi, G.; Dai, L.; Qu, L. Nitrogen-doped graphene quantum dots with oxygen-rich functional groups. J. Am. Chem. Soc. 2011, 134, 15–18. [Google Scholar] [CrossRef]

	



Gong, Y.; Yu, B.; Yang, W.; Zhang, X. Phosphorus, and nitrogen co-doped carbon dots as a fluorescent probe for real-time measurement of reactive oxygen and nitrogen species inside macrophages. Biosens. Bioelectron. 2016, 79, 822–828. [Google Scholar] [CrossRef]

	



Wang, C.; Wu, X.; Li, X.; Wang, W.; Wang, L.; Gu, M.; Li, Q. Upconversion fluorescent carbon nanodots enriched with nitrogen for light harvesting. J. Mater. Chem. 2012, 22, 15522–15525. [Google Scholar] [CrossRef]

	



Huang, S.; Yang, E.; Liu, Y.; Yao, J.; Su, W.; Xiao, Q. Low-temperature rapid synthesis of nitrogen and phosphorus dual-doped carbon dots for multicolor cellular imaging and hemoglobin probing in human blood. Sens. Actuators B Chem. 2018, 265, 326–334. [Google Scholar] [CrossRef]

	



Gao, F.; Lei, C.; Liu, Y.; Song, H.; Kong, Y.Q.; Wan, J.J.; Yu, C.Z. Rational design of dendritic mesoporous silica nanoparticles’ surface chemistry for quantum dot enrichment and an ultrasensitive lateral flow immunoassay. ACS Appl. Mater. Interfaces 2021, 13, 21507–21515. [Google Scholar] [CrossRef]

	



Gao, F.; Liu, Y.; Lei, C.; Liu, C.; Song, H.; Gu, Z.; Jiang, P.; Jing, S.; Wan, J.; Yu, C. The role of dendritic mesoporous silica nanoparticles’ size for quantum dots enrichment and lateral flow immunoassay performance. Small Methods 2021, 5, e2000924. [Google Scholar] [CrossRef]

	



Gao, F.; Liu, C.; Yao, Y.; Lei, C.; Li, S.; Yuan, L.; Song, H.; Yang, Y.; Wan, J.; Yu, C. Quantum dots’ size matters for balancing their quantity and quality in label materials to improve lateral flow immunoassay performance for C-reactive protein determination. Biosens. Bioelectron. 2022, 199, 113892. [Google Scholar] [CrossRef]

	



Huang, L.; Liao, T.; Wang, J.; Ao, L.J.; Su, W.; Hu, J. Brilliant pitaya-type silica colloids with central-radial and high-density quantum dots incorporation for ultrasensitive fluorescence immunoassays. Adv. Funct. Mater. 2018, 28, 11. [Google Scholar] [CrossRef]

	



Sun, X.; Bruckner, C.; Lei, Y. One-pot and ultrafast synthesis of nitrogen and phosphorus co-doped carbon dots possessing bright dual wavelength fluorescence emission. Nanoscale 2015, 7, 17278–17282. [Google Scholar] [CrossRef]

	



Zhao, L.; Cheng, M.; Liu, G.; Lu, H.; Gao, Y.; Yan, X.; Liu, F.; Sun, P.; Lu, G. A fluorescent biosensor based on molybdenum disulfide nanosheets and protein aptamer for sensitive detection of carcinoembryonic antigen. Sens. Actuators B Chem. 2018, 273, 185–190. [Google Scholar] [CrossRef]

	



Jiao, Y.; Du, C.; Zong, L.; Guo, X.; Han, Y.; Zhang, X.; Li, L.; Zhang, C.; Ju, Q.; Liu, J.; et al. 3D vertical-flow paper-based device for simultaneous detection of multiple cancer biomarkers by fluorescent immunoassay. Sens. Actuators B Chem. 2020, 306. [Google Scholar] [CrossRef]

	



Yang, L.Y.; Du, L.; Hou, B.L.; Niu, X.Q.; Wang, W.; Shen, W.F. Clinical value of combined multi-indicator tests in diagnosis of benign ovarian. Int. J. Gen. Med. 2023, 16, 2047–2053. [Google Scholar] [CrossRef]

	



Xu, L.D.; Wang, S.W.; Zhu, J.; Zhou, T.T.; Ding, S.N. Dendritic silica nanospheres loaded with red-emissive enhanced carbon dots for Zika virus immunoassay. ChemistrySelect 2021, 6, 9787–9793. [Google Scholar] [CrossRef]

	



Xu, L.D.; Zhu, J.; Ding, S.N. Highly-fluorescent carbon dots grown onto dendritic silica nanospheres for anthrax protective antigen detection. Anal. Methods 2022, 14, 1836–1840. [Google Scholar] [CrossRef]

	



Kim, M.; Kim, M.S.; Kweon, S.H.; Jeong, S.; Kang, M.H.; Kim, M.I.; Lee, J.; Doh, J. Simple and sensitive point-of-care bioassay system based on hierarchically structured enzyme-mimetic nanoparticles. Adv. Healthc. Mater. 2015, 4, 1311–1316. [Google Scholar] [CrossRef]

	



Kumar, J.V.; Kavitha, G.; Albasher, G.; Sajjad, M.; Arulmozhi, R.; Komal, M.; Nivetha, M.S.; Abirami, N. Multiplex heteroatoms doped carbon nano dots with enhanced catalytic reduction of ionic dyes and QR code security label for anti-spurious applications. Chemosphere 2022, 307, 12. [Google Scholar] [CrossRef]

	



Zhi, B.; Gallagher, M.J.; Frank, B.P.; Lyons, T.Y.; Qiu, T.A.; Da, J.; Mensch, A.C.; Hamers, R.J.; Rosenzweig, Z.; Fairbrother, D.H.; et al. Investigation of phosphorous doping effects on polymeric carbon dots: Fluorescence, photostability, and environmental impact. Carbon 2018, 129, 438–449. [Google Scholar] [CrossRef]

	



Shamsipur, M.; Molaei, K.; Molaabasi, F.; Hosseinkhani, S.; Alizadeh, N.; Alipour, M.; Moassess, S. One-step synthesis and characterization of highly luminescent nitrogen and phosphorus co-doped carbon dots and their application as highly selective and sensitive nanoprobes for low level detection of uranyl ion in hair and water samples and application to cellular imaging. Sens. Actuators B Chem. 2018, 257, 772–782. [Google Scholar] [CrossRef]

	



Barman, M.K.; Jana, B.; Bhattacharyya, S.; Patra, A. Photophysical properties of doped carbon dots (N, P, and B) and their influence on electron/hole transfer in carbon dots–nickel (II) phthalocyanine conjugates. J. Phys. Chem. C 2014, 118, 20034–20041. [Google Scholar] [CrossRef]

	



Li, H.; Shao, F.-Q.; Zou, S.-Y.; Yang, Q.-J.; Huang, H.; Feng, J.-J.; Wang, A.-J. Microwave-assisted synthesis of N, P-doped carbon dots for fluorescent cell imaging. Microchim. Acta 2015, 183, 821–826. [Google Scholar] [CrossRef]

	



Wang, Z.X.; Ding, S.N. Duplex-immunoassay of ovarian cancer biomarker CA125 and HE4 based carbon dot decorated dendritic mesoporous silica nanoparticles. Analyst 2023, 148, 683–689. [Google Scholar] [CrossRef]








[image: Sensors 24 00019 g001] 





Figure 1. (a) Synthesis process diagram of DMSNs-BCDs; (b) the detection process of PCT using DMSNs-BCDs; (c) the detection process of CA199 and AFP using DMSNs-BCDs. 
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Figure 2. (a) TEM images of DMSNs; (b) TEM image of DMSNs-BCDs and the corresponding particle size distribution (inset); (c) TEM image of the supernatant obtained after centrifugation following the hydrothermal reaction and the lattice fringe image (inset). 
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Figure 3. (a) XRD of DMSNs and DMSNs-BCDs; (b) FT-IR spectra of DMSNs and DMSNs-BCDs; (c) UV-vis absorption spectra of DMSNs and DMSNs-BCDs; and (d) fluorescence emission spectra and excitation spectra of DMSNs-BCDs, along with the 3D fluorescence of DMSNs-BCDs in aqueous solution (insert). 
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Figure 4. (a) Picture of the DMSNs-BCDs-LFIA detecting different concentrations of PCT solutions; (b) DMSNs-BCDs-LFIA two-component detection photographs of CA199 and AFP. 
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Figure 5. (a) ζ potential of DMSNs, DMSNs-AEAPTMS, DMSNs-BCDs, DMSNs-BCDs-NH2, and DMSNs-BCDs-COOH; (b) linear response of the DMSNs-BCDs-LFIA to PCT detection, with a concentration range of 4.6 ng/mL–0.01 ng/mL; (c) linear response of the DMSNs-BCDs-LFIA to CA199 detection, with a concentration range of 1000 U/mL–0.1 U/mL; and (d) linear response of the DMSNs-BCDs-LFIA to AFP detection, with a concentration range of 1000 ng/mL–0.01 ng/mL. 
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Figure 6. Study on the specificity of a DMSNs-BCDs-LFIA test strip to different interfering proteins. ((a) single-component detection; (b) dual-component simultaneous detection). 
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